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ABSTRACT

The green approach to synthesising photocatalysts Nanoparticles is
considered a feasible alternative to traditional methods. This study adopted
green synthesis using Thymeala Hirsuta extract as a capping, stabilising, and
reduction agent to produce pure ZnO and NiO NPs, which were then surface-
modified by silver nanoparticles. The structure analysis of photocatalysts
nanoparticles confirmed the formation of a spherical shape with a diameter
equal to 3.05 nm,3.044 nm, 3.346 nm and 3.434 nm for ZnO, NiO, Ag-ZnO and
Ag-NiO NPs, respectively. Due to a decrease in NPs size and formation 0-D
and doping by silver NPs causing a reduction in band gap energy value Eg of
pure ZnO and NiO NPs, was 3.3 eV for ZnO NPs and 3.15 eV for Ag-ZnO NPs
and the band gap energy of NiO NPs equal 3.16 eV and Ag-NiO was 3.14 eV,
which improved photocatalytic activity of pure photocatalysts at Ph 7 were
with a degradation rate of 74.62% and 98.32% for Ag doping ZnO NPs. The
Ag doping NiO NPs also showed a high level of photodegradation activity,
with degradation rates of 76.59% and 51.37% for NiO NPS, respectively.
Increasing photocatalytic activity in an alkaline medium confirms the stability
of photocatalysts during the study and the reusability of prepared
photocatalysts.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND OF THE STUDY

Nanomaterials are characterised by structural features at the nanoscale, typically
consisting of tiny particles ranging from 1 to 100 nanometres. Single crystals of
nanoparticles are usually called nanocrystals, and aggregates are named nano-powders [1].
These nanoparticles can contain metals, dielectrics, or semiconductors. They can be
engineered into core-shell geometries, which exhibit novel electrical and optical properties
due to quantum size effects that increase their natural energy gap compared to bulk
materials. Examples include quantum wells, nano-powders, nano-shells, nanowires,
nanorods, carbon nanotubes, nanomembranes, and nano-coatings, which are frequently

combined into nanocomposites [2].

Nanomaterials in energy applications have enhanced chemical, electronic,
mechanical, and optical properties due to an increased surface-to-volume ratio and quantum
size effects. This makes them unique compared to bulk materials. Numerous methods for
synthesising photocatalysts have been established: physical, hydrothermal, solvothermal,
sol-gel, and co-precipitation. However, they could become costly and involve dangerous
chemicals, significantly threatening environmental integrity and biological systems [3].
Various synthesis methods, including eco-friendly approaches such as using plant extracts,
are being developed to create nanomaterials like ZnO, TiO2, Ni1O, and nanocomposites with

better environmental and safety profiles [1,2].

The above features make the plant extracts a more favourable choice compared to
other synthesis methods. This opens the prospects for nano-sized semiconductors. Among
the semiconductors that can be used for photocatalytic purposes, zinc oxide (ZnO) and
nickel oxide (NiO) are the most promising candidates for a variety of applications, including
composite anodes for fuel cells, gas sensing technologies, bright windows, supercapacitors,
and water treatment. ZnO and NiO have a wide band gap energy, so they exhibit high
photocatalytic activity under UV irradiation but low activity in the visible range; hence, to
improve the photoactivity of ZnO and NiO in the visible region, the researchers use metals

and non-metals doped photocatalysts or photocatalysts composites. Some studies have



focused on green synthesis using plant extract, biomass, and algae [4]. This study was the
first to combine green synthesis and controlling morphology and size nanoparticles; the
selection of Thymelaea hirsuta was based on its high content of flavonoids, saponins, and
alkaloids that act as reduction, capping, and stabilise agents due to their ability to inhibit
growing atoms of nanomaterial to the small diameter of semiconductors, which are expected
to facilitate nanoparticle formation and enhance their physical properties. This new
methodology contributes to the growing field of green nanotechnology and opens ways to
use underutilised plant species to fabricate nanomaterials. It bridges nanotechnology and
plant biotechnology in reducing metal ions using plant extracts without applying high
pressure, energy, temperature, or toxic chemicals. The surface area and morphology of
photocatalysts in the semiconductors can be improved by doping with different metals and
nonmetals. This phenomenon inhibits the recombination of electron-hole pairs and increases

visible light absorption by introducing defect states in the band gap [5].

Moreover, when semiconductor materials doping with metal and non-metal dopants
enhance their photocatalytic activity, extending promising applications in water treatment,
environmental purification, and solar energy conversion. Doping also changes the electronic
structure and facilitates the creation of localised band gap energy, enhancing the charge
carriers' confinement efficiency and hindering recombination. This effect is especially
favourable in applications requiring constant photocatalytic activity under illumination with
sunlight since using a more significant percentage of the light spectrum is possible. In the
present work, ZnO and NiO nanoparticle-based photocatalysts, modified and synthesised
with various plant extracts by a simple, nontoxic, inexpensive, and eco-friendly process to

create a highly efficient photocatalyst characterised by low toxicity, are reported [6,7].
1.2 Definition OF ZnO and NiO as Photocatalysts

ZnO is a semiconductor material with a wide bandgap, featuring a direct bandgap of
3.37 eV at room temperature. It has impressive optical properties, including transparency to
visible light and strong absorption of UV radiation. Due to their small size, ZnO
nanoparticles have a high surface area, making them useful for many applications. These
nanoparticles can adopt various shapes, such as spheres, cylinders, and cubes, which impact
their surface area and crystal facets. Spherical nanoparticles have more even surface energy
and are more effective in photocatalysis. However, anisotropic materials like cubes or rods

can show crystal planes that would be suitable for photocatalysis; particles can be reduced
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in size and spherical in nature with control over the used extract concentration [8]. Higher
concentrations typically yield smaller, spherical nanoparticles, while more dilute solutions
tend to produce larger nanoparticles with varied shapes [9]. Standard methods for
synthesising ZnO nanoparticles include sol-gel controlled precipitation and vapour
transport, which are some ways to make these tiny particles. ZnO nanoparticles work well
to break down organic dyes that pollute water when exposed to UV or visible light. They
are also used in sunscreens because they can block UV rays. The nanoparticles are also
applied in electronics, such as transparent conductive films, sensors, and varistors. The
nanoparticles are also found in biomedical use as antimicrobial, drug, antibacterial, and
antifungal. Some issues, such as clumping together and stability, may influence how

effectively they work. Also, toxicity issues require cautious handling and analysis [10].

NiO is a green crystalline solid material with ferromagnetic properties. It is a wide-
bandgap (3.6-4.0 eV) p-type semiconductor with extreme chemical stability. When NiO is
synthesised in nanostructures, its properties change depending on the particle size. Due to
their small size, NiO nanoparticles have a high surface area, which makes them useful in

photocatalytic applications [11].

1.3  Zinc Oxide and Nickel Oxide Modified with Noble Metals

The methodology to improve the photocatalytic activity of semiconductors like ZnO
NPs is doping with noble metallic or non-metallic nanoparticles. The Noble metals that are
used to decrease the wide band gap energy of these metallic oxides, such as silver (Ag) and
palladium (Pd), have been separately doped onto ZnO nano photocatalysts using methods
like borohydride reduction [3]. Incorporating noble metal nanoparticles onto the surfaces of
ZnO and NiO significantly enhances the photocatalytic efficiency. These noble metals act
as co-catalysts, promoting charge separation and reducing the recombination of
photogenerated electron-hole pairs. The modified ZnO and NiO photocatalysts exhibit

improved degradation of organic pollutants under light irradiation [12].

1.4 Problem Statement

Traditional synthetic methods for synthesising metal oxides, including pure ZnO and
NiO NPs and their doping with metals, are conventionally performed using hazardous

chemicals and expensive procedures that harm environmental integrity and biological



systems [12]. This challenge requires the development of eco-friendly and cost-effective
green synthesis methods using plant extracts that can act as natural stabilising and reducing
agents. The goal of this study is to control the size and morphology of nanoparticles to
improve high photocatalytic efficiency and reduce toxicity and environmental impact.
Green synthesis approaches utilise non-toxic and renewable materials, water as a solvent,
and biological reducing and stabilising agents such as biomolecules and phytochemicals
from microbes and plants, promoting efficient energy consumption and minimising

contamination [14].

It becomes helpful in applications due to the unusual properties of the nanoparticles
for surface or quantum effects. However, classical synthesis involves hazardous solvents
and toxic chemical ingredients that increase energy consumption with cost and
environmental risks. Researchers continuously develop environmentally benign synthesis
processes that rely on non-toxic and renewable starting materials. The use of
microorganisms and plant extracts in synthesising metal and metal-based hybrid
nanoparticles is gaining popularity as a new research focus [12]. This study employs a rapid
and straightforward bio-approach, using Thymelaea hirsuta extract to synthesise pure ZnO
and NiO NPs and to dope them with silver NPs. The research aims to address the following

key questions:

1. How does Thymelaea hirsuta extract and the variation in its concentration short-
time reaction to a salt solution affect the morphology and size of synthesised
pure ZnO and NiO nanoparticles (NPs)?

2. How does adding silver NPs influence the morphology and size of pure ZnO
and NiO nanoparticles?

3. How do the morphology and size of pure nanoparticles impact the
photocatalytic activity of the photocatalysts?

4. How do doping ZnO and NiO nanoparticles with surface silver NPs affect their

photocatalytic activity?

1.5 Objectives of the Study

The research aims to develop an eco-friendly method for synthesising ZnO and NiO
nanoparticles from plant extracts, focusing on minimising environmental impact and
maximising cost-effectiveness. The research further seeks to optimise the process to provide

consistent control over the shape and size of the nanoparticles, with a preference for smaller
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growth of nanoparticles. Furthermore, it aims to study the influence of doping Ag on ZnO

and NiO nanoparticles in terms of morphological and structural properties, as well as the

implications of the resulting changes on the photocatalytic activity. Finally, it aims to search

for potential applications of the nanoparticles synthesised to fields such as environmental

remediation and renewable energy harvesting.

The main objectives of this study are summarised in the points below:

Investigating the Effect of Thymelaea Hirsuta Extract: Study shows how
increasing the concentration of Thymelaea hirsuta extract in a short-time reaction
to a salt solution influences the morphology and size of synthesised pure ZnO and

NiO nanoparticles (NPs).

Determine the Impact of Silver Nanoparticles (NPs): study shows how the coating
of silver NPs affects the morphology and size of pure ZnO and NiO NPs.

Measurement Photocatalytic Efficiency: Study shows the effect of pure ZnO and
NiO nanoparticles' morphology and size under UV, dark and solar light.

Effects of silver NPs coating: Study shows how doping ZnO and NiO

nanoparticles with silver NPs affects their photocatalytic activity.

1.6 Significance of the Study

Improving photocatalytic activity through green synthesis is vital to promoting

environmental sustainability. The key contributions of this study are summarised in the

following points:

1.

Plant-mediated green synthesis reduces toxic chemical and energy-
intensive equipment, ensuring safety and sustainability. The nanoparticles
produced through this method can be effectively applied in photodegradation
processes without causing negative environmental impacts.

Exploring the role of bioactive compounds in thymelaea hirsuta extract in

controlling the final size and shape of nanoparticles.



3. Enhanced photocatalytic efficiency under the visible spectrum, enabling

more effective solar energy utilisation for environmental applications.

1.7 Scope of Study

The scope of this study is limited to the preparation of zinc oxide and nickel oxide
nanoparticles coated with silver nanoparticles to generate highly stable zinc oxide doped
with silver nanoparticles (Ag-ZnO) and nickel oxide doped with silver nanoparticles (Ag-
NiO) using the green synthesis method within a short time frame. The optimisation process
was based only on the properties of the bioactive compounds in the plant extract and their
ability to oxidise silver ions, aiming to enhance the photocatalytic activity of the synthesised

photocatalysts under the visible range.
1.8 Organisation of the Thesis

This dissertation is organised into five chapters, Chapter 1 provides an introduction to
the study, including the problem statement, aims, and objectives. Chapter 2 presents a
comprehensive review of the literature, covering the synthesis of ZnO and NiO, silver
doping, and surface modification using various organic and inorganic methods. Chapter 3
details the experimental section, including materials, procedures, characterisation
techniques, and the optimisation of as-synthesised ZnO and NiO nanoparticles for their
application in water treatment through the measurement of photocatalytic activity. Chapter
4 discusses and highlights the key findings derived from this research. Finally, Chapter 5

presents the conclusions of the study and offers suggestions for future research directions.



CHAPTER 2
LITERATURE REVIEWER

2.1 A Brief Overview of Green Photocatalysis

Green photocatalysis, using light to power chemical reactions in concert with
sustainable and non-toxic materials, is one alternative to conventional catalysis that will
reduce the ecological footprint by diminishing harmfully employed chemicals and energy.
The search for appropriate metal oxide semiconductors to serve as photocatalysts for the
degradation or remediation of contaminants and pollutants present in water bodies using
solar energy is among the most essential tasks in material science. The photocatalytic
material should have appropriate properties of the desired bandgap for absorption of a wide
range of the solar spectrum to dissociate water molecules and remain stable in the water
environment throughout the reaction processes. In addition, it must be economically viable,

easy to process, readily available, and non-toxic to the environment [15].

Green photocatalysts, such as ZnO, an n-type semiconductor with a wide bandgap of
about 3.37 eV, exhibit excellent performance in the generation of reactive species due to
their efficient UV light absorption and high efficiency in the degradation of organic dyes in
wastewater and water splitting for hydrogen and oxygen production [4]. NiO, having a
bandgap between 3.1 and 3.6 eV, is frequently used in heterojunction systems to separate
charge and visible-light utilisation. The modified band gap energy of NiO and ZnO
synergised their properties, leading to an extension in the light absorption range and an
enhancement in the photocatalytic efficiency to become these photocatalysts have several
applications: solar energy in the treatment of wastewater, purification of air, CO- reduction,
and hydrogen production, with huge potential to give sustainable solutions for

environmental and energy challenges [5,7,12].
2.2 Photocatalysis

Photocatalysis is an advanced oxidation process in which chemical reactions occur
under light and a suitable catalyst. The photocatalytic reaction depends primarily on
wavelength or light (photon) energy and the catalyst. Generally, semiconducting materials
serve as catalysts and sensitisers for light-induced redox reactions owing to their electronic

structure, consisting of a full valence and an empty conduction band [16].



This is unique in that the reaction occurs only when the photocatalyst and light energy

are simultaneously present; the absence of either one would prevent the reaction.
The process of photocatalysis generally involves three key steps:

- Excitation of electron-hole pairs: Light irradiation with an energy larger than or
equal to the band gap energy of the photocatalyst shining on the catalyst generates

electron-hole pairs.

- Migration of the photogenerated electrons and holes: The electrons migrate to the
surface of the photocatalyst in the conduction band, while the holes do the same in
the valence band. They reductively or oxidatively react at the surface with adsorbed

oxygen and water molecules to form *O* and *OH active radical species.

- Secondary reactions: The radical species formed to attack the pollutant molecules,

decomposing them into innocuous products.

The mechanisms of photocatalysis at each step (e.g., for ZnO) are represented by

Equations 1-7 [3,4,5,16]:
ZnO + hv(light) — € Byt h'vp)...... 1
HO+h'vg— -OH+H" ...... 2
O2+eecs— 02 ...... 3
Oy +H"— HO; ... 4
2:‘HO2 — H202 + 0O2....5
H202 + 02— -OH+OH +0:....6
‘OH + Organic Dye — Degradation + Oxidize Product ....7

These processes are schematically illustrated in Scheme 1, which depicts the
mechanism of photocatalytic reactions using a homogeneous semiconductor photocatalyst

such as ZnO (with a bandgap of 3.2 eV) excited by UV light irradiation.
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Figure 1: Schematic representation of semiconductor photocatalytic mechanism [4].

2.3 Photocatalysts

A photocatalyst is a substance that can be excited by light absorption, thus enabling
various chemical reactions. It acts as a catalyst, using light energy, mainly from ultraviolet
or visible light, to form reactive species, such as electron-hole pairs that eventually react
with other reactants to drive several chemical changes. Photocatalysis has become
indispensable in various applications, including environmental remediation, energy

conversion, and synthesis of valuable chemical substances [16,18].

The fundamental process of photocatalysis involves the absorption of photons by
semiconductor materials, which leads to the jump of electrons in the valence band to the
conduction band, hence producing electron-hole pairs. The efficiency of photocatalysis
relies on how the material absorbs light, separates and transports the charge carriers'
electrons and holes and enhances their interaction with the reactants efficiently. The holes

can oxidise the reactants, but the electrons participate in the reduction reactions.

Some properties determine whether a photocatalyst is effective:
- Broad light absorption spectrum.
- Efficient Charge Separation.

- High catalytic activity.



Widely used photocatalytic materials are semiconductors like titanium dioxide (Ti0-),
zinc oxide (Zn0O), and graphene oxide, which are mainly preferred for being stable, non-
toxic, and capable of absorbing ultraviolet light [4,6]. More advanced photocatalysts include
MOFs with tenable structures designed for particular applications and noble metal
nanoparticles, like platinum and silver, improving photocatalytic efficiency by promoting

charge separation [6].

Photocatalysts have significant environmental applications, including the degradation
of organic pollutants in water and air and energy production, including hydrogen generation
via water splitting and CO- reduction for solar energy conversion. Developing more efficient
photocatalysts is crucial for advancing sustainable energy technologies and environmental

protection [20].
2.4 Issues with Photocatalysts

The key challenges in evaluating the efficiency of these photocatalysts include the
rapid recombination of photogenerated electron-hole pairs, reduced adsorption of dye
molecules on the catalyst's surface, and a lower charge transfer rate relevant to the
degradation of dye molecules. These metal oxide photocatalysts exhibit better activity in
degrading organic dyes when illuminated with ultraviolet light due to their high band gap
values. It is worth noting that only about 5% of the solar spectrum consists of UV light, and
these materials work within this narrow energy range, making most of the solar energy go

to waste [6,11].

Since visible light accounts for approximately 43% of the solar spectrum, there is a
pressing need to develop photocatalysts sensitive to visible light [3]. To address these
challenges, researchers have explored photocatalysts with diverse morphologies, as
variations in morphology can significantly influence their surface and optical properties.
Tailoring these properties can enhance photocatalytic performance, leading to improved

photocatalytic activity [21].
2.4.1 Semiconductors as Photocatalysts at the Nanoscale

Semiconductors are materials capable of absorbing light and creating charge carriers,
electrons, and holes with the help of light; such materials are used for photocatalytic

purposes. According to the literature, photocatalysis is caused by light in which a
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semiconductor material catalyses a chemical reaction without undergoing depletion. It tends

to produce electron-hole pairs to enhance redox reactions on the surface [22].

Semiconductor materials at the nanoscale show distinct properties that contribute
significantly to their photocatalytic activity, which is most suitable for applications in
environmental remediation and the production of renewable energy. At the nanoscale,
semiconductors have a more excellent surface area-to-volume ratio, allowing more
interaction with reactants and increasing photocatalytic efficiency. The higher surface area
allows for more significant production of electron-hole pairs upon photon absorption since
the smaller particle size and quantum confinement effects at the nanoscale increase the

dynamics of charge carriers and reduce recombination rates [23].

Photocatalysts, including titanium dioxide (TiOz2), zinc oxide (ZnO), and nickel oxide
(NiO), demonstrate enhanced photocatalytic performance when in nanoscale
configurations. This enhancement is attributed to their capacity to effectively absorb
ultraviolet or visible light, producing highly reactive entities such as hydroxyl radical (*OH)
and superoxide anion radical (-O27) [2,8,12].

These reactive entities play a crucial role in the degradation of contaminants, the
generation of hydrogen via water splitting, and the reduction of carbon dioxide. The ability
to tune the properties of semiconductors at the nanoscale, such as bandgap and doping
processes and surface modifications, significantly enhances their photocatalytic activity.
Thus, semiconductors at the nanoscale become versatile tools for different applications,
including self-cleaning surfaces, water purification, and solar energy conversion.
Combining semiconductor photocatalysis with nanotechnology offers promising prospects

for solving global environmental problems and promoting sustainable energy solutions [14].
2.4.2 The Types of Semiconductors Used in Photocatalysis

The types of Semiconductors are classified by their intrinsic properties and the
presence of impurities, which affect their electrical and optical properties, especially in

applications like photocatalysis:

- Intrinsic semiconductors are pure, undoped materials whose electrical behaviour is
wholly determined by the inherent atomic structure. Examples include pure ZnO and

TiO2; most photocatalytic processes depend on their ability to absorb UV light and form
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electron-hole pairs. However, wide bandgaps have restricted their ability to perform

photocatalytic activity in the UV spectrum range.

- Extrinsic or doping semiconductors are purposely doped with various impurities to alter
their electrical behaviour by introducing extrinsic charge carriers. For instance, n-type
semiconductors, of which Al-doped ZnO is an example, exhibit an electron-rich profile
with surplus electrons as the majority of charge carriers. The hole carriers dominate p-

type semiconductors, represented by NiO [25,26].

Doping also extends the capability of spectral light absorption, by which extrinsic
semiconductors will work more effectively in the visible light region. This, again, is very
useful in pollutant degradation, water splitting, and CO: reduction. In a nutshell, the
classification of semiconductors in photocatalysis is based on their purity-intrinsic versus
extrinsic-where doping plays an essential role in enhancing their photocatalytic efficiency
and light absorption spectrum. Photocatalysts can facilitate photoreactions such as pollutant
degradation, water splitting, and CO: reduction under light irradiation. Indeed, many types

of photocatalysts have been developed with different properties and mechanisms [8].
2.5 Band Gap Energy

2.5.1 Band Gap Energy of ZnO Nanoparticles

Zinc Oxide (ZnO) is widely known as an essential n-type semiconductor with a
bandgap energy of approximately 3.37 eV. Its extensive exploration has been encouraged
by its prospective applications in photocatalysis due to its relatively wide bandgap, enabling
it to absorb ultraviolet (UV) light efficiently. Unlike most other wide-bandgap
semiconductors, ZnO has a direct bandgap, meaning electrons in the valence band can
transition to the conduction band without changing momentum (k values). This makes ZnO
better at absorbing light and participating in photocatalytic reactions when illuminated with
UV light. The direct bandgap nature of ZnO allows for fast electron transitions, thus
minimising carrier recombination and improving photocatalytic activity. The direct bandgap
nature of ZnO is quite different from many other semiconductor materials, such as silicon
(Si), which have indirect bandgaps that require modifications in k values for the transition
of electrons [27,28]. This anisotropy, as in the case of the bandgap, directly affects the
absorption and emission characteristics of the material and thereby renders ZnO especially

applicable in optoelectronic and photocatalytic applications requiring high efficiency.
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Several studies have demonstrated that the direct bandgap of ZnO allows it to achieve high
photoluminescence and strong UV absorption, which is favourable in environmental
applications, including the degradation of organic pollutants, water splitting, and CO
reduction. The photocatalytic activity of ZnO can be further enhanced by doping or coupling
with other materials, which would shift its light absorption to a broader range of

wavelengths, including visible light [19,27,29].

The diagram illustrating the direct bandgap properties of ZnO gives an apparent visual
image of the energy band structure, including conduction and valence bands and a direct
transition in the energy diagram Figure 2 from [30]. In this case, it has been depicted that
electron transitions between the VB and the CB take place without any change in
momentum, which is contrary to the case for indirect semiconductors. This property is
essential in increasing the efficiency of photocatalytic processes because direct electron
transitions enable faster charge separation, lower recombination, and more photo-generated

carriers available for the reaction.

E (k)
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Figure 2: Direct transition from VB to CB of semiconductors [30].

2.5.2 Band Gap Energy of NiO Nanoparticles

Nickel oxide (NiO) nanoparticles have been widely studied for their photocatalytic
properties, in which the bandgap energy of the material dictates the efficiency of NiO in
both solar energy conversion and environmental remediation processes. The p-type
semiconductor material has a relatively narrow bandgap, reported to range between 3.1 and
3.6 eV [30,31]. This makes NiO capture the visible light, thus qualifying for photocatalytic
activity in the natural sunlight region. However, the bandgap of NiO is an indirect bandgap

system, meaning transitions of electrons from the valence band to the conduction band
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require a change in momentum assisted by phonons. As shown in Figure 3 from [30], this
indirect gap typically arises via a phonon-assisted process, where the electron interacts with

lattice vibrations to conserve momentum, a salient feature in transition metal oxides such as

NiO.

The indirect bandgap properties of NiO bring both benefits and challenges for
photocatalytic applications. On the one hand, they allow the localisation of charge carriers

and, therefore, may improve the material's chemical stability [30].

On the other hand, the momentum change required for exciting electrons results in
less effective electron transitions than direct bandgap materials, limiting light absorption
efficiency. Moreover, its photocatalytic activity can be improved remarkably by structural
changes and the design of composite materials. The bandgap tuning strategies for NiO
continue to be an active area of research to expand its applicability for solar-driven reactions

and environmental remediation [31,34].
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Figure 3: Indirect transition from VB to CB of semiconductors [30].

2.5.3 Modifying Band Gap Energy of Photocatalysts in Visible Light

Spectrum

Continuous research on photocatalysis, through changing semiconductor band gap
energy, has aimed to seek active photocatalysts within the visible light region to utilise solar
energy. When semiconductor band gap values decrease, the material absorbs longer

wavelengths of light, shifting its absorption spectrum from UV to visible light.
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This is called a redshift or bathochromic effect, in which the improved ability of a
photocatalyst to absorb visible light is developed since it constitutes most of the solar
spectrum. In return, the increase in photocatalytic reaction efficiencies arises because the
photocatalyst can harness more solar energy, thus becoming more applicable for

applications like solar water splitting and environmental remediation [4,19,34].
2.5.3.1 Surface Doping of Semiconductor Photocatalysts

The surface doping of semiconductor photocatalysts has garnered significant attention
in recent years due to its possibility of enhancing photocatalytic efficiency in the visible
light range. Coupling photocatalysts with support materials like metals with narrower band
gaps or forming nanocomposite materials with polymer has been reported to enhance

photodegradation efficiency in visible light irradiation [35].

Sohrabnezhad and Seifi [36] studied the green synthesis of Ag/Zno nanocomposites
prepared using Urtica dioica leaf extract. Silver metal nanoparticles were deposited over
the ZnO nanocomposite to enhance the photocatalytic activity, using AgNO3 as a source of
silver ions and Urtica dioica leaf extract as a reducing agent, respectively. The Ag/ZnO
nanocomposite was characterised by X-ray diffraction (XRD); the powder X-ray diffraction
showed that Ag/ZnO nanoparticles were located on the surface MMT layers. The diffuse
reflectance spectra of the nanocomposite indicated a strong surface plasmon resonance
(SPR) absorption band in the visible region, resulting from metallic Ag nanoparticles. The
photocatalytic activity of the nanocomposite was studied for the destructive reaction of
methylene blue dye under visible light. The results showed that modifying the ZnO
nanocomposite with silver nanoparticles increased the percentage of methylene blue (MB)
degradation from 38.95% to 91.95%. The composite matrix was essential in reducing

electron-hole recombination in the nanocomposite.

Nagasundari et al. [37] reported simple Phyto-assisted synthesis of zinc oxide
nanowires (ZnO NWs), and their silver (Ag) doping by co-precipitation method has been
reported. The synthesised Ag-doped ZnO NWs photocatalytic action on the UTT antibiotic
nitrofurantoin (NFT) and the dye methylene blue (MB) has been reported. UV-vis
spectroscopy, FTIR, XRD, SEM, TEM, EDAX, and particle size analyser determined the
synthesised NPs' optical, biocomponents, structural and chemical properties. The

photocatalytic activity of Phyto-assisted synthesised Ag-doped ZnO nanowires (NWs) was
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investigated for antibiotic NFT and dye methylene blue (MB) degradation. The degradation
efficiency and dye removal were evaluated quantitatively. The analysis of the UV-vis
absorption spectrum revealed the occurrence of a surface plasmon resonance (SPR) band in
the range of 370 nm to 400 nm with blue and redshifts. The vast bandgap energy (3.37 eV -
2.75 eV) reduction indicated the inclination of noble metal Ag on the surface of ZnO NWs.
The synthesised Ag-doped ZnO nanowires achieved photocatalytic degradation of about
78.51% of the antibiotic NFT and 92.43% of MB dye in 150 min under UV irradiation. The
present study establishes the likelihood of photocatalytic degenerative potency of the
antibiotic nitrofurantoin and methylene blue employing photosynthesised zinc oxide

nanowires.

Liu et al. [38] synthesised spherical Ag-ZnO NPs by a two-step chemical method. The
Zn0O-MSs with 70 nm diameter were first synthesised using ultrasonic technology. The Ag-
NPs with a 20-50 nm diameter were subsequently anchored onto the surface of the
synthesized ZnO-MSs via a microwave polyol process. The structural, morphology, and
optical properties of the synthesised materials were analysed by various analytical
techniques, including X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), UV-visible absorption
spectroscopy, and photoluminescence spectroscopy. The findings indicate that the surface
plasmon resonance absorption band of Ag/ZnO composites is considerably broadened, and
the PL intensity of heterostructure composites exhibits fluctuation upon increased Ag

loading.

The photocatalyst activity of Ag/ZnO composites was ascertained by degrading
rhodamine B (RhB) solution under ultraviolet (UV) and visible light illumination. The
synthesised Ag/ZnO composites' degradation rate was more than three times faster than that
of pure ZnO-MSs when they were illuminated with UV light. This effect resulted from the
Schottky barriers formed at the interfacial areas between ZnO mesoporous structures and
Ag nanoparticles. Besides, Ag/ZnO composites exhibit enhanced photocatalytic activity
compared to ZnO-MSs under visible light irradiation, which is predominantly due to
efficient electron transfer from plasmon-excited Ag (o) nanoparticles to ZnO-MSs because

of the intense confinement of surface plasmon resonance (SPR). The recombination rate of
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electron-hole pairs is minimal, and there is a prolonged lifetime of electron-hole pairs,

because of which degradation efficiency is enhanced.

Furthermore, Dhiman ef al. [39] underline the excellent antibacterial activity realised
by Ag/ZnO nanocomposites with an initial band gap of 3.44 eV tuned to 3.1 eV. Increased
surface area, besides the surface plasmon resonance (SPR) effects arising from silver,
contributed much toward enhancing bactericidal properties, thus rendering these

nanocomposites very strong against a broad spectrum of pathogens.

Hira Naseer and Tahir Igbal [40] reported that doping ZnO with Ag when ZnO is
doped with silver NPs decreases the ZnO NPs band gap value and changes it from UV-
based to the visible region of the solar spectrum. The calculated band gaps of different Ag

dopant concentrations, ranging from 0.5% to 2%, decreased from 3.37 eV to 2.80 eV.

2.5.3.2 Doping Engineering in Photocatalysts

2.5.3.2.1 Cation-Doped Semiconductor Photocatalyst

Cation-doped semiconductors are one of the most significant strategies in
semiconductor engineering, as they can decrease the band gap energy related to
photocatalysts, such as ZnO, by incorporating cation ions in lattices. Pure ZnO usually
exhibits a band gap of approximately 3.37 eV, thus limiting its utility in visible-light-driven
processes. However, it has been well established that doping of cations such as aluminium
(Al) in ZnO can cause a narrowing in the bandgap by replacing Al™® with Zn*? in the ZnO
lattice to approximately 3.1 eV and further doping with cobalt (Co) could also reduce it to
approximately 2.83 eV [41].

The narrowing of bandgap energy is due to the formation of localised energy states
within the band gap, which promotes electronic transitions. Such localised states allow
electrons to be lifted into the conduction band at lower energies, improving the optical
absorption characteristics of the material. Cation-doped ZnO thus exhibits increased
sensitivity to visible light and has great potential in several applications, including
photocatalysis and optoelectronics. The careful choice of dopants and their concentrations
are essential in optimising the doped semiconductor's desired electronic and optical

properties [42].
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2.5.3.2.2 Anion-Doped Semiconductor Photocatalyst

Anion doping of semiconductor NPs is one important method of modifying their
electronic and optical properties. In general, incorporating anions such as nitrogen (N),
sulphur (S), or carbon (C) into the crystal lattice changes the band gap energy, enhancing

performance in various applications [43].

For instance, N-doped TiO2 nanoparticles extend light absorption into the visible
spectrum, enhancing photocatalytic efficiency under sunlight [43]. Similarly, S-doped ZnO
nanoparticles show enhanced photocatalytic activity through mid-gap states that promote
charge carrier separation. Further, the carbon-doped NiO nanoparticles show better
electrochemical performance and stability, which makes them suitable for energy storage.
Such developments highlight the importance of anion doping in developing high-
performance semiconductor NPs that are useful for environmental and energy applications

[44.45].

Improve the photocatalytic activity of NiO with doping elements such as nitrogen (N),
which has been shown to significantly enhance its structural and optical properties,
particularly for photocatalytic applications. Doping introduces additional energy levels
within the band gap, reducing band gap energy, which improves the material's effectiveness
under visible light. For instance, band gap energies of about 3.2 eV for undoped NiO and
3.0 eV for nitrogen-doped NiO have been reported, indicating a trend of decreasing band
gap with increasing doping levels. The decrease favours visible light absorption and
consequently enhances the photocatalytic degradation of pollutants like methylene blue

[46].
2.5.3.3 Vacancy Engineering in Photocatalysts

2.5.3.3.1 Cation-Vacancy Engineering in Photocatalysts

In enhancing the photocatalytic efficiency of photocatalysts, there has been a
conventional need to lower band gap energy values in semiconductors by strategically
engineering vacancies that create vacancies by removing atoms or ions in the semiconductor
lattice. Zinc vacancy is a cation vacancy that changes band gap energy to improve the optical
properties of zinc oxide lattice [47]. Pan et al. [48] reported that 7.5 mol% abundant Zn

vacancies had been successfully introduced into undoped ZnO using a simple solvothermal
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method followed by calcination in air. They were doubtlessly proved both by
characterisations and computations. Consequently, with Zn vacancies, some new properties
were induced in ZnO, such as p-type conductivity, room-temperature ferromagnetism, and
high photocatalytic activity. Abundant Zn vacancies can be formed during the synthesis of
Zn0O. This may imply that metal defects would be readily engineered in undoped metal
oxides, probably giving rise to many unexpected properties; hence, a broadening of

synthetic strategy and application scope can be expected in energy areas.
2.5.3.3.2 Anion-Vacancy Engineering in Photocatalysts

Wang et al. [49] found the formation of the oxygen vacancy in a crystal introduces
considerable effects on the electronic property of ZnO. High oxygen vacancy concentration
incorporation can be achieved with precursors such as ZnO. Synthesised ZnO assumes the
yellow tint, with the red shifting of the absorbance edge toward longer wavelengths. These
phenomena were further proved by Raman and XPS spectra: the concentration of oxygen
vacancies of ZnO annealed in the air decreased at higher annealing temperatures, which
agrees with the result from the theoretical calculation. With increasing oxygen vacancies,
the bandgap was narrowed down, increasing the absorption of visible light in ZnO. It is
further confirmed by the enhanced photocurrent response upon irradiation of ZnO with
visible light, inferring the narrowing bandgap. ZnO with oxygen vacancies is active and

efficient for the photodecomposition of 2,4-dichlorophenol under visible light irradiation.
2.5.4 Morphology of Photocatalyst Nanoparticles

Two aspects are considered for photocatalysts (as nanomaterials). One is the extended
surface area of the nanomaterials compared with their bulk counterpart. Increased surface
area can raise the catalytic activity of the Photocatalysts. The second aspect is to modify
their structure at a small scale, namely, changing the shape of the nanomaterial
photocatalysts. This can make them have a larger surface area, be flatter, and have more
active sites for chemical reactions. According to their confinement situation, nanomaterials
can be classified into zero-dimensional, one-dimensional, two-dimensional, and three-

dimensional nanomaterials.

19



The 0-D materials are those in which electron movement is restricted in all three
directions. In the 1- and 2-D nanomaterials, the same is confined in two and one dimensions,
respectively 3-D; there is no confinement in any dimension; hence, electrons can freely
move in all three dimensions. These materials maintain their energy bands, similar to bulk
materials, but can still exhibit unique properties arising from their nanostructured features:
3-D structures, hierarchical frameworks, porous architectures, and interconnected networks
[51]. Figure 4 from [51] shows that the 0-D materials are the nanoparticles/quantum dots,

whereas the 1- and 2-D materials correspond to the wires/rods and nanosheets.
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Figure 4: Schematic illustration of dimensional nanostructures of photocatalysts [51].

2.5.4.1 Zero-Dimensional Photocatalysts Nanoparticles

Zero-dimensional nanoparticles are materials whose dimensions fall in the nanoscale
range, generally below 100 nm in size. Their properties are unique primarily because of their
small scale and excellent surface-to-volume ratio. Examples of 0D NPs include quantum
dots, fullerenes, and some kinds of metal or metal oxide nanoparticles. These would be

spherical or near-spherical, isolated particles rather than extended objects [50]

Ba-Abbad ef al. [52] used the sol-gel method to synthesise ZnO nanoparticles and
produced spherical morphologies by optimising the process parameters using the D-optimal
design method. They studied several variables, such as precursor concentration, pH, and
reaction temperature, to control the size and morphological features of the nanoparticles. In
another study, Kajbafvala et al. [53] prepared ZnO nanostructures with spherical and flower-
like geometries using a microwave-assisted method by varying the heating rate of the

solution, as shown in Figure 5. Then, the photocatalytic activity of the ZnO nanostructures
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was determined using methylene blue (MB) as an organic dye under UV light irradiation.
After four hours of UV irradiation, the spherical and flower-like ZnO nanostructures

degraded MB by 78% and 17%, respectively.

The enhanced activity obtained in the spherical ZnO particles is due to their higher
specific surface area of 98 m?/g compared with flower-like ZnO morphology, which
possesses a specific surface area of 22.9 m?/g. Additionally, Peter et al. reported that the
large surface area favours high adsorption rates. In contrast, the quantum confinement of
photoinduced carriers leads to low recombination that enhances the photocatalytic activity

of ZnO dots compared with its three different morphologies: ZnO flakes, rods, and dots.

Figure 5: SEM image of ZnO NPs at Zero-Dimensional [53].

2.5.4.2 One-Dimensional Photocatalysts Nanoparticles

One-dimensional (1D) nanoparticles, such as ZnO nanowires and NiO nanorods, are
nanostructures with much larger length than the width and height, exhibiting rod-like or
wire-like shapes. They have large aspect ratios; due to quantum confinement effects, they
exhibit unique properties and are promising for various applications in sensing,

photodetection, and field emission [50].

Ezhilarasi and co-workers [54] investigated the biosynthesis of nickel oxide nanorods
(Ni1O NRs) using Phoenix dactylifera extract as a green reducing agent and a capping agent.
The biosynthesised NiO NRs showed a crystalline face-centred cubic (FCC) structure; TEM
analysis revealed rod-shaped nanostructures with an average diameter of 32 = 5 nm,
showing high dispersion and less agglomeration, as shown in Figure 6. The optical band gap
of 3.62 eV promised enhanced light absorption and photocatalytic activity, which

demonstrated the degradation of 4-chlorophenol. It is cytotoxic, causing oxidative stress for
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bacterial damage and death. The ability of NiO NRs to induce reactive oxygen species
(ROS) and good antibacterial action. These findings indicate an eco-friendly synthesis
approach for multifunctional NiO NR applications in photocatalysis, biomedicine, and

Environmental remediation.

Figure 6: TEM images of ZnO NPs at One-Dimensional [54].

2.5.4.3 Two-Dimensional Photocatalysts Nanoparticles

All 2D nanomaterials have atomic-scale thickness and large surface areas in various
morphologies, including sheets, ribbons, flakes, plates, and wrinkled or rippled surfaces.
Various morphologies in different forms provide such nanomaterials with unique electrical,
thermal, and mechanical properties, increasing their value for applications such as flexible
electronics, sensors, and photocatalysts. Since their morphology is tenable, optimisation

against a particular technological development is important in nanotechnology [50].

Moghaddas SM and co-workers [55] synthesised ZnO nanosheets through a
hydrothermal method; the resulting structures had a reasonably uniform distribution with an
average thickness of about 75 nm. Morphological examination, further supported by
FESEM observation (Figure 7), showed that the nanosheets, although on the nanometer
scale, were slightly agglomerated. X-ray diffraction patterns confirmed the tetragonal
structure of ZnO without any extra peaks, which suggests high purity. EDX analysis also
confirmed this further, as the weight percentages of oxygen and zinc were 27.12% and
72.88%, respectively. UV-vis spectrophotometry analysis showed the photocatalytic

characteristics of the produced ZnO nanosheets. A distinct absorption peak at around 384
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nm was associated with a bandgap energy of 3.29 eV, indicating that the nanosheets can
promote electrons jumping from the VB to the CB, an important factor for their

photocatalytic efficacy.

Further, the photocatalytic activity of the ZnO nanosheets was evaluated by examining
their ability to degrade dye in the presence of ultraviolet light (UV). The results showed that
the degradation of the dye was highly enhanced under UV irradiation compared to the case
in the dark, which indicates the predominance of the photocatalytic degradation process over
mere adsorption. It involves the excitation of electrons that generate highly oxidising
cavities and hydroxyl radicals, which can decompose the pollutants into harmless substances
such as water and carbon dioxide. These findings underpin the potential applications of ZnO
nanosheets in environmental remediation, specifically in degrading organic pollutants and
dyes. Their high surface area and effective photocatalytic properties make them promising

candidates for water treatment and purification.

Wang J et al. [56] have taken up a comprehensive study on the diverse properties,
including dimensions, morphology, band gap energy, and applications, of Ag/ZnO
nanosheet (NS) arrays. Scanning electron microscopy (SEM) images in Figure 7 showed
that ZnO NSs, without silver nanoparticle (NP) decoration, are densely covered with
vertically oriented structures. When decorated with Ag NPs, these NSs showed good
adhesion of Ag, especially at the edges, with an average Ag NP diameter of about 120 nm.
The XPS and XRD analyses confirmed the existence of metallic Ag NPs and a hexagonal
wurtzite structure of ZnO. The optical properties of the Ag/ZnO NSs were characterised by
PL and UV-vis spectroscopy.

PL spectra revealed two emission peaks at 373 and 550 nm, respectively, assigned to
near-band edge and deep-level emissions. As confirmed by the interaction, the effective
charge transfer between ZnO and Ag NPs resulted in a decreased recombination rate and
PL intensity. UV-vis absorption spectroscopy showed an extra absorption peak at 430 nm,
which points out the localised surface plasmon resonance (LSPR) effect of Ag NPs and
dramatically improves the optical properties of the NSs. These Ag/ZnO NSs showed
excellent surface-enhanced Raman scattering (SERS) ability, which is promising for
chemical sensing and environmental monitoring applications. The improved SERS

performance mechanism is ascribed to the LSPR effect of Ag NPs and the resonant cavity
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effect generated by ZnO arrays. In addition, the charge transfer between Ag NPs, ZnO, and
probe molecules such as crystal violet (CV) further amplifies the SERS signals.
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Figure 7: FESEM images of ZnO nanosheet at different magnifications [56].

The unique combination of features, including size, morphology, band gap energy,
and excellent optical properties, makes Ag/ZnO nanostructures potentially useful for a
variety of applications, including photocatalysis, chemical sensing, and environmental

remediation.
2.5.4.4 Three-Dimensional Photocatalysts Nanoparticles

The 3D nanomaterials, by definition, have extended structures in all three dimensions.
Usually, many 0D nanoparticles or any other nanostructures are aggregated to form the bulk
material. One fantastic example of a 3D nanomaterial is nanoflowers. They represent
hierarchical structures that appear flower-like on the nanoscale and are generally made of

metals, oxides, or carbon compounds [50].

Khedkar et al. [57] prepared three-dimensional (3D) Ag-NiO nanocomposites (NC)
and uncoated NiO nanoparticles. The latter belonged to a face-centred cubic lattice structure
whose peaks represented specific crystal planes. At the same time, Ag-NiO NCs provided
additional peaks ascribed to Ag, proving both materials' crystalline nature. The NiO
nanostructures depicted a hexagonal morphology with an average size of ~86 nm, and Ag
NPs were well dispersed in the NiO matrix with an average size of ~54 nm. The optical

properties showed band gap values of 3.60 eV for NiO and 3.47 eV for Ag-NiO NC. These
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Ag-NiO nanocomposites showed higher photocatalytic activity, degrading 94% of
methylene blue (MB) in 288 seconds, compared to the 93% degradation displayed by
pristine NiO in 648 seconds. The interfacial electronic interactions between Ag and NiO

enhanced the photocatalytic activity of the Ag-NiO nanocomposites.

Ferreira RM et al. [58] report that a high-surface-to-volume ratio, nickel-based
hierarchical material was synthesised through a simple, scalable, and low-cost hydrothermal
method. The procedure allowed obtaining gram-scale NiO nanoflowers with very well-
defined geometries, uniform sizes, ca. 15 + 8 nm thick, and diameters more significant than
one um. SEM images (Figure 8) showed the detailed morphology, and TEM and HRTEM
images confirmed the nanoflowers' self-assembly growth mechanism and polycrystalline
nature. The Rietveld refinement method proved the pure NiO phase with high crystallinity.
Electrochemical tests demonstrated that these nanoflowers provided improved electron
transfer and sensitivity, showing high efficiency in applications such as hydrazine detection

in electrochemical sensors. The high activity is attributed to the enhanced active sites, large

specific surface area, and efficient electron transfer properties of the nanoflowers.

Figure 8: SEM images of NiO NPs at different magnifications [58].
2.5.5 Synthesis Strategies of Photocatalysts Nanoparticles

The two unique methodologies for combining NPs are top-down and bottom-up, as
shown in Figure 9 from [59]. Top-down using various techniques such as grinding, milling
and sputtering or thermal/laser ablation. The suitable bulk material is broken down into
smaller, fine particles by size reduction. Meanwhile, bottom-to-top NPs are formatted by
chemical and biological methods through the self-assembly of atoms into new nuclei that

grow into particles of nano size. Among these methods are electrochemical and chemical
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reduction approaches. Each of these mechanisms converts one of the physical factors, such
as thermolysis changes in temperature, ball friction pressure, ion implantation pH, and laser

ablation radiation changes.
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Figure 9: Photocatalysts NPs synthesis methodologies [59].

Optimisation and maintenance of optimised parameters are essential to investigate
nanoparticles' desired shape and size (NPs). However, most physical techniques have
drawbacks, such as time-consuming processes, high operational parameters, expensive
equipment, and pollution from milling media and/or the atmosphere. These methods can
also consolidate the powder product without maintaining the nanocrystalline microstructure,
and recycling and disposal of nanomaterials lack established safe policies. Moreover,
physical approaches are also considered harmful to the environment because of the toxicity

involved.

Chemical synthesis, on the other hand, can synthesise bulk amounts of nanoparticles
very quickly. Some of the methods under this approach include co-precipitation, sol-gel

processing, radiofrequency plasma method, solvothermal synthesis, and chemical vapour
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deposition. The techniques employed use potent reducing agents to reduce nanoparticles
and capping agents to control the size and stabilise the formed nanoparticles, like oleic acid,
thioglycerol, and triethanolamine. Nonetheless, this technique employs hazardous

chemicals that can be dangerous to biological entities [59,60].

The fabrication of nanoparticles may be carried out by three major approaches:
physical, chemical, and green approaches. Physical approaches include physical vapour
deposition (PVD), thermolysis, microwave-assisted synthesis, pulsed laser methods, high-
energy ball milling, laser ablation, melt mixing, ion implantation, electric arc deposition,
and sputter deposition. These methods change physical parameters such as temperature,
pressure, pH, and radiation. However, most physical methods involve more extended
periods, higher costs, and even environmental hazards due to pollution and the release of
dangerous waste material. The synthesised nanoparticles usually exhibit a significant
distribution in size and shape resulting from the special procedure and parameter conditions

[61,62].

The green synthesis of nanoparticles has certain advantages over conventional
methods. It is an eco-friendly approach in which natural resources like plant extracts can be
used. The plant-mediated synthesis of nanoparticles is a cost-effective technique that
employs the natural chemical reactions of plants to synthesise nanoparticles at room

temperature and neutral pH [56,59].

Figure 10 shows that the green chemistry route uses plant extracts as reducing and
stabilising agents and can be scaled up for green industrial manufacturing. It is
biocompatible, scalable, and suitable for biomedical applications since most plant
phytochemicals can manipulate nanoparticle properties. Some leading plants utilised
include Neem and Moringa oleifera, indicating the method's potential in reducing the
environmental footprint and producing highly useful nanomaterials. Shown are methods of
plant-mediated synthesis of nanoparticles. The prepared plant extracts' phytochemicals
(proteins, enzymes, polysaccharides, vitamins, carbohydrates, amino acids, and organic
acids) reduce the metal ions to their elemental form, leading to nucleation and growth of
nanoparticles. The phytochemicals stabilise these nanoparticles to prevent aggregation. The
nano-size and morphology of the nanoparticles can be controlled by adjusting factors such
as concentration, pH, temperature, and reaction time, avoiding the use of hazardous

chemicals altogether [63].
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Green synthesis is cost-effective, energy-efficient, and can be achieved through a
single-step, one-pot, biocompatible method. It is also highly suitable for large-scale
production. It also ensures human health safety and reduces environmental impact by
avoiding toxic waste and pollution. Besides, nanoparticles synthesised by the green
synthesis method exhibit better biocompatibility and stability, making them applicable in
medicine, agriculture, and environmental remediation. Table 1 summarises the comparative
study of different synthesis methods, including the starting materials used and the properties

of the nanoparticles formed [60,63].

Biological approach

Geen
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Figure 10: Various methods of plant-mediated synthesis of nanoparticles.
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Table 1: Comparison between various synthesis methods of prepared nanoparticles.

photocatalyst Method Starting materials Size mm) | Morphology | Ref
zinc acetate dihydrate,
oxalic acid dihydrate, _
ZnO Sol-gel . . 20 Spherical [52]
ammonia, hydrochloric
acid, absolute ethanol
Zn electrode, oxalic acid
dihydrate, potassium 50-100 Spherical &
Zn0O Electrochemical [64]
chloride, sodium 150-200 | Cylindrical
hydroxide and nitric acid
Zinc nitrate hexahydrate,
Microwave & zinc acetate dehydrate, Needle &
ZnO . 50-150 [65]
hydrothermal hydrazine hydrate and flower
ammonia
‘ zinc acetate dihydrate,
Microwave & ) ) ) )
Ag-ZnO carbinol, silver nitrate, 30-40 Spike [66]
hydrothermal . .
sodium borohydride,
Ginger oil, zinc acetate
Ag-ZnO Green / Nanorod [67]
dihydrate, silver nitrate
Nickel (IT) nitrate, Senna Quasi-
NiO Green 20 ) [68]
auriculata flower spherical
Nickel nitrate
hexahydrate, anhydrous
Ag-NiO sol-gel citric acid, sodium 15-20 Spherical [69]

hydroxide, sodium

borohydride

2.5.6 Applications of Pure and Doping Photocatalyst Nanoparticles

Photocatalyst nanomaterials, such as pure nickel oxide (NiO) and zinc oxide (ZnO)

nanoparticles, are highly useful in energy and the environment. Pure NiO has been

appreciated for its stability, low toxicity, and eco-friendliness, thus making it suitable for

application in gas sensors and electrochemical devices.
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On the other hand, Pure ZnO shows vigorous oxidative activity and stability under
ultraviolet light, which is beneficial for UV protection, antibacterial coating, and water
purification. In the case of NiO or ZnO, foreign atom doping can significantly enhance

photocatalytic activity [66,70].

For example, the visible-light absorption and photocatalytic performance are
improved by doping NiO, thus showing better environmental remediation and hydrogen
production. Similarly, doping of ZnO with metals or non-metals enhances charge separation.
It inhibits electron-hole recombination, thereby increasing its efficiency toward the

degradation of organic contaminants and treatment of wastewater [70,71,72].
- Environmental Remediation: Decomposition of Toxic Pollutants.
- Photocatalytic CO2 Reduction.
- H: Production via Water Splitting.
- Photocatalytic Disinfection of Bacterial Species.

Using plant extracts, Noorullah and Zainab [71] prepared eco-friendly silver-zinc
oxide (Ag-ZnO) nanocomposites. It shows the benefits of using plant extracts, like their
easy availability and low toxicity, instead of traditional chemical methods. The present study
also discusses the efficiency of the prepared nanocomposites as photocatalysts and their
potential use in environmental cleaning. Photocatalytic activity percentages are reported to
be 86% and 21% for Aloe vera and Hibiscus sabdariffa, respectively, for the degradation of
Methylene Blue (MB) dye. All these findings demonstrate that the prepared Ag/ZnO
nanocomposite is an efficient photocatalyst, especially when combined with Aloe vera

extract.

Rani et al. [73] synthesised flake-shaped ZnO nanoparticles (NPs) using a green and
sustainable method using Azadirachta indica fruit peel extract. The fruit peel extract served
as a natural reducing and stabilising agent, enabling the formation of ZnO NPs with a
hexagonal wurtzite crystalline structure. Additionally, the ZnO NPs demonstrated excellent
photocatalytic activity, with degradation efficiency of 88.53% for methylene blue and
83.08% for rhodamine B dye for 240 min under sunlight irradiation. Moreover, the ZnO

NPs also demonstrated effective antibacterial activity against Escherichia coli,
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Pseudomonas aeruginosa, Staphylococcus aureus, and Streptococcus pneumoniae, with
MIC values of 140 pg/mL, 135 pug/mL, 130 pg/mL, and 130 pg/mL, respectively.
Furthermore, the ZnO NPs also exhibited excellent supercapacitor performance with a
specific capacitance value of 794.96 F/g and energy density of 22.34 Wh/kg at 5 mV/s. This
research will elucidate the encouraging capabilities of Azadirachta indica fruit peel extract
in the green synthesis of ZnO nanoparticles for various applications in antibacterial activity,

energy storage, and photocatalytic processes.

Al-Zagqri et al. [68] green synthesised NiO nanoparticles using flower extract from S.
auriculata, which resulted in the removal of MB dye to over 97% under UV light irradiation
for as long as 90 min. Due to an electron relay effect, biosynthesized NiO NPs would
represent efficient redox photocatalysts. This increases the reduction rate by increasing the
rate of electron relay transfer within donor-acceptor molecules. The critical feature is the
size of the metal oxide nanoparticles, as a decrease in the particle size-to-surface area
increases the catalyst's effectiveness many-fold. NiO NP's antibacterial activity was studied
against microorganisms like S. aureus, B. subtilis, P. aeruginosa, and E. coli, giving
inhibition zones in the 20-23 mm range. These findings underpin the potential of natural
resources in the sustainable synthesis of nanoparticles, with applications both in

environmental remediation and as antibacterial treatments.

Yadav et al. [74] prepared Ag-doped ZnO NPs by using turmeric root extract as a
reducing agent of Ag”. The photocatalytic water splitting to hydrogen production in the
presence of Ag/ZnO NPs was carried out in a 20 mL quartz glass reactor equipped with a
closed gas-circulating system. The catalyst 8 mg was sonicated in the solution of water and
ethanol 6 mL and 2 mL, respectively, for 30 min with deaerating by argon/nitrogen bubbling
for 10-15 min and measured by gas chromatography under room temperature 25°C. A water-
ethanol system has been used in the study for the photocatalytic H2 evolution activity of the
Ag/ZnO NPs calcined at 400°C for three h. The amount of hydrogen gas generated was
plotted as a function of UV exposure time, and it was found that 214 mmol/g-h of H> was
produced after 2.5 hours of UV exposure. Hydrogen gas generation ceased when the UV
light was turned off, which confirmed that UV irradiation drove the gas evolution. Thus,
Ag/ZnO NPs were highly effective photocatalysts for hydrogen generation from water-

splitting reactions.
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Singh et al. [75] synthesised NiO NPs using a cell-free extract of filamentous green
macroalgae Spirogyra sp., which is well documented to contain polyols, amines, and
carbonyl compounds. Then, the synthesised material was assessed for some biological
applications. Thus, 50% of the target activity is inhibited at an inhibitory concentration of
10 milligrams per litre (IC50:10 mg L™). NiO NPs have antibacterial activity against
Bacillus subtilis, and Escherichia coli bacterial strains were found to be 10 mg/L. Showing
dose-dependent activities, NiO NPs have MICs at 10 mg/L. At low doses, for instance, 5
mg/L, NPs stimulate the growth of the root and shoot by about 15%. The same
Nanoparticles, at high concentrations, such as 45 mg/L, delay the seed germination of Mung
Bean inhabitation and their seeding development. Moreover, the NiO NPs showed evident
antioxidant activities by DPPH and TAC assays. They concluded that green biosynthesised
NiO NPs possess reliable in vitro biochemical properties for applications in both biomedical

and agricultural industries.

Rajalakshmi ef al. [76] synthesised pure and different concentrations, viz. 2%, 5%,
10%, and 15% of the silver-doped Nio nanoparticles, using a green synthesis method in an
aqueous flower extract of Moringa oleifera Lam. The flower extract of MO contains several
bioactive constituents that can be used with strong reducing, stabilising, and capping agents
to prepare pure and Ag: NiO NPs. The antibacterial and antifungal activity of biosynthesised
pure and silver-doped NiO nanoparticles was evaluated using Agar-well diffusion methods.
The antibacterial and antifungal activity of pure NiO and Ag-doped NiO nanoparticles was
synthesised using Moringa oleifera flower extract as a reducing agent against Ag variation

(2%, 5%, 10%, 15%).

The synthesised nanoparticles were screened against Gram-positive bacteria, such as
Staphylococcus aureus and Bacillus cereus, Gram-negative bacteria, such as Salmonella
typhimurium, Escherichia coli, Klebsiella pneumonia, and Pseudomonas aeruginosa, and
the fungal strain Candida albicans. The zone of inhibition studies indicated that Ag-doped
NiO nanoparticles exhibited enhanced antimicrobial activities compared to pure NiO and
showed maximum activity at 15% doping of Ag. The smaller particle size of the
nanoparticles contributed to their increased antimicrobial activity. It was concluded that Ag-
doped NiO nanoparticles exhibit superior antibacterial and antifungal activities, with higher

efficacy against bacterial strains than fungal strains.
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Besides the above-mentioned studies, Table 2 comparatively presents related research
on applying pure and photocatalysts doping with silver NPs synthesised by green
approaches and their photocatalytic efficiency in Photocatalytic degradation of Organic

Pollutants.
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Table 1: Summarise some studies on applying pure and doping photocatalysts with silver NPs synthesised by green approaches.

photocatalyst Plant Scientific name Size/shape Light source Pollutant E % R
. ) . . . Titan yellow 96%
ZnO NPs Moringa Oleifera 52 nm/spherical Sunlight/180 min Congo red 97% [77]
ZnO NPs Hagenia abyssinica 27.8 nm/hexagonal Sunlight/120 min MO 83% [78]
ZnO NPs Calliandra haematocephala 19.45 nm/nanoflower Sunlight/270 min MB 88% [79]
ZnO NPs Monsonia burkeana 20 nm/hexagonal UV/48 min MB 48% [80]
Commelina benghanlensis 10g 60-80 nm /Flaky UV/120 min MB 55%
ZnO NPs Commelina benghanlensis 20g 8-12 nm/Spherical UV/120 min MB M 55% [81]
Commelina benghanlensis 30g 8-10 nm/Spherical UV/120 min MB 81%
Prunus cerasifera + 1.6%Ag" | 82.46 —101.98 nm/ spherical Sunlight/35 min RB 85.52
Ag-ZnO NPs Sunlight/20 min oS 74.11 [82]
Prunus cerasifera + 1.8%Ag" 72.11 — 128.06 nm/linear - - -
Prunus cerasifera +2.0%Ag" 72.11-100 nm/irregular - - -
UV/90 min MO 80.1%
. UV/90 min BV10 82.2%
ZnO NPs 30-35 nm/spherical Sunlight/90 min MO 67 4%
Crataeas monoevnd Sunlight/90 min BV10 76.5% [83]
& &y UV/90 min MO 89.8%
. UV/90 min BV10 94.2%
Ag-ZnO NPs 55-70 nm/spherical Sunlight/90 min MO 75 30,
Sunlight/90 min BV10 84.7%
NiO NPs Azadirachta indica (neem) 10.5 nm/cubic Sunlight/30 min MB 72.6% [84]
1 0
NiO NPs Calotropis gigantea latex 28 nm/hexahedral Sunlight/30 min mtm&}{leml gi(ﬁ’ [85]
0
NiO NPs starch powder 28.6 nm/spherical UV/270 min MB 80% [86]
Al\{ﬁg II;SPS Aloe Vera gel Irregular flaky UV/120 min FB 62.9% 87]
g Aloe Vera gel + Ag 6% 20 nm/Irregular flaky UV/120 min FB 98%
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2.5.7 Sunlight-Driven Photocatalysts

Optimised for sunlight activation, metal oxide semiconductors quickly become
efficient photocatalysts for environmental remediation. Modifying the bandgap or
introducing dopants can enhance their ability to absorb a more significant fraction of the
solar spectrum, thus improving sunlight utilisation for catalytic processes. Under sunlight,
these photocatalysts generate highly reactive species; Hydroxyl radicals (-OH) and
superoxide anions (‘O2") play a key role in degrading organic chemicals in aquatic matrices.
The long-term stability offered by these compounds in water mediums ensures sustainable
existence, and their ability to work even without any external energy source exhibits their
eco-friendly character [18,54,88]. These substances are also often inexpensive, simple to
fabricate, and non-polluting, making them apt for extensive water treatment and pollution
control. They can efficiently harvest solar energy and are considered critical solutions to

environmental challenges on a sustainable and renewable basis [89].
The following factors affect the photocatalytic activity of photocatalysts:

- Dye concentrations: The dye concentration is critical for how the photocatalytic
reaction proceeds. The amount of catalyst must, on average, degrade an appropriate
level of dye, and some of the dye must adhere to the catalyst's surface to be exposed for
absorption. The second effect under stimulated light, from the former's original
concentration, is proportional; hence, the original dye concentration must be
determined. Typically, the quantitative requirement of the photocatalyst increases with

a higher dye concentration; however, the percentage degradation decreases.

- Amount of catalysts: The quantity of catalysts in a photocatalytic process primarily
affects dye degradation. Increasing the number of photocatalysts can increase the
percentage of photodegradation in a heterogeneous photocatalytic process. This
increase makes more active sites within the reaction available, producing more reactive

radicals required for photodegradation.

- pH: pH of the solution also plays a critical role in the entire process of degradation and
may facilitate or retard the photocatalytic reaction based on the nature of the material
and the pollutant. By changing the surface charge, solution pH may control the

adsorption on the catalysts' surfaces, more so metal oxide nanoparticles. The tuning
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behaviour of adsorption may affect the degradation rate significantly. Under acidic
conditions, it can increase the positive charge on the catalyst's surface, favouring the
adsorption of negatively charged pollutants and, therefore, the photodegradation rate.
Oppositely, a fundamental solution could enhance a negative charge on its surface,
which is further used to enhance or reduce the adsorption of various types of pollutants,
affecting the overall efficiency of the photodegradation treatment process. Thus, pH
should be carefully controlled and maintained to optimise the photocatalytic

degradation efficiency.

Surface morphology: Some parameters of surface morphology, such as particle size
and shape, are very important for photodegradation. Each structural morphology
provides a more direct pathway between the photocatalyst surface and the organic
contaminant. The speed of photocatalytic reactions can be modified by the number of
photons that strike the photocatalyst surface; different morphologies may vastly

increase the speed of the reactions.
There are some advantages of different morphological types:

- Nanoparticles provide a large surface area for pollutant adsorption, which

improves degradation efficiency.

- Nanorods and nanowires improve the charge transport property, helping to

reduce the recombination rate of the electron-hole pair.

The unique two-dimensional structure of nanosheets allows appropriate light
absorption and pollutant contact. Besides, a nanoparticle's size has remarkable effects
on its photocatalytic activity. Smaller particles have increased surface area to volume
and will have relatively more active sites for the reaction. Such an increase in active
sites increases the interaction of catalysts with a pollutant and boosts the rate of the
photodegradation process.

Irradiation time and intensity of the light: the photodegradation of the contaminant
is highly intensified by the intensity of the incident light and exposure time. At low light
intensity levels, the photodegradation rate is high due to increased exciton (electron-
hole pairs) formation yield, which reduces the same pairs' recollection. This, in turn,
increases the number of reactive species that could effectively degrade pollutants. On

the other hand, under higher light intensities and above, a negative proportion of the
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percentage of photodegradation to light intensity is obtained. This is because the
increase in light intensity shows more recombination rates for the electron-hole pairs,
decreasing both the catalytic activity and the efficiency of the photodegradation process.
More importantly, irradiation time is another variable that affects photodegradation
efficiency [90,91,92].

More extended irradiation periods give more time for forming reactive species,
therefore intensifying the utilisation of pollutants. However, the amount of irradiation
is not beyond a limit that optimises photodegradation, with no considerable additional
irradiation inducing enhanced photodegradation because of the saturation of reactive
sites onto the photocatalyst. In another study, Malato ef al. [93] proved that the ideal
light intensity and irradiation time should be attained to enhance photodegradation
efficiency. Chatterjee and Dasgupta [94] also reported that the balance between light
intensity and exposure time is essential in reducing the adverse effects of increased
electron-hole recombination.

Surface Dopants on the Dye Degradation: Many methods of synthesising ZnO and
NiO nanomaterials can absorb those photons even at relatively minimal energy levels.
This can be done by band gap engineering by incorporating both metals and non-metals
into photocatalytic materials to change and keep alternating the valence and conduction
bands. Transition metal doping, for example, with Fe, Cr, and V, was reported to
successfully decrease the band gap and enhance the ability of the material to absorb
visible light effectively. Non-metal impurity doping with nitrogen, carbon, and sulphur
is also an important factor in diversifying the light response of the ZnO and NiO
photocatalysts using the mid-band states to enable visible light absorption [90].
Surface modification may also be reached when ZnO and NiO are combined with
organic molecules and other semiconductors. For instance, the attachment of organic
dyes on either ZnO or NiO surfaces should enhance their absorption range. Embedding
Zn0O and NiO with other semiconductors, such as CdS, TiO», and WO3, is also expected
to improve the overall photocatalytic activity due to charge separation and reduction of
electron/hole recombination [44,95].

These changes would enable increased light absorption, but they would also produce
reactive oxygen species, which are also used in the chemical degradation of the dye and

other contaminants.
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2.5.8 Characterisation Methods of Photocatalysts Nanoparticles

2.5.8.1 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a method that uses an electron beam to
study and analyse specimens to obtain detailed information about the size of nanoparticles
and their interior makeup. On the other hand, scanning electron microscopy (SEM) looks at
the surface of samples to assess characteristics. TEM allows for the penetration of samples
to obtain details on internal characteristics. In TEM, thermal emission heats an electron
source, typically from a filament, most commonly fabricated from tungsten. It is sensitive
to an accelerating voltage of 60 to 100 kilovolts (kV). The user can manage this accelerated
electron energy according to the analysis requirements. The electron beam passes along the
vacuum column in the microscope, which is then focused by a series of electromagnetic
gradients or lenses inside the column. In conjunction with control apertures located across
the column, these lenses control the electron beam width and degree of focus by preventing
unwanted electrons, thus ensuring that an accurate and coherent beam reaches the sample
[96]. When the electron beam eventually hits the sample, several different events take place.
The effective beam, thus, passes through the sample without deflection, while the rest is
scattered or absorbed by the constituent atoms within the sample being probed. The image
is then formed on a fluorescent screen, showing areas of the sample as shades of grey as the

electron distribution varies at different points, as shown in Figure 11 from [97].

Figure 11: Transmission electron microscopy images of ZnO NPs [97].

Dark regions indicate the area of the microscope into which electrons have been

absorbed or highly scattered—the denser or heavier the atomic regions—while bright
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regions indicate minimal electron absorption or scattering, showing lighter atomic elements

[97].
2.5.8.2 Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy is a very sophisticated imaging method
that employs a field emission gun (FEG) for generating an electron beam of very high
coherence and focus, enabling imaging of materials at very high resolutions, typically at the
nanometre or sub-nanometre level. This technique is particularly effective for observing
various materials' surface morphology and topography at higher resolution than
conventional Scanning Electron Microscopes (SEM) [97]. FESEM finds typical
applications in nanotechnology, material science, biology, and the semiconductor industry,

where surface details of finer features must be analysed.

One of FESEM's advantages is that it can image the delicate structures of conductive
and non-conductive materials with little sample preparation. Compared to traditional SEM,
FESEM employs a lower accelerating voltage, with less sample damage and electron beam
penetration, and is best suited to image weak or soft materials. The FESEM's high resolution
enables researchers to study the morphology of nano-scale structures such as thin films,
nanoparticles, and individual nanostructures and obtain valuable information regarding their

properties and behaviour [98].
2.5.8.3 Fourier Transform Infrared (FTIR) Spectrometry

Fourier Transform Infrared (FTIR) spectrometry is among the most prevalent analysis
techniques used in the characterisation of photocatalysts, especially those metal oxide
nanoparticles like nickel oxide (NiO) and zinc oxide (ZnO). The method gives information
regarding the functional groups via metal-oxygen bond vibration and the surface chemistry
of materials. FTIR spectra typically exhibit characteristic absorption peaks for metal-oxygen
vibrations that identify the type of metal oxide. Zn-O stretching vibration, for example, is
typically observed between 400600 cm™, as shown in Figure 12. At the same time, Ni-O
vibrations are also observed within the same range, allowing their differentiation and

identification [97,98].
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FTIR can also detect surface modifications, adsorbed species, or organic impurities,
which are very important in establishing the photocatalyst properties of such materials

[84,66,124]. FTIR is an important method in photocatalysis studies and nanoparticle

research.
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Figure 12: FTIR Spectra of Pure and ZnO NPs doping with silver [98].

2.5.8.4 Ultraviolet-visible (UV/Vis) Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a critical analytical method to monitor
the photocatalytic degradation of organic contaminants by photocatalysts like ZnO and NiO
NPs. Researchers can determine the efficacy of photocatalytic performance based on this
method by monitoring the change in the absorption of contaminants at one wavelength with
time following exposure to the light source. The absorbance of a contaminant, such as
methylene blue (MB), rhodamine B (RhB), or methyl orange (MO), is typically determined
before and after exposure to visible or UV light in the presence of the photocatalyst. ZnO
nanoparticles, for example, also exhibit better photocatalytic activity due to their wide
bandgap and high absorbance of UV light, enabling them to generate reactive oxygen
species (ROS) that break down organic contaminants into more straightforward, less toxic
molecules. Experiments have established that progressive diminishment of absorbance at a
pollutant's characteristic wavelength ,e.g., 664 nm for methylene blue or 554 nm for
rhodamine B, indicates its degradation in photocatalyst conditions. UV-vis spectroscopy

also determines the reaction kinetics, e.g., the degradation rate constant, which provides
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quantitative data on ZnO-based photocatalyst activity. This makes UV-vis spectroscopy
essential in ascertaining the breakdown of pollutants and the rational development of

photocatalyst materials for environmental cleanup [99,100].
2.5.8.5 UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS)

UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS) is among the most common
techniques for identifying photocatalysts' band gap energy, mainly metal oxides such as
ZnO and NiO NPs. An approximation of the optical band gap can be achieved using the
Kubelka-Munk function to treat the reflectance spectrum of the solid sample. Native ZnO,
with its expansive band gap energy (circa 3.2 eV), absorbs mainly in the UV region, limiting
its activity under visible light. Some alterations, like doping or loading ZnO with transition
metals (e.g., Ag, Cu, or Ni), significantly lower its band gap energy, enhancing its visibility
in the visible light range.

UV-Vis DRS can compare the absorption edge of pure ZnO and modified ZnO in a
manner that can quantify this increase. It has, for example, been shown that metal-doped
ZnO results in a redshift of the absorption edge, which reveals a reduction of the band gap
so that visible light can be utilised for photocatalysis. Such a reduction of the band gap is
required to improve the photocatalytic activity of ZnO, which can be used in environmental
purification applications and solar energy conversion, for example. It renders UV-Vis DRS

an advantageous method in photocatalyst optimisation [99,101].
2.5.8.6 Energy Dispersive X-ray (EDX) Spectrometry

Energy Dispersive X-ray (EDX) spectrometry is a sophisticated technique for
analysing the elemental composition of materials such as metal oxide nanoparticles and
doping. EDX has the accuracy to measure the occurrence and distribution of zinc and nickel
in defining ZnO and NiO nanoparticles and in determining their respective elemental
transitions, i.e., the K-alpha and L-beta transitions, which are associated with their
respective absorption energies, as shown in Figure 13. For Ag-doped ZnO nanoparticles,
EDX assists in identifying the existence and amount of silver dopants. This is crucial in
relating the alterations of the structural and electronic character of ZnO caused by silver

doping.
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Identification of such elements through EDX is done by mapping the peaks of each
element at specific energy levels. For instance, Zn is marked by a well-defined K-alpha peak
around 8.6 keV; the K-alpha peak around 7.5 keV marks Ni; and silver in Ag-doped ZnO
nanoparticles is marked by characteristic peaks around three keV. Comprehensive studies,
for instance, those by Kumar et al., and Sharma et al., illustrate the utility of EDX in
confirming the stoichiometry and homogeneity of ZnO and NiO and Ag-doped Zno
nanoparticles. This is important for the optimisation of the electronic and photocatalytic

properties of these materials [102].

Figure 13: Typical spectrum of EDX with element peaks [102].

Characteristic X-rays, or X-ray lines, seen in energy-dispersive X-ray spectroscopy
(EDX) result when vacancies are produced in the inner electron orbits of an atom, which
create "holes." The electrons from outer, higher energy orbits fill the vacancies by emitting
X-rays equal to the difference in energy between the shells. These X-ray lines are named
according to the shell on which the vacancy occurs (i.e., K, L, M) and the shell from which
the electron jumps (i.e., a for one shell higher, B for two shells higher, etc.), as shown in

Figure 14 [103].

For instance, a Ka transition is when an electron from the L shell (n = 2) fills a vacancy
in the K shell (n = 1), and a K transition is when an electron from the M shell (n = 3) fills
the vacancy. The subdivision of larger shells with principal quantum numbers (n) into
subshells leads to individual X-ray lines being formed. For L to M shell transitions, even

more X-ray lines are allowed, but only a few are typically resolved and of value for EDX
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analysis. For instance, the closely spaced lines Kol and Ka2 will represent one peak in an

EDX spectrum because they have a minimal energy difference [104].
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Figure 14: nomenclature of X-ray lines [103].

2.6 Advances and Trends in Utilizing Metal Oxide Nanoparticles as

Photocatalysts for Dye Degradation and Water Purification.

The relentless industrial activities worldwide have created an urgent need for effective and
sustainable methods to tackle environmental contamination, particularly in water resources.
Among the various pollutants, synthetic dyes from the textile and manufacturing industries
pose a significant threat due to their toxic and non-biodegradable nature. In this context, metal
oxide nanoparticles have emerged as a promising solution, offering enhanced photocatalytic
properties for the degradation of these persistent dyes. This review explores recent
advancements and emerging trends in using metal oxide nanoparticles, such as NiO and ZnO,
as photocatalysts for dye degradation and water purification. By examining the latest research
and technological developments, this study highlights the potential of these nanomaterials to

significantly contribute to sustainable water treatment practices (Table 3).
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Table 2 :Summary of research and technological developments in photocatalytic

nanomaterials.
Year Research focus Contributions References
1970 Discovery of TiO2 asa  Fujishima and Honda demonstrated the [1,18,23,56]
il e photocatalytic splitting of water using
TiO2 under UV light.
1980s Discovery of more Research was initially focused on ZnO and  [5,18,20]
metal Oxides. SnO: as other metal oxide photocatalysts
for environmental remediation.
1990s Significant Researchers have studied the fading of [2,6]
development. organic dyes such as methylene blue (MB)
and rhodamine B (RB) with assistance
from TiO2 and ZnO.
2000s Entry of Metal oxide Synthesis of metal oxides like ZnO and [16,22,60]
nanoparticles as Ti0, NPs by traditional methods to
photocatalysts. improve photocatalytic activity under UV
light
2005s Modified metal oxide Doping metal and nonmetal to decrease [7,36,38.,45]
NPs. band gap energy improves the
photocatalytic activity of metal oxides like
ZnO and TiOz under UV light.
2010s Visible light activation. Focus on engineering photocatalysts NPs [47,48,52]

active in the visible light spectrum to

degrade organic dyes.
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2015s

2020s

2022s

2024s

2025s

This
study

Hybrid photocatalysts.

Green synthesis of

metal oxide NPs.

Modified metal oxides.

Formation of

heterojunction.

Modify morphology
and

size of NPs using a
new

plant under solar
energy.

Research  focuses on  synthesising [14,20]
photocatalyst composites like ZnO/NiO
and ZnO/graphene.

Synthesis of metal oxides like ZnO, NiO  [9,31,48]
and TiO2 NPs using different plant extracts.

Plant extract and biogenic routes are used [39,56,69]
to modify the band gap energy of metal

oxides by metal and non-metal.

Plant extract and biogenic routes can be [69,71]
modified by forming a composite with

organic frameworks.

Improve photocatalytic activity of ZnO and NiO NPs from
UV light to visible light to degrade organic dye,
decreasing band gap energy by:

- Using a new plant extract to synthesise pure
photocatalyst NPs by different parameters and
controlling size NPs.

- Using a new plant extract to dope photocatalysts
with silver atoms NPs at different parameters and
controlling the size of silver NPs.

- Controlling the morphology of pure and doping
photocatalysts using a high concentration of plants
with adjusted temperature degree and reaction

time.
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CHAPTER 3

EXPERIMENTAL SECTION AND MATERIALS

3.1 Experimental Site:

The photocatalysts were synthesised in the Biochemistry Laboratory at the Faculty of
Medicine, University of Sirte. The USAINS Biomics Laboratory determined the optical
bandgap energy and explored functional groups. The analysis of chemical structure, surface
properties, and data interpretation was carried out in the Nano-Optoelectronics Research

Laboratory at USM Penang, Malaysia.
3.2 Materials and Apparatus:

All chemicals used in this dissertation were obtained from chemical companies and
utilised in their pure form without further purification. Wild Thymelaea hirsuta leaves and
roots were collected from the Dhehir area in Sirte City. To ensure the accuracy and reliability
of the experiments, all glassware was thoroughly cleaned before use. This involved washing
twice with distilled water (DW) and ethanol, followed by drying in an oven. Detailed

information on the materials and preparation methods is provided in Table 4.

Table 3: The using chemicals.

Substance Company Purity%
Ethanol Carlo Erba 99%

Zinc Acetate Clariant -
Nickel (ii) Chloride hexahydrate Carlo Erba -

Silver Nitrate Carlo Erba 98.8%
Sodium hydroxide Merck -
Methylene blue dye technical BDH -

(MB)

Various apparatuses and glassware were utilised to synthesise and characterise pure
and doped photocatalyst nanoparticles. These included:
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- Heating and drying equipment: Electric oven, electric furnace, hot plate with
magnetic stirrer, and heater.

- Measuring instruments: Electronic balance, pH meter, and measuring cylinders.

- Laboratory glassware: Beakers, ceramic crucibles, pipettes, test tubes, and glass rods.

- Separation equipment: Centrifuge.

3.3 Experimental Parts

3.3.1 Thymeala Hirsuta — Extract Preparation

The concentrated Thymelaea hirsuta extract was initially prepared by washing and
cutting the leaves and roots, followed by drying and blending them into small pieces using
a mixer. Subsequently, 5 g and 20 g of Thymeala hirsuta powder were mixed with DI water,
about 500, and boiled at 100 °C for two hours using a hot Plate with a Magnetic Stirrer.
After that, the mixtures were cooled to room temperature, and the extracts, connected to the
vacuum pump device, were filtered with Whatman No. 1 filter paper. These extracts were

used as a reduction agent to synthesise ZnO, NiO, Ag-ZnO, and Ag-NiO NPs [105].
3.3.2 Green Synthesis of Pure ZnO Nanoparticles

The synthesis of zinc oxide nanoparticles (ZnO NPs) was carried out using a modified
green method. First, 50 mL of Zn (CH3COz),:2H20 solution (0.5 M) was measured and
poured into a 500 mL beaker. 100 mL of Thymeala hirsuta extract (5 g/100L) was
incorporated into the Zinc acetate solution at room temperature, a drop at a time. The
solution’s pH was adjusted to 8 by adding drops of 1 M NaOH solution, and the solution
was stirred for two hours at 50°C to obtain a deep yellow paste solution, followed by
filtration. Meanwhile, the colour changes of the aqueous solution from light yellow to pale

white indicated the reduction of zinc salt.

The filtrate was then washed using absolute ethanol and distilled water to remove and
clean it from organic compounds or any oils found on the surface of nanoparticles during
synthesis, and dried at 120°C in an oven for two hours. The obtained paste was further
transformed in a ceramic crucible and annealed at 500°C for three hours, yielding a light
white powder. The final step in obtaining the samples involved crushing them into fine white

powder using a mortar, after which they were reserved for characterisation. To synthesise
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larger quantities of ZnO NPs, the reactant quantities were scaled up by a factor of ten

[80,81].
3.3.3 Green Synthesis of Pure NiO Nanoparticles

The synthesis of NiO nanoparticles (NPs) was carried out using a modified green
method. First, 50 ml of NiCl>-6H>O solution (0.5 M) was poured into a beaker with a
capacity of 500 ml. 100 mL of Thymeala hirsuta extract (5 g/100L) was added to the Nickel
(IT) chloride solution at room temperature, drop by drop. The solution’s pH was adjusted to
8 by adding drops of 1 M NaOH solution. The solution was stirred for four hours at 50°C to
obtain a green solution, followed by centrifugation of the precipitate, and then washed with
distilled water and ethanol. The resulting filtrate was allowed to dry in the oven for 2 hours
at 100 °C. The obtained paste was washed with absolute ethanol and distilled water,
transformed in the ceramic crucible, and annealed at 500°C for three hours, resulting in a
black powder. Lastly, the resulting samples were ground down into fine black powders with
a mortar and stored for characterisation to synthesise large amounts of NiO NPs. The

reactant quantities were multiplied by ten [74,76,84].

3.3.4 Methodology to Improve Photocatalytic Activity of Photocatalysts
by Green Synthesis

To synthesise photocatalysts that have band energy more minor and have improved

conductivity, three approaches were combined:

1- Formation of cation or anion vacancies:
Formation of (Vzn) in a zinc oxide lattice and (V,) in a nickel oxide lattice is done by

annealing at high temperatures to enhance crystalline and using a reducing agent [47,49].

2- Reducing the size of silver nanoparticles to the atomic scale:
This is done by adding silver nitrate to a zinc oxide or nickel oxide solution in the
presence of a weak reducing agent and controlling the temperature and reaction time to

avoid agglomeration [81].

3- Surface doping with silver NPs:
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Stabilising and fixing agents, such as polymers, were used to dope silver nanoparticles
onto the surface of zinc oxide or nickel oxide, ensuring uniform distribution and
preventing agglomeration [82,99].

These three methodologies were applied using the Thymeala hirsute extract, which
contains compounds that act as stabilising and reducing agents. This enables the same
triple approach (formation of vacancies, particle size reduction, and surface doping)
[106]. Additionally, the Thymelaea hirsute extract offers the advantages of green

synthesis, making the process more environmentally friendly and cost-effective.

Key Contributions of Thymelaea hirsuta Extract:

- Formation of vacancies for oxygen, zinc and nickel:
Extract Thymeala hirsuta contains polyphenolic compounds and flavonoids that act as
mild reducing agents, which helps reduce Metal ions inside the metal oxide lattice and
leads to oxygen vacancy formation.

- Reduction of silver particles to the atomic scale:
Extract Thymeala hirsuta from leaves containing tannins, saponins and flavonoids and
use a significant amount of plant powder to form a higher concentration of extract, which
works to form small silver nanoparticles without agglomeration.

- Surface doping:
Extracting Thymeala hirsuta from the root contains some polymers, such as
carbohydrates like plant gum, which act as coating and fixing agents on the surface of

zinc and nickel oxide without agglomeration.
3.3.5 Green Synthesis of Doped ZnO and NiO NPs with Ag NPs

3 g of silver nitrate was added to the solution containing 15 g of pure NiO or ZnO NPs
prepared in the second step, which was poured into a 500 ml beaker under stirring. With
continuous stirring, a 100 ml concentrated Thymeala hirsuta extract (20 g/100 L) was
incorporated into the same beaker for two hours at 50°C. The precipitate was deposited at
the bottom of the flask. Finally, the mixture was centrifuged for 10 minutes at 8,000 rpm,
and the powder was collected and washed with distilled water and ethanol. The obtained
powder was dried at 120°C in the oven for two hours and then calcinated at 500°C for two

hours, as shown in Figure 15 [74,76].
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3.3.6 Instrumentation and Characterisation Techniques

The prepared pure and doped photocatalysts were characterised using DRS, FT-IR,

TEM, FESEM, and EDX. Instruments used to study photocatalytic activity applications

were a CAMAG UV lamp cabinet with a wavelength of 254/366 nm as the UV light source

and a UV-vis spectrophotometer (SPECODR -210) to study the absorption of organic dye

concentration at degradation reaction of dye.

UV-Vis Diffuse Reflectance Spectroscopy (DRS): The optical reflectance of the
prepared photocatalysts was analysed using a Perkin Elmer Lambda 35 UV-Vis
spectrophotometer (Perkin Elmer, Inc., USA) in the wavelength range of 200—-800 nm.

Fourier-transform infrared Spectroscopy (FTIR): FTIR spectra were recorded
using a Shimadzu IR Spirit FTIR spectrometer in the range 4004000 cm™! through
the KBr method with 8cm™ resolution, which was utilised for structural analysis of the

chemical compounds.

Transmission electron microscope (JEM 1011, JEOL, Tokyo, Japan): TEM
images were recorded to measure the size distribution of the prepared pure and doped
metal oxide nanoparticles at magnifications 5000x, 20000x, 10000x, and 100000x.
Samples for investigation using transmission electron microscopy were prepared by
dispersing the nanoparticles ultrasonically at 185 W in 100% ethanol for 10 min. A

drop of the dispersed solution was deposited on a carbon lace film supported by a

50



copper grid. The sample was air-dried, and the nanoparticles were imaged with TEM.
Imagel software was utilised to measure the diameters of individual nanoparticles

from the TEM images.

- Field Emission Scanning Electron Microscopy (FESEM) with EDX: FESEM
images and EDX analysis were performed using a SUPRASS microscope (CARL
ZEISS, Germany) at magnifications of 50,000% and 100,000x with a working distance
of 5.3 mm. This was used to study the morphology and chemical composition of the

pure and doped metal oxide nanoparticles [97,98,99].
3.4 Absorption Spectra Test of The Methylene Blue Dye

An absorption spectra test for methylene blue dye was used to determine the maximum
absorbance (Amax) of MB dye from the position absorption peak in an aqueous solution by
UV-vis spectrophotometer. A series of standard solutions with concentrations of 18, 16, 14,
12, 10, and 8 ppm were prepared from a 20 ppm MB stock solution. The absorbance of these

solutions was measured within the wavelength range of 500-800 nm [107].

3.5 Photocatalytic Activity of Prepared Photocatalysts NPs

To evaluate the photocatalytic performance of the prepared photocatalysts, their activity was
assessed through the photodegradation of methylene blue (MB) dye. The degradation
process was monitored at a wavelength of 665 nm, corresponding to the maximum
absorbance of MB, using a UV-Vis spectrophotometer. Following a modified method, the
experiments were conducted under UV light irradiation (366 nm) and direct sunlight on

clear days.

First, 10 mg of methylene blue dye was dissolved in 1 Liter of distilled water. Then, 100
mL of the dye solution was transferred to a 250 mL beaker, and 60 mg of the photocatalyst
was added. The mixture was adjusted to a pH of 7 and stirred for 30 minutes using
ultrasonication in dark conditions at room temperature to achieve adsorption-desorption
equilibrium. The photocatalytic activity of ZnO, NiO, Ag-ZnO, and Ag-NiO nanoparticles
(NPs) was initially tested in dark conditions using UV-Vis spectrophotometry, with the

absorbance recorded at zero minutes. Subsequently, the solution was exposed to sunlight
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for 140 minutes, and the dye degradation efficiency was calculated using the following

equation (1):

Degradation Efficiency (%) = (Ao — At) /Ao * 100 (1)

Where Ao and A:are the absorbance of the dye solution before and after photocatalytic
activity [77,82].

3.5.1 The Degradation Reaction Kinetics of (MB) by Prepared
Photocatalysts

The kinetics degradation reaction of MB by prepared photocatalysts in the dark and
under UV and solar irradiation was determined by using the Langmuir-Hinshelwood
equation, can be described as a degradation reaction within pseudo-first order, and the rate
equation for the degradation reaction can be expressed in absorbance data at Amax 665nm
wavelength. The key concept here is that the concentration of methylene blue (MB) is
directly proportional to its absorbance within degradation with photocatalysts under

irradiation, according to the Beer-Lambert law:

A=e C. 1 )

Where:

A: Absorbance

C: Concentration

[: length

e: molar Absorptivity coefficient

from rate low of pseudo-first order reaction equation:
In (C/Cy) = kit 3)

Since absorbance is directly proportional to concentration, the equation (3) rate of reaction

law can be rewritten as:

In (A/Ag) = kit (4)
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The rate constant could be expressed as a positive value by slightly modifying this equation:
In (Av/Ay) = kl.t (5)

In (Ag/A)\t = k (6)

Where:

Ao: Initial absorbance (measure absorbance before degradation reaction)
Ay Absorbance at time t (measure absorbance at regular time of degradation reaction)
K: rate constant

t: irradiation time

The rate constant of photocatalysts can be determined from the slopes of the plot of In

(Av/Ao) versus irradiation time (t) [1] and half time t;2:
n2
trz-(52) (7)

3.5.2 Factors Affecting Photocatalytic Activity

The most effective conditions for the photocatalytic degradation of methylene blue (MB)
using green-prepared photocatalysts were determined through parameter optimization
experiments. These experiments focused on key factors such as pH, initial MB
concentration, and irradiation time under UV and solar irradiation. The goal was to enhance
the efficiency and effectiveness of the photocatalysts for environmental applications

[90,91].
3.5.2.1 Effect of Doping Silver NPs on Degradation Efficiency (%)

The effect of silver doping on the degradation of methylene blue (MB) dye was
investigated, as it is a critical factor in enhancing photocatalytic activity. Doping involves
incorporating metal atoms into the lattice of metal oxides, which helps tailor the chemical
and physical properties of the photocatalysts. This process enhances photocatalytic activity
by reducing the bandgap energy of zinc oxide (ZnO) and nickel oxide (NiO) nanoparticles.
The degradation of MB dye was studied at a concentration of 10 mg/L under both ultraviolet
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(UV) and solar radiation. The experiments were conducted with a reaction time of 140

minutes, a pH of 7, and a photocatalyst dosage of 60 mg.
3.5.2.2 Effect of Irradiation Time on Degradation Efficiency (%)

The effect of time on the efficiency of the synthesised photocatalyst for degrading
organic dye pollutants was investigated, along with the relationship between the two. The
aqueous solution of the organic dye, with a concentration of 20 ppm and a pH of
approximately 7, was irradiated for 140 minutes under both UV and solar irradiation. A

photocatalyst dosage of 60 mg was used in the experiments.

3.5.2.3 Effect of Initial Concentration of Dye on Degradation
Efficiency (%)

The effect of the initial concentration of dye on the efficiency of the degradation
reaction was studied; it is an essential factor in photocatalysis. Different methylene blue
(MB) dye concentrations were used: 10 mg/L, 12.5 mg/L, 15 mg/L, and 20 mg/L under
ultraviolet and solar radiation at a reaction time of 140 min and pH of 12. The amount of

catalyst used was 60 mg.

3.5.24 Effect of pH on Degradation Efficiency (%)

The degradation efficiency (%) of MB dye was affected by pH. It was studied at
different pH values varying from 3 to 12 at constant parameters since the pollutant
concentration (MB) is 10 mg\L, exposing the reaction mixture to UV light and sunlight

irradiation for 140 min. The amount used from photocatalysts is 60 mg.
3.6 Reusability of the Photocatalysts

The photocatalysts prepared by green synthesis were recycled after being used in the
first experiment of dye degradation by photocatalysts under sunlight. The photocatalyst was
collected from the solution by centrifugation and washed three times with distilled water
and ethanol (50:50). It was dried in an electric oven at 120°C for 12 hours and used for two
repeated experiments of dye degradation. Then, the reusability of the prepared photocatalyst
was calculated [108].
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CHAPTER 4
RESUTLS AND DISCUSION

4.1 Green Synthesis of Pure ZnO Nanoparticles

The green synthesis method was employed to prepare pure zinc oxide (ZnO) and pure
nickel oxide (NiO) nanoparticles from aqueous solutions of zinc acetate
(Zn(CH3CO2)2-:2H20) and nickel chloride (NiCl.-6H20) in the presence of Thymelaea
hirsuta extract. The pH of the solution was adjusted to 8 by adding drops of 1 M NaOH

solution.

Table 5 summarises the weights of Zn(CH3CO:)2-2H20 and NiClz-6H-0O salts used to
synthesise 18.76 grams of zinc oxide nanoparticles and 15.96 grams of nickel oxide
nanoparticles. Assuming a 1:1 molar ratio between the produced zinc oxide nanoparticles

and the reacted zinc acetate, the production rates were calculated to be 92.4% for ZnO and

85% for NiO [62].

Table 4: The production rate of ZnO and NiO NPs.

Type Metal salt | Weight of salts used The theoretical yield | The average yield %
Zinc salt 54.875 grams 20.3 grams 18.76 grams 92.4%
Nickel salt 59.48 grams 18.75 grams 15.96 85%

Based on the calculations and experimental results, green synthesis proves to be an
effective method for preparing zinc oxide (ZnO) and nickel oxide (NiO) nanoparticles.
However, some sample losses were observed during the purification and separation

processes.

This reaction method appears reliable, high-quality, and efficient from a yield amount,
complexity, and safety standpoint. However, its overall quality will be determined from the

direct characterisation of the produced nanoparticles.
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After preparation, the resulting ZnO NPs were ground into light white powder and
black powder of NiO NPs ,as shown in Figure 16. The resulting samples were ground down

into fine powders with a mortar and stored for characterisation.

Figure 16: The colour of pure (a) ZnO NPs and (b) NiO NPs.

4.2 Green Synthesis of Doped ZnO and NiO NPs with Ag NPs

The green synthesis method prepared ZnO NPs doped with Ag NPs (Ag-ZnO)
nanoparticles and NiO NPs doped with Ag NPs (Ag-NiO) nanoparticles from an aqueous
solution of zinc oxide nanoparticles and nickel oxide nanoparticles in the presence of
Thymeala hirsuta extract and source Ag ions (Ag") from silver nitrate (AgNQO3). The
solution’s pH was adjusted to 8 by adding NaOH solution drops (1 M). Specific weights of

zinc oxide and nickel oxide were used to prepare the Ag-ZnO and Ag-NiO nanoparticles, as

detailed in Table 6.

Table 5: Weights of ZnO and NiO NPs used in the synthesis of Ag-doped photocatalysts

Type Metal Weight of oxide Weight of result

Oxide used doped metal oxide
ZnO NPs 15 grams 12.53 grams
NiO NPs 15 grams 13.74 Grams
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After preparation, the resulting Ag-ZnO NPs were ground into a light brown powder
and a deep grey powder of Ag-NiO NPs, as shown in Figure 17. The resulting samples were

ground down into fine powders with a mortar and stored for characterisation.

Figure 17: The colour of (a) Ag-ZnO NPs and (b) Ag-NiO NPs

Confirmation of Silver Doping in Metal Oxide Nanoparticles: To confirm the
doping of the metal oxide by nano silver ions through the characterisation of these prepared
samples, energy-dispersive X-ray spectroscopy (EDX) coupled with scanning electron
microscopy (SEM) can provide elemental mapping and compositional analysis, showing the

uniform distribution of silver within the metal oxide matrix.

Transmission electron microscopy (TEM) provides high-resolution images showing
the integration of silver ions at the atomic level. UV-visible diffuse reflectance
spectrometers can further support doping by detecting changes in optical properties, such as

changes in band gap energy.
4.3 Characterization of Photocatalysts Nanoparticles

The prepared pure and doped photocatalysts were characterised using DRS, FT-IR,
TEM, FESEM, and EDX.

Field Emission Scanning Electron Microscopy (FESEM) with EDX was used to study
the morphology and chemical composition of the pure metal oxides and doped metal oxide
nanoparticles and indicate present Ag NPs in metal oxide lattice, A UV-visible Diffuse

Reflectance Spectrophotometer (DRS) was used to study optical properties and measure the
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band gap energy of prepared samples, Fourier-transform infrared spectroscopy (FTIR) was

used to study functional groups.

Using Image] software from TEM images, a transmission electron microscope (TEM)
was used to measure the size distribution of the prepared pure and doped metal oxide

nanoparticles.
4.3.1 UV-Visible Diffuse Reflectance Analysis

UV-Visible Diffuse reflectance spectroscopy is preferred over UV-vis absorption
spectroscopy, primarily to circumvent the challenges of enhanced scattering in certain
materials. Scattering can complicate UV-vis absorption for powder, rough surfaces, or

highly turbid substances.

In these scenarios, the light often does not penetrate the sample effectively; instead,
it scatters in various directions. As a result, scattering interference with obtaining an
accurate absorption value makes diffuse reflectance spectroscopy more suitable for these
materials. To increase the accuracy of the sample's absorption data, diffusely reflected
light comprised of both absorbed and dispersed light was captured using UV-Vis diffuse

reflectance spectroscopy.

The diffused reflectance spectra for pure (ZnO-NiO) and doped (ZnO-NiO) with
Ag nanoparticles are presented in Figures 18 and 19, the Kubelka—Munk equation which

is analysed using:

F(R)A = (1-R)2 K
- 2R S

Absolute reflectance is the ‘R’ of the sample, and ‘F(R)’ is the Kubelka-Munk

function. Figure 18 shows the diffused reflectance spectra of pure ZnO, Ag-doped ZnO,

pure NiO, and Ag-doped NiO NPs. Taking the case of an infinitely thick sample where

the thickness of the sample holder was neglected, the Kubelka-Munk equation becomes:

(]-_Roo)2

F(Re) = R
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Where

Rsanzple
Ry = ———2=_
Rslandard

Eq. (hv) represents the relationship between the band gap (Eg) and absorption

coefficient (o) for a direct band gap semiconductor:

ahv = Cl(hv—Eg)%

Where ‘hv’ is the photon energy and C; is a proportionality constant. Kubelka—Munk

scattering coefficient S as constant concerning wavelength, the Eq. (hv) changes to:
| 2 —
[F (Roo)hv] - CZ (hv_Eg)

Plotting [F(R«) hv]* against hv determined the band gap Eg, as shown in Figure
(inset plot) [109].

As shown in Figure 18, the UV-visible spectra of ZnO and Ag-ZnO nanoparticles
were synthesised by green synthesis using Thymeala hirsuta extract. The optical band gap
energy of prepared nanoparticles measurement by using the Kubelka—Munk relation, the
calculated Eg value was found to be 3.3 eV for ZnO NPs and 3.15 eV for Ag-ZnO NPs,
findings align with those of previous studies [7,110,111], which reported similar changes in
the optical properties of ZnO after doping with Ag nanoparticles reported similar optical
properties chemical methods and green synthesis techniques. The optical band gap energy
narrows after doping ZnO NPs with Ag nanoparticles, causing the material to absorb light
at longer wavelengths (redshift). This means that the broad absorption band in the diffuse
reflectance spectra becomes sharper and more defined as the band gap decreases. The results
show that a shift in the band gap is observed, indicating Ag's surface modification on pure
Zn0O, allowing the material to interact with light at these longer wavelengths more

effectively.
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Figure 18: UV-Vis diffused reflectance spectra and band gap calculation graph of (a) pure
ZnO& (b) Ag-ZnO NPs.

In Figure 19, the band gap energy of NiO NPs and Ag-NiO obtained from this study,
equal Eg=3.16 eV and 3.14 eV, are comparable to that reported in the previous research
[112], who studied nanocrystalline nickel oxide thin films prepared by hydrothermal and
sol-gel methods. “The results show that a mild shift in band gap is observed, indicating

surface modification of Ag on pure NiO NPs.
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Figure 19: UV-Vis diffused reflectance spectra and band gap calculation graph of (a) pure NiO
& (b) Ag-O Ni NPs.

4.3.2 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis
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FTIR analysis was performed using Shimadzu IR, the range of Spirit FTIR

spectrometer, 400—4000 cm ™!, using the KBr technique with 8 cm™ resolution.

The information from the chemical bonding of the samples was obtained by
performing FTIR analysis in the range 4000-400 cm™'. Figures 20 and 21 display the FTIR
spectra for pure ZnO and Ag-doped ZnO, confirming that the pure ZnO NPs had 1441, 867,

373, and 350 cm™' absorption bands. Absorption bands below 1000 cm™'

represent
interatomic vibrations absorption [79,82,84]. The peak bands at 867, 373, and the
wavenumber 350 cm™! confirm the presence of the Zn-O bond in the sample due to Zn-O
bond stretching vibrations [77,78]. Meanwhile, the peak at 1441 cm™! represents C=C
stretching in polyphenols and C—N stretching in primary amines, which may result from the
use of a solvent in the synthesis of ZnO NPs; these findings are consistent with those
reported by [7,110]. The above inference justifies that primary amines and polyphenols in

the plant extract could be implicated in the capping and stabilisation of ZnO nanomaterials.
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Figure 20: FT-IR analysis of pure ZnO NPs.

The FTIR spectrum of Ag-doped ZnO NPs shows similar absorption bands to those
obtained from the FTIR spectrum of pure ZnO NPs but shifted to slightly lower
wavenumbers from (1441 to 1410 cm™), (867 to 860 cm™), (373 to 366 cm™) and (350 to

339 cm!) as shown in Figure 21.
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FTIR spectrum of Ag-doped ZnO NPs also shows absorption bands similar to those

observed in studies [113,114] in which the bands shifting might be due to changes in the

local environment around the Zn ions caused by Ag doping.
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Figure 21: FT-IR analysis of Ag-ZnO NPs.
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Figure 22 displays the FTIR spectra of pure NiO, which has peak bands at 850, 400,

and 295 cm™. The FTIR spectrum of NiO falls within the stretching frequencies of metal-

oxygen, which agrees with [84], which is in the range 1000-400, confirming the presence of
NiO. The FTIR spectra NiO and Ag-doped NiO NPs exhibit are presented in Figure 22,

with absorption features comparable to those obtained from the FTIR spectra of pure ZnO

and Ag-doped ZnO NPs. Furthermore, the FTIR spectrum of Ag-doped NiO NPs shows

absorption at lower wavenumbers than that of pure NiO NPs [86]. This test revealed that the

biomolecules in the structure of Thymeala hirsuta extract play an active role in the synthesis

of ZnO, Ag-ZnO, NiO, and Ag-NiO NCs.
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Figure 22 : FTIR spectra of pure NiO and Ag-NiO NPs.
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4.3.3 Energy Dispersive X-ray Spectroscopy Analysis

EDX analysis confirmed the prepared samples' chemical formation and elemental
composition by green synthesis. EDX spectra mean energy-dispersive X-ray spectroscopy.
This spectrum is a plot of the intensity of X-rays scattered or emitted when a sample is
irradiated with an electron beam versus the energy of the X-rays [104]. The EDX spectra
confirm the presence of zinc, oxygen, Ni, and Ag NPs; Figure 23 shows the EDX spectra
of pure ZnO and NiO and Ag-doped ZnO and NiO. The sharp EDX peaks indicated that the
synthesised nanoparticles had crystalline structures, and the vigorous intensity and the
narrow width of pure ZnO and NiO diffraction peaks indicate that the resultant products

were highly crystalline in nature.

- Analysis of Atomic Ratios:

Pure ZnO:

Zn =40.94% at%

0 =35.52% at%

The atomic ratio of Zn to O = 40.94/35.52 = 1.18

This ratio suggests that the Zn content is slightly higher than O, which indicates zinc
vacancies (Vza). The structure is likely Zn-rich, which might lead to defects such as Zn
vacancies or excess oxygen in the system.

Ag-ZnO:

Zn=46.07%

0 =34.99%

The atomic ratio of Zn :O = 1.3

After Ag doping, the Zn content increases, and the Zn O ratio increases to 1.3, indicating
that the material is still Zn-rich. This suggests that Ag doping could fill Zn vacancies and
compensate for some defect sites in the ZnO lattice. The increase in Zn and the slight
decrease in O could indicate that oxygen vacancies (Vo) are created or modified during the
doping process, while Ag helps stabilise the structure.

Pure NiO:

The atomic ratio of Ni :0 =1.52

Ag-NiO:

The atomic ratio of Ni :0 =1.2
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With a Ni :0 With a ratio of 1.51, the material could improve its various properties,
depending on the application. The Ni excess, Ni, and oxygen vacancies can lead to better
electrical conductivity, magnetic properties, and structural stability. These improvements
make the material more suitable for advanced electronics, energy storage, and magnetism
applications.

With the Ni :O The ratio decreases to 1.2, and the material becomes closer to
stoichiometric or at least more balanced. This suggests improvements in several aspects:

- More balanced electrical conductivity.
- Improved catalytic efficiency due to more stable active sites.

- Better structural stability, fewer defects or vacancies [102-104,125].
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Figure 23: EDX spectra of green synthesised ZnO (a), Ag-ZnO (b), NiO (c), and Ag-
NiO NPs (d).
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Peaks and Identified Elements in ZnO NPs (a) Spectrum:

I- C (Carbon): The significant peak was around 0.2-0.3 Kev, which refers to the
present—c in the sample, which is possible from an organic plant extract used to
synthesise ZnO NPs with type transition Ka.

2- O (Oxygen): The peak at 0.5 Kev refers to the oxygen in the prepared sample as oxide
(O"), with the type transition being K.

3- Na (Sodium): An energy peak equal to ~1.0 corresponding to sodium indicates that a
NaOH solution was used in the preparation process.

4- Zn (Zinc): Significant peaks were in the lower energy region of the spectrum, about
one keV, and the second peak at 8-9 Kev; these peaks refer to the Zn atom present in
the prepared sample, and this means Zn is an essential component in the prepared
sample
Possible Explanation:

Present Zn and O refer to the prepared sample, ZnO NPs. C was impurities from

organic compounds, and Na was from a hydrogen hydroxide solution.
Peaks and Identified Elements in Ag-ZnO NPs (b) Spectrum:

1- C (Carbon): The significant peak near zero was around 0.2-0.3 Kev, which refers to
the present—c in the sample, which is possible from an organic plant extract used to
synthesise ZnO NPs with type transition Ka.

2- O (Oxygen): The peak at 0.5 Kev refers to the oxygen in the prepared sample as oxide
(O-), with the type transition being K.

3- Zn (Zinc): Significant peaks were in the lower energy region of the spectrum, about
one keV, and the second peak at 8-9 Kev; these peaks refer to the Zn atom present in
the prepared sample, and this means Zn is an essential component in the prepared
sample

4- Ag (Silver): There are peaks at around three keV, which refer to the presence of silver

within the nanoparticles.
Type of sample:
The spectrum confirms that Ag-ZnO nanoparticles have been prepared with zinc oxide

(ZnO) as the core and silver (Ag) as the additive material.
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Peaks and Identified Elements in NiO NPs (¢) Spectrum:

1- Ni (Nickel): Significant peaks are around one keV and 7-8 keV.

2- Cl (Chlorine): two resolved peaks around 0.5 and 2.5 keV.

3- O (Oxygen): A smaller peak near 0.5 keV, this corresponds to oxygen
4- Na (Sodium): A peak near one keV.

The spectrum confirms the existence of nickel oxide (NiO).
Peaks and Identified Elements in Ag-NiO NPs Spectrum:

1- C (Carbon): The significant peak near zero was around 0.2-0.3 Kev, which refers to
the present—c in the sample, which is possible from an organic plant extract used to
synthesise ZnO NPs with type transition Ko.

2- O (Oxygen): The peak at 0.5 Kev refers to the oxygen in the prepared sample as oxide
(O-), with the type transition being Ka.

3- Ni (Nickel): Peaks around one keV refer to a significant presence of nickel, and
smaller peaks near 7 and 8 keV correspond to characteristic nickel X-ray emissions.

4- CI (Chlorine): A peak near 2.5 keV, possibly from sample preparation or residuals.

5- Ag (Silver): There are peaks at around three keV, which refer to the presence of silver

within the nanoparticles.
Sample Explanation:

The spectrum confirms the presence of nickel oxide (NiO) with strong Ni and O
signals. The silver peak suggests Ag has been incorporated into or is present in the sample;

trace chlorine and carbon might result from preparation methods.

The energy of such transitions, and consequently the position of the peaks in the
spectrum, is determined by the energy level differences between the involved shells, which

are unique to each element.

The EDX spectra help identify elements since the absence of K transition can be used
to refer to the presence of the elements in the sample. In addition, it can improve element
identification in spectra with a complex composition, mainly when other elements produce
peaks that overlap [104,115]. These results agree with literature reports [84,116], except for

slight variations due to the differences in chemical composition.
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4.3.4 Field Emission Scanning Electron Microscope Analysis

The study of the morphology and size of prepared photocatalyst nanoparticles using
FESEM used high-resolution images from FESEM to determine the structure, particle

distribution, and surface characterisation of NPs [71,97,98].

The essential morphological parameters, including the number of particles, total area,
average particle size, perimeter, circularity, and solidity, were considered to analyse the
morphological properties in the samples. These parameters are essential to understanding
the performance of nanoparticles in photocatalysis, sensing, and energy storage applications
[117,118,119,120]. Figure 24 shows FESEM images of pure ZnO NPs at one micro and 500

nm magnifications, with a work distance of 5.3 cm.

Figure 24: FESEM images at magnification (a) 50000x and (b) 100000x.

The following are the morphology and shape results for ZnO nanoparticles that were

calculated by ImagelJ software:

- Particle Count: 1526 particles

- Area: 23961.938 nm? (total area of all particles)

- Average Size: 15.702 nm? (area of each particle on average)
- Perimeter: 12.658 nm (average perimeter of the particles)

- Circularity (Circ): 0.939

- Solidity: 0.938

1. Average Particle Size Calculation:
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The average size of each nanoparticle is expressed in square nanometres (nm?), with
an area measurement of 15.702 nm?. This helps to understand how big each particle is on a
microscopic scale. To find the average diameter of the nanoparticles, assuming spherical

particles (since the circularity is close to 1), can use the following formula:

Plugging in the area: D— 9 x \/m )
s

The average diameter of ZnO nanoparticles calculated by equation No. 8 is
approximately 4.46 nm, which refers to the nanoparticles as very small and not in
micrometre scale, as expected for ZnO NP synthesis at this scale from a methodology used

in preparing NPs [119,120].
2. Perimeter of NPs:

Its perimeter is 12.658 nm, relatively small for nanoparticles, given that its diameter

is about 4.46 nm. The ratio of the perimeter to the area can tell us something about the shape.

If the particles were perfectly spherical, we would expect that the perimeter varies

with diameter according to the following expression for the circumference of a circle:

D=2x /15';02 ~ 446 nm

P=rxD=rx4.46 =14.0 nm

The exact perimeter of NPs is 12.658 nm, which is lower than the expected value for
a perfect sphere. This shows that some nanoparticles may be slightly faceted or non-

spherical but close to spherical [120].
3. circularity of NPs:

The circularity of NPs refers to how close the particle shape is to being a circle. Near
0 for very irregular particles, and near 1, the NPs are ideal circular particles. The measured
value for circularity is 0.939, which is near 1. The value confirms that the synthesised
nanoparticles are nearly spherical with minute irregularities. This value is for particles with

smooth edges and compactness and slight deviations from the form of an ideal sphere [120].
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4. Solidity of NPs:

The Solidity of NPs means how much particle fills in her convex hull. The closer the
value is to 1, the more solid the particle is (indicating no significant voids or hollows). The
solidity value is 0.938, close to 1, indicating that the nanoparticles are solid in structure with

very little fragmentation [117,120].
5. Morphology and Structure Summary of NPs:

The nanoparticles exhibit near-spherical morphology with slight faceting, as
suggested by the observed perimeter, which is marginally lower than the theoretical value
for perfect spheres. The calculated circularity of 0.939 indicates that while the particles are
predominantly spherical 1, they exhibit minor surface irregularities or faceted edges

contributing to this deviation.

- Size of NPs: The average diameter of the nanoparticles is about 4.46 nm, which is
typical for ZnO nanoparticles in many synthesis methods. This size indicates that the
particles are within the nanoscale range.

- Clustering/agglomeration: The massive sample size of 1526 nanoparticles refers to
a significant dispersive condition that could be met with relatively slight aggregation.
The fact that the solidity is 0.938 with a near-round particle morphology further
supports that assumption since agglomerated particles typically have lower solidity
values and distort from circularity.

- Surface Texture: The smooth circularity and high solidity suggest that the surface of
the nanoparticles is likely to be soft without significant defects, fragmentation, or
hollow regions. This would be typical of well-formed compact nanoparticles

[1117,118,120].
Final Analysis:

ZnO nanoparticles in this sample are mostly nearly spherical, with a diameter size of
4.46 nm. The ZnO NPs are relatively uniform in shape, with tiny irregularities, as evidenced
by their high circularity and solidity. The smoothness of the particles is supported by the
high solidity and circularity, indicating that they are compact and solid with only minimal
surface defects. Because these nanoparticles have a low aspect ratio, close to a perfect

circularity factor, they may show excellent stability in suspension. Figure 25 shows FESEM
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images of Ag doping ZnO NPs at one micro and 500 nm magnifications, with a work

distance of 5.3 cm.

Figure 25: FESEM images of ZnO NPs doping with Ag NPs at magnification (a) 50000x
and (b) 100000x.

The analysis of data obtained from the FESEM images of Ag-doped ZnO

nanoparticles on the following specified parameter in Table 7:

Table 6: Some parameters are calculated from data obtained from images by Imagel software.

Particle count | 1552

Surface area | 231159.727 nm?

Average area | 14.932 nm?

Perimeter 12.414 nm

Circularity 0.937

Solidity 0.935

1. Calculation of Average Particle Size:

The total number of particles in the obtained micrograph was 1,552; therefore, one
would expect a variation in their size. However, because the calculated average area is small,
the distribution should be narrow, pointing to similar particle sizes. From Equation No. 1,

the estimated average diameter in the case of spherical particles is approximately 4.35 nm.
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2. Perimeter of NPs:

The average perimeter was 12.414 nm, smaller than the theoretically calculated

perimeter for exactly spherical NPs with a diameter calculated to be 4.35 nm.
P theoretical=rxD=r*4.35=13.67 nm

This deviation (~9.2%) refers to the particles are not perfectly spherical and might be

more compact or dense due to Ag doping [117,120].
3. Circularity and Solidity of NPs:

A high circularity of 0.937 and solidity of 0.935 signify that the particles' surfaces are

smooth and well-rounded, with tiny surface irregularities.
4. Clustering or Aggregation:

The particle count (1552) and high solidity indicate that the nanoparticles are well
dispersed in the observed region. There is no significant evidence of clustering or
aggregation, which would otherwise manifest as irregular shapes, lower circularity, or lower

solidity values.
5. Morphology and Shape:

Circularity (0.937): Indicates that the particles are nearly spherical, with slight
irregularities or faceted surfaces. Adding silver (Ag) might influence the ZnO particle

morphology, but the particles maintain a predominantly spherical structure.

Doping Effects: Doping silver (Ag®) ions into the zinc oxide (ZnO) lattice reduces
the overall particle size due to lattice distortion and the inhibition of growth kinetics. This
process creates strain and defect states because of the size mismatch between Ag" and Zn*?
ions, affecting ZnO optical and electronic properties. Ag doping creates localised surface
plasmon resonance (LSPR) and modifies bandgap energy [69,71,113]. The doping effect
alters crystal growth, leading to irregular shapes and a slight reduction in circularity.
Values of 0.937 for Ag-doped ZnO are compared to 0.939 for pure ZnO. While Ag-doped
Zn0O shows high solidity at 0.935, it slightly decreases from 0.938 pure ZnO, suggesting
potential surface distortions. Doping by Ag allows the nucleation rate, and hence, a more

significant particle number of 1552 from Ag-doped ZnO compared with 1526 from pure
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Zn0O. Small and more numerous particles with a reduced perimeter from 12.414 nm against
that of pure ZnO of 12.658 nm agree with the earlier size reduction and increased
smoothening. Ag* ions can replace Zn*? ions or occupy intermediate positions within the
ZnO lattice, resulting in distortions that affect ZnO's particle size, shape, and optical and

electronic properties.

Figure 26 shows FESEM images of NiO NPs and their Ag-doped form, comparing
particle characteristics. The morphological parameters from the FESEM analysis are
compared for all four samples- ZnO NPs, Ag-doped ZnO NPs, NiO NPs, and Ag-doped NiO
NPs- in Table 8.

Figure 26: FESEM images of (a-b) NiO and (c-d) Ag-NiO NPs at magnification
50000x and 100000x.
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Table 7: values the morphological parameters of the NiO and Ag-NiO nanoparticles.

Property NiO NPs Ag-NiO NPs
Particle Count 677 829
Total Area 9421.654 nm? 12380.003 nm?
Average size Area 13.917 nm? 14.934 nm?
Average particle Diameter 4.21 nm 4.36 nm
Circularity 0.952 0.947
Solidity 0.952 0.942

Significantly affects the morphology and surface characteristics of NiO nanoparticles,
resulting in a higher particle count (829 vs. 677) and increasing the total occupied area from
9421.654 nm? to 12380.003 nm?, suggesting better particle nucleation and lesser
aggregation. The average particle size increases slightly, 14.934 nm versus 13.917 nm, with
a marginally more significant perimeter, 12.118 nm versus 11.638 nm, reflecting less perfect
spherical shapes due to Ag incorporation. Besides, a slight reduction of circularity, 0.947
versus 0.952, and solidity, 0.942 versus 0.952, reflects increased surface irregularities, most
presumably induced by Ag atoms, which disturb the homogeneous growth of the particles.
These morphological changes increase surface area and introduce structures that facilitate
catalytic activity, sensing application, and energy storage as they enhance active sites,

sensitivity, and efficient charge transfer.

4.3.5 Transmission Electron Microscope (TEM) Analysis

TEM analyses were conducted to determine the precise particle sizes of the
synthesised ZnO and NiO and their silver nanoparticle-doped counterparts. Figures 27-28
show the prepared photocatalyst nanoparticles' TEM images at one micro, 200 nm, 100 nm,
and 50 nm magnifications, highlighting their morphological characteristics. The
nanoparticles appear to have a spherical shape in TEM images. Table 9 shows that the
nanoparticles' diameter measurements were calculated from the surface average size (dsurr)

[121]. The results of the study outperform many other studies.
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Figure 27: TEM images of ZnO (A, A3), Ag doping ZnO (B, B3) at different
nanoscale.
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Figure 28: TEM images of NiO (C, C3), Ag doping NiO (D, D3) at different nanoscale.
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Table 8: The nanoparticles' diameter of the prepared photocatalysts.

Proacaast | Mooy | e le | v aride
ZnO Spherical 3.05nm 4.46 nm
Ag-ZnO Spherical 3.04 nm 4.35nm
NiO Spherical 3.34nm 4.21 nm
Ag-NiO Spherical 3.43 nm 4.36 nm

The photocatalysts synthesised in this study demonstrated spherical morphologies
across all samples, as observed through TEM and FESEM analysis. The average particle
diameter measured by TEM revealed that pure ZnO nanoparticles had the smallest size,
averaging 3.05 nm, followed closely by Ag-ZnO (3.044 nm) and NiO (3.346 nm). The Ag
doping NiO NPs exhibited a slightly larger particle size of 3.434 nm. These results, which
highlight the impact of Ag doping on particle size, indicate that doping with Ag or
combining NiO with Ag introduces minor changes to the particle size, likely due to the

influence of dopant ions on the nucleation and growth dynamics during synthesis [120,121].

Similarly, FESEM measurements confirmed the nanoscale particle sizes, albeit with
slightly larger diameters than TEM results. For instance, ZnO nanoparticles measured 4.46
nm on average via FESEM, while Ag-ZnO, NiO, and Ag-NiO recorded sizes of 4.35 nm,
4.21 nm, and 4.36 nm, respectively®. Compared to TEM, the minor size increase in FESEM
is attributed to particle aggregation, a common occurrence in SEM analysis due to the high-

resolution imaging of more significant sample regions [117].

The origin of the differences in the particle sizes obtained by SEM and TEM images
can be understood from the sample supply step for these analyses. Some powders are usually
utilised for an SEM analysis of powdered materials. The powder is stuck onto an SEM stub
and coated by Au or other conductors for nonconductive materials. In the case of a TEM
analysis, the desired material is usually suspended in a solvent by a high-power ultrasonic
instrument to spread the sample well. Then, the suspension was put onto a TEM grid, and
the solution was air-dried to obtain a thinly sliced sample. Therefore, the images obtained
from TEM analysis have higher resolution, and the agglomerations could be distinguished

with this instrument. In contrast, in an SEM image, the agglomerated particles are usually
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observed with larger sizes. Hence, TEM analysis is the best technique to obtain the actual
sizes of materials compared to SEM analysis, which is challenging to study real particle

sizes’. It is noticed that to get the best size distribution using TEM analysis [117,118,119].

Comparing these findings with other studies, the particle sizes achieved here are
notably smaller, particularly for green synthesis methods. This demonstrates the ability of
natural capping agents to effectively limit particle growth, producing uniformly spherical
and ultra-small nanoparticles. Furthermore, the small particle sizes observed here enhance
the surface-to-volume ratio, a critical factor for photocatalytic efficiency. This aligns with
findings from previous green synthesis studies, emphasising the advantages of eco-friendly

methods in achieving high-quality nanomaterials.

4.4 Absorption Spectra Test of The Methylene Blue Dye

UV-vis spectroscopy analysis of various aqueous solutions of methylene blue dye
demonstrated the peak absorption maximum at 665 nm. The relations among various
concentrations of dyes versus their absorbances are in Table 10 and Figure 29. In this series,
by increasing the dye concentration in water linearly, the absorbencies also increased
according to the Beer-Lambert law. This linear relation refers to the fact that this
spectrophotometric method is reliable for measurement. The plotted data and related graph
serve as a sound basis for studying the degradation efficiency of methylene blue dye,

employing the prepared photocatalysts for photocatalytic activity.
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Figure 29: Calibration curve of methylene blue dye standard solution.
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Table 9: The absorbance of standard aqueous methylene blue solutions.

No. Sample Concentration (ppm) | Absorbance

1 Blank 0 0

2 Standard 1 8 1.6
3 Standard 2 10 2.01
4 Standard 3 12 2.31
5 Standard 4 14 2.72
6 Standard 5 16 2.86
7 Standard 6 18 2.98

With increasing concentrations of methylene blue, there is a much greater chance for
dimerisation because of the m-m stacking between the aromatic rings of individual
methylene blue molecules. Thus, dimers are formed wherein two methylene blue molecules
associate and interact, resulting in a much larger, extended conjugated system. As the
concentration increases, so does the strength of the interactions between these molecules,
leading to a more effective dimerisation process. This leads to dimerisation, causing a red
shift of the absorption spectrum, shifting the absorption peak from around 660 nm in its
monomeric form to 665-750 nm in its dimeric form. The change to the red region occurs
because dimer formation extends the conjugated m-system, thus decreasing the energy of

the electronic transition. Therefore, less energy will be required to excitation electrons [107].

By using high concentrations such as 8, 10, 12, 14, 16, and 18 ppm, one could realise
how dimers gradually form in such a concentration range and observe how the absorption
spectrum shifts. Such a concentration would, therefore, reveal the dependency of methylene
blue in solution and hence will allow for determining beyond which the dye's threshold
value will exhibit strong dimerisation and, importantly, alteration in its property upon
increasing its concentration. The higher the concentration, the more the shifting in
absorbance, hence giving more reliable information about the dependence on the
concentration of molecular interactions of methylene blue, which includes aggregate or
dimer formation [122]. This forms the basis for photocatalytic studies, where the
photocatalytic degradation rate can depend on methylene blue's form and its interaction with
the photocatalyst surface. For example, the interaction of dimers with photocatalysts can be
different from monomers, thus generally influencing the photocatalytic process, and can

infer the effects on concentration and acidity using concentrations ranging from 8 to 18 ppm.
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At these concentrations, methylene blue can dimerise significantly, and variations in
concentration help assess its interaction with the photocatalyst. The pH of the solution,
protonation, and dimer formation can influence the charge state, affecting photocatalytic
degradation rates. A study examining a concentration gradient from 8 ppm to 18 ppm can
explore the combined effects of dimerisation, concentration, and acidity on photocatalytic
efficiency. This approach may provide insights into optimising the photocatalytic

degradation process based on methylene blue concentration and solution acidity.

4.5 Photocatalytic Activity Testing and Effect of Doping Silver NPs

4.5.1 Photocatalytic Activity of Photocatalysts Under Sunlight

The prepared photocatalytic activity was evaluated by photodegradation methylene
blue (MB) aqueous solution under direct sunlight on clear sky days during June- July 2024
between 9.00 am and 12.00 pm, when the daily temperature was 30-35 C. Under ambient
conditions, the solutions were exposed to sunlight for 140 min. Every 20 minutes, the

reaction solutions were sampled, centrifuged, and filtered to remove the photocatalysts.

The degradation efficiency of MB is calculated for both samples by recording the
absorption spectra of the test dye, finding the absorption intensity at the characteristic
absorption peak at 665 nm, and adjusting Ph to 7 using a UV-Vis spectrophotometer, then
quantifying the dye degradation rate. The UV-visible absorption spectra shown in Figure
30 of the four samples, where (a, b) represent the ZnO and Ag-ZnO NPs efficiency,
respectively, and (¢ & d) represent the NiO and Ag-NiO NPs efficiency, respectively.

The results indicate that the Ag doping ZnO NPs had high photodegradation activity
ZnO NPs, as shown in Figure 7, with a degradation rate of 74.62% and 98.32% for Ag
doping ZnO NPs. The Ag doping NiO NPs also showed a high level of photodegradation
activity, with degradation rates of 76.59% and 51.37% for NiO NPS, respectively.

Various factors reportedly enhanced the catalyst's photocatalytic action on the dye,
including the catalyst's particle size, phase composition, shape, crystallinity, size

distribution, surface area, and bandgap energy [43,54].
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Figure 30: UV-visible spectra showing the reduction in the intensity of MB solution
under sunlight irradiation by using ZnO NPs (a), Ag-ZnO NPs (b), (c) NiO NPs, and

Ag-NiO NPs (d).
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4.5.2 Photocatalytic Activity of Photocatalysts Under UV Light

Figure 31 displays the two samples (a, b) representing the efficiency of the ZnO and
Ag-ZnO NPs. Figure 32 shows (c, d) representing the efficiency of the NiO and Ag-NiO
NPs, respectively. Such improved photocatalytic activity of Ag-doped ZnO and NiO NPs
upon UV light irradiation is believed to be due to the enhanced charge carrier dynamics,
LSPR of Ag, and a slight bandgap reduction. Ag NPs doping of photocatalysts generates
defect states that trap the charge carriers, reducing recombination and improving the

formation of ROS, which is crucial for the degradation of pollutants [46].

Therefore, Ag-doped ZnO degraded with the efficiency of 55.87%. For reference, pure
ZnO had deteriorated by 52.68%, and Ag-doped NiO was 45.34% effective compared to
42.71% of pure NiO, proving that Ag significantly improved the material's photocatalytic
activity. Photodegradation efficiencies matched reported work by other authors [44,45,47],
wherein Ag-doped ZnO nanoparticles exhibited high photocatalytic efficiency under
sunlight and UV light.
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Figure 31: UV-visible spectra showing the reduction in the intensity of MB solution
under UV light irradiation using ZnO NPs (a) and Ag-ZnO NPs (b).
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Figure 32: UV-visible spectra showing the reduction in the intensity of MB solution

under UV light irradiation using NiO NPs (a) and Ag-NiO NPs (b).

4.5.3 Photocatalytic Activity of Photocatalysts in Dark Conditions

The photocatalytic efficiency of the synthesised catalysts under dark conditions was
studied to examine their capacities of adsorption and their intrinsic catalytic activities in the
absence of illumination. In Figure 33 below, it can be observed that without light, the
degradation of the organic dye pollutant barely occurred. This finding is further supported
by Table 10, which presents that without light activation being essential to excite the
photocatalyst and form reactive species able to destroy the dye, the degradation process

practically does not occur.

However, significant adsorption of pollutant molecules onto the photocatalyst surface

was observed, which coincides with literature reports [1,2,21]. This implies that the catalyst
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surface has a strong affinity for pollutant molecules, which is quite helpful in the
photocatalytic action under illuminated conditions. This observed adsorption can be
ascribed to the high surface area and active sites on the catalyst surface, which allow
pollutant molecules to accumulate before photodegradation [3]. Such adsorption
characteristics agree with reports showing the importance of pollutant-catalyst interactions
in the dark phase as a precursor to enhanced photocatalytic efficiency [4]. These results
illuminate the dual role of the photocatalyst surface in adsorption and photocatalysis,
providing valuable insight into optimising material design for environmental remediation

applications.
1

Figure 33: UV-visible spectra showing the reduction in the intensity of MB solution in
dark conditions using ZnO, Ag-NiO, NiO NPs, and Ag-NiO NPs.

4.5.4 The Degradation Reaction Kinetics of (MB) Under Sunlight

The reaction rate was determined from the slope of the linear relation between plotting
In(Ao/A¢) against irradiation time, as shown in Figure 34. The kinetics observed tend to a
pseudo-first-order reaction profile. The calculated rate constants, k, were 0.01, 0.0052,
0.0263, and 0.0104 min"' for pure ZnO, NiO, and ZnO: NiO co-doped with Ag
nanoparticles. Indeed, the results also showed that with the presence of silver nanoparticles,
there is an enhanced reaction rate, proving its effect on efficient dye degradation in an

aqueous environment [84].
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The calculated values of the reaction rate constant, k, for the different samples—pure
Zn0, NiO, and ZnO: NiO doped with Ag NPs are given in Table 11 below. The optimal
concentration of silver dopant may have played a role in achieving these photocatalytic
results. Energy characterisation indicates that oxygen vacancies were mainly generated with
new energy levels that act as electron traps. This decreases the recombination of charge

carriers and promotes higher photocatalytic activities.
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Figure 34: The Degradation Reaction Kinetics of (MB) Under Sunlight of
prepared photocatalysts.

Silver nanoparticles dope photocatalysts, increasing the photocatalytic activity due to
their surface plasmon resonance effect, which enhances light absorption and generates more
reactive species. This increase in the degradation rate constant (k) will directly reduce the

half-life (t12) of dye degradation and, hence, increase the degradation rate.

Table 10: K pseudo-first-order rate constant values of prepared photocatalysts.

Photocatalysts K (min™) t  (min) R?
Zn0O 0.00995 69.69 0.9912
Ag-ZnO 0.02626 26.39 0.9478
NiO 0.00515 134.57 0.9671
Ag-NiO 0.01037 66.82 0.9458
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4.5.5 The Degradation Reaction Kinetics of (MB) Under UV Light

The photocatalytic efficiencies of UV light-irradiated ZnO, Ag-ZnO, NiO, and Ag-

NiO nanoparticles show significant differences in their degradation kinetics, as illustrated

in Figure 35.
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Figure 35: The Degradation Reaction Kinetics of (MB) Under UV light of
prepared photocatalysts.

Table 12 shows the rate of the degradation reaction and half-time of the MB dye by
using Ag-ZnO nanoparticles as a photocatalyst. Indeed, for this material, a maximum rate
constant was obtained, with a value of k = 0.00584 min™', and correspondingly, the minimum
half-life, t/2 = 118.6 min, illustrating its superior photocatalytic activity. This can be
explained by adding silver, which enhances the charge carrier separation and surface
plasmon resonance and, finally, enhances the efficiency of the degradation reactions. While
the photocatalytic activities of ZnO nanoparticles were low, having a rate constant of
0.00535 min' and half-time of 129.66 min, it could be attributed to the undoped condition
with silver. The NiO nanoparticles showed the lowest photocatalytic efficiency with a rate
constant of 0.00381 min' and a half-time of 181.80 min. This is probably due to the poor

mobility of charge carriers and sluggish reaction kinetics under UV irradiation.
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The Ag-NiO nanoparticles exhibited moderate photocatalytic performance, with a rate
constant of 0.00428 min' and a half-life of 162.06 min. Although silver doping improved
their performance, it remains inferior to the ZnO-based systems. These results emphasise
the critical role of doping and material type in influencing photocatalytic activity under UV

light exposure [1,38].

Table 11: K pseudo-first-order rate constant values of prepared photocatalysts.

Photocatalysts K (min) t » (min) R?
ZnO 0.00535 129.65 0.9965
Ag-Zn0O 0.00584 118.60 0.9434
NiO 0.00381 181.80 0.9644
Ag-NiO 0.00428 162.05 0.9571

4.5.6 The Degradation Reaction Kinetics of (MB) Under Dark Conditions

Figure 36 presents the relationship between In(Ao/A¢) and time for the degradation of
methylene blue under dark conditions for all photocatalysts. The figure shows that all
catalysts show a linear trend, confirming that the response follows pseudo-first-order

kinetics since the slope of each line gives a value of the rate constant, K.
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Figure 36: The Degradation Reaction Kinetics of (MB) in Dark Conditions of
prepared photocatalysts.
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ZnO has the least steep slope, corresponding to the lowest rate constant (k=0.002193
min'), representing the slowest degradation rate. Ag-ZnO shows a slightly steeper slope,
k=0.002375 min!, reflecting an improved performance due to the electron-trapping

properties of Ag. NiO also exhibits moderate activity, k=0.002337min "

, with a slope similar
to Ag-ZnO. Ag-NiO exhibited a steeper slope, with k=0.002816min ' indicating the fastest
degradation rate probably because of the synergistic effect of Ag doping and redox
capability of NiO. These results also agree with the rate constant values calculated from
Table 13, further confirming that Ag-NiO exhibits higher catalytic activity than other

materials.

Table 12: K pseudo-first-order rate constant values of prepared photocatalysts.

Photocatalysts K (min) t » (min) R?
ZnO 0.00219 316.03 0.9769
Ag-ZnO 0.00237 291.8 0.9769
NiO 0.00233 296.63 0.9833
Ag-NiO 0.00281 246.1 0.9913

Figure 36 presents the plot of In (Ao/A;) as a function of time for the dark degradation
of methylene blue, representing the pseudo-first-order kinetics of the reaction on each used
photocatalyst. Linearity for all catalysts ensures that pseudo-first-order kinetics has been
followed; the slope for each straight line is exactly k (rate constant) corresponding to the
slope. Among the catalysts considered, ZnO exhibited the least steep slope, indicating the
lowest rate constant, k = 0.002193 min™’, representing a relatively slow degradation rate. In
contrast, Ag-ZnO showed a somewhat steeper slope with a k value of 0.002375 min’,
reflecting the improvement in its degradation performance brought about by the electron-
trapping efficiency of silver. Among them, NiO has moderate catalytic activity with k =

0.002337 min!, whose slope is as steep as Ag-ZnO.

The highest slope was obtained for Ag-NiO, k =0.002816 min', corresponding to the
fastest degradation rate. The synergistic effects of Ag doping and NiO natural redox

properties can explain the improved performance. These observations are further confirmed
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by the calculated values of the rate constant presented in Table 13, which shows that Ag-

NiO exhibits higher catalytic activities than other photocatalytic materials tested.

4.5.7 Factors Affecting Photocatalytic Activity

4.5.7.1 Effect of Irradiation Time on Degradation Efficiency (%)

Figure 37 shows the degradation efficiency (%) versus irradiation time under sunlight,
indicating performance differences between ZnO, Ag-ZnO, NiO, and Ag-NiO. Because of
the limited visible light absorption, the lowest efficiency of ZnO is 75.15% after 140
minutes. Ag-ZnO shows a much higher efficiency of 97.47% within the same time due to
the Ag LSPR effect, enhancing visible light absorption and charge separation. NiO exhibits
mediocre activity with a maximum of 51.38% at 140 minutes, reflecting the intrinsic redox

properties.

In contrast, Ag-NiO reaches 76.60% degradation, higher than that of ZnO and NiO,
especially in the early stages of the reaction, due to the synergistic effect of Ag doping and
the redox capability of NiO [114,123]. Figure 37 shows that Ag doping enhances the
photocatalytic activity of materials, specifically Ag-ZnO and Ag-NiO, under sunlight

irradiation compared to their undoped form.
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Figure 37: Effect of Irradiation time on the Degradation of MB dye by
prepared photocatalysts.
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4.5.7.2 Effect of pH on Degradation Efficiency (%)

Figure 38 depicts that the degradation efficiency of ZnO, Ag-ZnO, NiO, and Ag-NiO
shows a significant variation with pH, generally showing an increasing efficiency as the pH
rises from acidic to alkaline conditions. The efficiencies for ZnO increase gradually from
26.44% at pH 3 to 98.33% at pH 12. In the case of NiO, though it increased along a similar
trend, it was worse in acidic conditions, with a gradually increased efficiency from 23.23%
at pH 3 to 98.29% at pH 12. This can be explained by the fact that more hydroxyl radicals
are generated, and the separation of electron-hole pairs is favoured in alkaline conditions,
which applies to what he received from the hydroxyl ions (OH") improve the degradation
reaction of MB in the alkaline medium, leading to higher photocatalytic activity [7,84]. Ag
doping considerably enhances ZnO and NiO degradation efficiency [114,123], especially at
low pH. For example, the efficiency at pH 3 is 96.53% for Ag-ZnO, whereas, in the case of
pure ZnO, it was only 26.44%. The observed improvement in photocatalytic activity can be
attributed to silver nanoparticles induced by the surface plasmon resonance (SPR) effect.
Enhancing the light absorption by Ag nanoparticles, acting as an electron sink that reduces
the recombination rate, and enhancing charge carrier separation [7,69]. Similarly, Ag-NiO
outperforms pure NiO at all pH values, increasing from 62.85% at pH 3 to 98.59% at pH
12. Among all the materials, Ag-ZnO exhibits the highest efficiency in the whole pH range,
with a more than 96% value. This demonstrates its superior photoactivity and stability across

a broad pH spectrum. Thus, it is an ideal candidate for applications related to environmental

concerns under broad pH conditions.
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Figure 38: Effect of pH on methylene blue degradation Efficiency (%) using
prepared photocatalysts.
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4.5.7.3 Effect of MB Dye Dose on Degradation Efficiency (%)

Figure 39 illustrates that the degradation efficiency (%) of ZnO, Ag-ZnO, NiO, and
Ag-NiO decreases with increasing catalyst dosage from 20 to 40 mg/L [7,84,114]. In the
case of ZnO, it decreases from 98.33% at 20 mg/L to 93.26% at 40 mg/L, while for Ag-
ZnQ, it decreases, though at a higher efficiency across all dosages, starting from 98.81%
and going down to 94.67%. Of the three, the NiO exhibits the most significant decline. The
efficiency was reduced from 98.29% to 84.51% from 20 to 40 mg/L dosing, indicating that
it has lower capacity and fails to maintain higher dosages. The Ag-NiO also followed a
decreasing trend but exhibited better performances than NiO, while Ag-NiO showed
92.13% at 40 mg/L. This may be because increasing the photocatalyst dosage leads to an
excessive concentration of catalyst particles, which causes light-scattering phenomena and
reduces light penetration into the solution, limiting the generation of reactive species.
Among all materials, Ag-ZnO performed better, again indicative of its superior

photocatalytic activity and stability at different dosages.
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Figure 39: Effect of Dye dose on Degradation Efficiency (%).
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4.6 Reusability of Prepared Photocatalysts

4.6.1 Reusability of Pure ZnO and Ag-ZnO Nanoparticles as
Photocatalysts

Figures 40 and 41 show the photocatalytic performance of ZnO and Ag-ZnO,
respectively, illustrating the relationship between time and degradation efficiency (%), an
explanation of which is given in the significant enhancement achieved through Ag doping
[38,39,66,114]. For ZnO, the highest degradation efficiency was about 98.33% at 140
minutes in the first cycle, while it showed a noticeable drop in subsequent cycles with lower
starting efficiencies and reduced stability over time. In contrast, Ag-ZnO had the highest
activity for all three cycles, with 98.81% degradation at 140 minutes in the first cycle and
a high efficiency of 97.13% in the third cycle. This can be ascribed to increased stability
and efficiency due to Ag doping effects such as enhanced light absorption through the
localised surface plasmon resonance effect, effective charge separation, and decreased
electron-hole recombination. Also, the initial efficiency of Ag-ZnO was higher than that of
ZnO for shorter times, showing faster degradation kinetics. These results conclude that Ag-
ZnO has higher photocatalytic activity, reusability, efficiency and sustainability as a catalyst
for pollutant degradation than ZnO.

Figures 40 and 41 illustrate the photocatalytic efficiency of ZnO and Ag-doped ZnO
(Ag-ZnO) in terms of degradation efficiency (%) over time. Ag doping significantly boosts
performance; pristine ZnO achieves a maximum degradation of 98.33% after 140 minutes
in the first cycle but shows a notable decline in subsequent cycles. In contrast, Ag-ZnO
maintains high activity across all cycles, reaching 98.81% degradation after 140 minutes
in the first cycle and retaining 97.13% by the third cycle. This enhanced stability and
efficiency is attributed to improved light absorption from the LSPR effect, better charge
separation, and reduced electron-hole recombination rates [24,56]. Ag-ZnO also shows

higher initial degradation efficiencies, even at shorter reaction times.

Considering the mentioned facts, Ag-ZnO photocatalytic activity and recyclability

exceed ZnO; thus, it is more effective and applicable in actual pollutant degradation.
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Figure 40: Recyclability of ZnO NPs for the degradation of MB in three cycles

under solar irradiation.
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Figure 41: Recyclability of Ag-ZnO NPs for the degradation of MB in three
cycles under solar irradiation.
4.6.2 Reusability of Pure NiO and Ag-NiO Nanoparticles as Photocatalysts
Figures 42 and 43 depict the reusability results comparing the catalytic performances

of NiO and Ag-NiO over three cycles, respectively. Figure 41: In the case of NiO, there is
an increase in the efficiency of degradation as time progresses, with slight variation between

cycles in each cycle, thus showing stability in catalytic activity [84]. This peaks at about

98% at 140 minutes for all three cycles, showing excellent reusability.
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Figure 43 highlights the activity of Ag-NiO, which manifests faster degradation
kinetics compared to NiO. Indeed, higher efficiencies are recorded during the reaction's
early stages. The efficiency in Ag-NiO reaches its maximum (~98.6%) earlier, around 100-
120 min. However, a slight decrease in performance during the second and third cycles,

particularly in the earlier time intervals, is present, probably due to surface fouling or partial

deactivation of the catalyst [69].
The comparison of the discussion between Figure 42 and Figure 43 highlights that

Ag-NiO exhibits superior initial activity and faster kinetics owing to the enhancement of Ag

doping. At the same time, NiO showed superior cycle performance, proving long-term

strong reusability.
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Figure 42: Recyclability of NiO NPs for the degradation of MB in three cycles

under solar irradiation.
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Figure 43: Recyclability of Ag-NiO NPs for the degradation of MB in three cycles

under solar irradiation.
4.7 Photodegradation Mechanism of Methylene Blue as an Organic

Pollutant

Pure ZnO and Pure NiO:
UV Light: Pure photocatalysts are excited by UV light, promoting electrons from the

VB to the CB, where electron-hole pairs are formed. However, in undoped systems,

this kind of carrier recombines faster, eventually reducing the photocatalytic

performance.
Visible Light: Photocatalysts with wide bandgaps can absorb visible light, but

recombination rates remain high without further modification [77,84].

Ag-Doped ZnO (Ag-ZnO) and Ag-Doped NiO (Ag-NiO):
UV Light: Photogenerated electrons in the photocatalysts, CB, are transferred to

the Ag nanoparticles because of the lower Fermi level in the Ag-doped
semiconductors. This traps them and prohibits their recombination with the holes in

VB, thus improving the charge separation and photocatalytic efficiency.
Visible Light: Semiconductor Ag nanoparticles absorb visible light through the
LSPR. These "hot electrons" are excited and may be transferred to the
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semiconductors' CB, extending the photocatalytic activity into the visible spectrum

[38,56,69,123].

Figure 44 shows the Photodegradation mechanism of ZnO NPs after doping with
silver nanoparticles in UV light and Visible light (from sunlight). The degradation reaction
of methylene blue (MB) by ZnO and NiO nanoparticles (NPs) involves reactive oxygen
species (ROS) formation through a series of reactions influenced by bandgap and Fermi
level positioning [38]. Pure ZnO, with a bandgap of 3.30 eV, experiences fast electron-hole
recombination [66], resulting in a degradation efficiency of 74.62%. Doping ZnO with Ag
lowers the bandgap to 3.15 eV, creating a Schottky junction that enhances electron transfer
and reduces recombination, increasing efficiency to 98.32%. NiO, a p-type semiconductor
with a bandgap of 3.16 eV, generates holes that oxidise MB, while electrons form
superoxide radicals. Ag doping reduces its bandgap to 3.13 eV, improving light absorption
and creating a similar Schottky junction that enhances charge separation [75]. Ag's localised
surface plasmon resonance (SPR) effect also boosts ROS production and degradation

efficiency [69,125].

Overall, the shifts in Fermi levels, Schottky junction formation, and improved charge
separation through Ag doping enhance ZnO and NiO photocatalytic activity for MB

degradation.
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Figure 44: Photodegradation Mechanism of ZnO NPs after doping with silver NPs.
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4.8 Comparison of Photocatalytic Activity of Pure ZnO and NiO NPs and when
Doped by Silver NPs: Improved Size, Morphology, and Methylene Blue
Degradation in Sunlight.

Table 14 Compared to the literature studies, in this study, synthesised pure ZnO, NiO,
and Ag-doped nanoparticles are much smaller in size (~3 nm) compared to the literature
(10-87 nm), making them more photocatalytic activity for many reasons for their higher
surface area and better charge separation. While previously, ZnO NPs exhibited degradation
efficiencies of 48%—88% under UV and sunlight [1-5], in this study, ZnO NPs exhibited
52.68% (UV) and 74.62% (sunlight), which performed equally well despite their smaller
size. Likewise, Ag-ZnO NPs exhibited the highest efficiency, possessing 55.87% (UV) and
98.32% (sunlight), outperforming previous Ag-ZnO research (87% under UV) [8]. For
the case of NiO and Ag-NiO NPs, our samples also showed good performances, with NiO
up to 51.37% (sunlight) and Ag-NiO 76.59% (sunlight), which is better than the earlier
Ag-NiO NPs (50% under UV) [6,7,9]. This shows that the smaller nanoparticle size,
spherical shape and doping ZnO and NiO NPs with Ag NPs significantly contribute to
improved photocatalytic activity in the degradation reaction of MB dye, especially under
sunlight conditions and higher concentration of organic dye, making my synthesised

materials more efficient and sustainable for environmental applications.
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Table 13: comparison of synthesised photocatalysts in photocatalytic activity with other

studies.
Photocatalyst Size Shape pollutant  Light E% R
source
ZnO NPs 19.45 nm Nanoflower MB Sun/270 min ~ 88% [79]
ZnO NPs 20 nm Hexagonal ~MB UV/48 min  48% [80]
ZnO NPs By 10g/60-80 nm Flaky MB UV/120 min ~ 55%
By 20g/8-12 nm Spherical <55% [81]
By 30g/8-10 nm Spherical 81%
NiO NPs 10.5 nm Cubic MB Sun/130 min ~ 72.6% [84]
NiO NPs 28.6 nm Spherical MB UV/270 min ~ 80% [86]
Ag-ZnO NPs | 59.73 -87.05 nm Spherical MB UV/90min  87% [71]
Ag-NiO NPs | 42 -76 nm Spherical MB UV/120 min ~ 50%
[124]
ZnO NPs 3.05nm Spherical MB UV/140 min ~ 52.68% This
Sun/140 min ~ 74.62%  study
Ag-ZnO NPs | 3.044nm Spherical MB UV/140 min ~ 55.87% This
Sun/140 min ~ 98.32% study
NiO NPs 3.346 nm Spherical MB UV/140 min ~ 42.71% This
Sun/140 min ~ 51.37% study
Ag-NiO NPs 3.434 nm Spherical MB UV/140 min ~ 45.34% This
Sun/140 min ~ 76.59% study
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

Pure ZnO and NiO NPs and silver nanoparticles doping ZnO and NiO were
synthesised by Thymelaea hirsute extract as photocatalysts to be applied in environmental
remediation in methylene blue (MB) degradation under UV and sunlight. Characterisation
showed that nanoparticles whose dimensions were reduced down to 3 nm exhibited
increased efficiency in photocatalysis, with high efficiency under sunlight. From the
synthesised compounds, 98.32% efficiency under sunlight showed high activity in Ag-ZnO

NPs, which is an improved value compared to values reported in the literature.

Degradation experiments in sunlight and under UV for efficiency and kinetic reaction
determination showed that the nanoparticles' spherical shape improved charge separation
and high performance. Doping effects were also observable, with high activity in Ag-ZnO
and Ag-NiO NPs compared to their undoped counterparts. Nanoparticles' dimension effects
were also visible with high efficiency when nanoparticles had lower dimensions, following
high radiation absorption and surface. The FTIR, UV-Vis with Diffuse Reflection, FESEM,
and EDX methods characterise the synthesised ZnO, NiO, and ZnO/NiO silver-doped
nanoparticles. The characterisation of shape and structure reflected its photocatalyst activity

by affirming shape and size and the role of doping in enhancing performance.

Despite these promising results, further research is recommended to pave the way for
the optimum utilisation of ZnO, Ni1O, and ZnO/NiO NPs in high-performance photocatalysis
under environmental conditions. Further studies can involve application to the degradation
of other pollutants and develop multi-component nanocomposites (e.g., ZnO/NiO/Ag with
carbon-based materials like graphene) for synergistic photocatalytic enhancement and

application under actual environmental conditions.
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