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Abstract

Stable nanomaterials with enhanced light absorption and synergistic effects are crucial for
pollutant remediation. The Fe and Cu co-doped ZnO nanocomposites in this study were
synthesized by the auto-combustion high-temperature synthesis (AHS) approach for the
removal of methylene blue (MB) and 4-nitrophenol (4-NP) dyes from aqueous solution. .
The TGA-DTA was used for thermal analysis. The result showed 490 °C as the point at
which stable metal oxide is formed. XRD was used for crystalline size determination. The
XRD pattern analysis not revealed the perfect iron and copper inclusion in the ZnO lattice
at lower dopant concentrations and the formation of a CuO-independent peak at higher
concentrations. An enhanced crystallite size increment of 10-26 nm was observed with
increasing calcination time from 30 min to 3h. The porosity occurred during gas evolution,
and dispersed nanoparticles were clearly observed on the FESEM images. The EDX
compositional analysis confirmed the presence of only expected elements without
impurities, in perfect proportion, and in accordance with the amount used during synthesis.
The elemental mapping analysis confirms the good dopant distribution on the ZnO surface.
FESEM/TEM provided the rod and spherical forms of the morphology. SAED and XRD
results supported ZnO NP and ICZ-C15 crystallinity. From the HRTEM image and XRD
pattern analysis, a minor lattice fringe difference value between ZnO and ICZ-C15 was
confirmed. A greater PL intensity reduction for the composites than ZnO confirms the
presence of electron-hole recombination hindrance due to doping. Dopant inclusion in the
ZnO lattice resulted in the composite having higher light absorption properties and a
redshift on the DRS-UV-VIS analysis when compared to bare ZnO. Besides, the formation
of ZnO-CuO heterojunction is also beneficial for photon-induced electron-hole
recombination hindrance properties. Because of their higher light absorption properties
and synergistic effect, the doped nanocomposites outperformed ZnO in 4-nitrophenol and
methylene blue catalysis. 82.25 and 99.135 of performance ICZ-C15 was obtained in
reduction of MB and 4-NP respectively. 90.23% of degradation of MB was performed in
ICZ-C15 as compared to ZnO, ICZ-C1, and ICZ-C10. As a result, the AHS approach

provides a comprehensive outlook for future environmental safety applications.

Keywords: Photocatalyst, zinc oxide, co-doping, Methylene Blue, and 4-nitrophenol
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CHAPTER ONE

1. Introduction

1.1. Background of the study

Environmental contamination has recently caused significant socioeconomic problems in
human society. It has been discovered that wastewater contains colors from many
companies, contaminating the water. Dye usage in excess can be harmful to human health.
More than 7 x 10° tons of these dyes and pigments are produced each year, and 5 - 15% of
that amount is lost in industrial effluents (Irani et al., 2016). The main causes of pollution
in the textile industry are the dyeing and finishing procedures. Due to their resistance to
oxidizing agents and slow or incomplete breakdown, dyes are difficult to remove from
wastewater, which causes some environmental issues (Kowsari, 2017). After being released
into the aquatic ecosystem, organic pollutants can cause a variety of environmental issues,
including reduced light penetration, reduced photosynthesis, and harmful effects on aquatic
biota. Among the many organic pollutants, the cationic dye methylene blue, which is
primarily employed as a colorant in the paper, rubber, and textile industries, causes adverse
effects. Methylene blue (MB), a cationic thiazine dye, is water-soluble, has a blue color, and
is toxic (Duan et al., 2022). In the presence of a reducing agent and catalysts, MB undergoes
redox reduction (clock reaction), first to leucomethylene blue (LMB), and then back to MB
due to the low stability of LMB in the aerated condition (Basu et al., 2012). Besides, the
toxic nitroaromatic compound, 4-nitrophenol (4-NP), which is used as an intermediate
ingredient in different fields like leather and pharmaceutical industry, is also easily reduced
to the less toxic 4-aminophenol (4-AP) in the presence of a reducing agent and catalyst
(Bagheri et al., 2022; Mejia & Reddy Bogireddy, 2022).

To remove organic dyes and pigments from wastewater, physical, chemical, and biological
techniques are being applied. Adsorption, coagulation, and membrane separation, among
other conventional procedures, have been proven to be very expensive and cause secondary
pollution. Advanced oxidative processes (AOPs), which include photocatalysis, the Fenton
reaction, and ozonation, have been utilized effectively to eliminate organic pollutants.
Because of its effectiveness, adaptability, convenience, simplicity, low cost, and
environmentally sound approach for treating pollutants, the photocatalytic degradation
method—which combines a semiconductor with UV light—is receiving increased attention.

Being able to convert pollutants into less harmful substances like CO2 and H20O is another



benefit of photocatalysis (Chen et al., 2000). Heterogeneous photocatalysis with various
metal oxides and semi-conducting catalysts (ZnO, CdS, TiO2, Fe203z, and ZnS) and related
compounds proved to be a highly efficient solution for the degradation of organic pollutants.
Heterogeneous photocatalysis results in the complete mineralization of intermediate
chemicals, which decreases the danger of secondary contamination and reduces operating
costs. The use of nanotechnology-assisted synthesized nanoscale materials is now spreading
throughout the universe in different fields of study due to the possibilities of creating
materials with novel properties and applications (Andreo et al., 2022). During the massive
industrial revolution, the development of catalysis technology was reported as basic science
for the removal of pollutants (Mitchell et al., 2021). ZnO is one of the broader bandgap
materials that has a large excitation binding energy of 60 meV and is environmentally
friendly and cost-effective (Khan et al., 2020). However, it has catalytic drawbacks,
including a low surface area and photon-induced electron-hole recombination. Besides, ZnO
is a high-bandgap semiconductor material, which is not desirable for catalytically degrading

pollutants under sunlight illumination (Nadeem et al., 2021).

The doping and local contact/heterojunction strategies are receiving attention to avoid the
mentioned ZnO drawbacks (Tsogoo et al., 2023). The doping of metal ions in the ZnO lattice
induces photon-induced electron trapping sites. The created site has great effects on
improving the optoelectrical properties of ZnO and also augments its visible light absorption
potential (Naseer et al., 2022). Copper is one of the low bandgap materials (2.2 eV) that
has less toxic properties, good photoactivity, and is abundant (Ali et al., 2022). According
to reports, heterojunction is important in the different phases of copper oxides: Cu-CuO-
Cu20, for facilitating charge separation efficiency and extending photoexcitation energy
(Lupan et al., 2020; Uthirakumar et al., 2020). The broad bandgap of ZnO can be tuned by
doping Cu(Il) or Cu(l), which creates a deep acceptor level at about 0.17 eV, slightly below
the ZnO conduction band, resulting in tuning ZnO optical properties (Agarwal et al., 2019).
The alpha-phase iron oxide (0-Fe203) is a direct bandgap material (2.2 eV), which is handy,
non-toxic, and has a noble visible-light absorption capacity (Zhao et al., 2021). The doping
of iron in the ZnO host lattice increases the host's stability (Khan et al., 2020). The doping
of iron in the ZnO lattice also creates a charge imbalance due to the small ionic radius of
iron (111) (0.06 nm) compared to the zinc (I1) ionic radius (0.074 nm) (Nadeem et al., 2021).



Heterogeneous catalyst-based environmental remediation research, specifically the
inclusion of iron and copper in the ZnO lattice as well as the formation of heterojunction,
has been extensively reported. Khan et al. synthesized Fe**-doped ZnO composites by a
modified sol-gel method. The X-ray diffraction (XRD) pattern analysis showed only the
hexagonal wurtzite structure of ZnO up to 1% iron dopant amount, without an independent
peak for iron. Here, the absence of an iron secondary peak on the XRD pattern is due to its
total inclusion in the ZnO lattice (Khan et al., 2020). Samanta et al. also used the sol-gel
method to create iron-doped ZnO with a maximum iron content of 15%. According to the
XRD pattern analysis, here too the pattern showed only for the hexagonal wurtzite structure
of ZnO. The absence of an independent iron peak as well as intensity reductions with an
increase in iron content were reported to be due to the well-inclusion of iron in the host
lattice (Samanta et al., 2020). The single-phase iron-doped ZnO synthesised by solution
combustion synthesis was also reported in the Dhiman et al. study. In this study, an intensity
reduction and a higher-angle peak shift were observed due to iron doping in the ZnQO lattice
(Dhiman et al., 2017).

Besides, in the Tsogoo et al. study, the solvothermal method was used for synthesizing Cu-
doped ZnO nanocomposites (NCs) in the presence of benzyl alcohol as a reducing agent of
copper ions to copper metal. Increasing the copper concentration resulted in the formation
of a copper metal-independent peak. There is also a lower angle shift (a greater d-spacing
value) due to internal strain and a peak broadening on the XRD pattern with an increase in
the concentration of dopant compared to the bare ZnO. The bandgap narrowed from 3.32
eV to 3.28 eV, which confirms the inclusion of copper in the ZnO lattice. The occurrence
of an independent peak for copper at lower concentrations confirms its lower solubility
behaviour in the ZnO lattice (Tsogoo et al., 2023). Agarwal et al. synthesized Cu-doped
ZnO up to a 15% dopant concentration using the atomic beam co-sputtering technique. Here
in this study, the ZnO lattice distortion occurred beyond a 3% copper amount, and the
occurrence of the copper-independent peak was above 7% within the instrument's minimum
detection limit. Of course, the redshift on Tauc’s plot analysis for 15% doped NCs showed
a bandgap reduction of up to 2.8 eV, compared to the ZnO that has a bandgap of 3.4 eV
(Agarwal et al., 2019). Mahmoud (Mahmoud et al., 2021) and Morales-Mendoza with their
groups (Morales-Mendoza & Paraguay-Delgado, 2021) synthesised the copper-doped ZnO
composite and showed the formation of copper-independent peaks above 4 and 6 copper

dopant percentages, respectively. Recently, Zverev et al. also synthesised 5% iron-doped
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and 5% copper-doped ZnO independently using the combustion synthesis approach. In this
work, the occurrence of a copper-independent peak in copper-doped ZnO and the absence
of an iron-independent peak in iron-doped ZnO were reported. The absence of an
independent peak for iron was due to its inclusion in the zinc oxide lattice (Zverev et al.,
2022).

Moreover, doping with more than one type of element has received great interest as it can
have synergistic effects on the targeted applications (Subash et al., 2012). Some reports
(Shim et al., 2005; Tiwari et al., 2017; Viswanatha et al., 2012) synthesised the Fe- and Cu-
co-doped ZnO-composite (ICZ-C) only for the magnetic properties study. Shim et al. (Shim
et al., 2005) confirmed the ferromagnetic properties of the ICZ-C to be a result of the
ZnFe;04 secondary phase. Viswanatha et al. (Viswanatha et al., 2012) confirmed the
ferromagnetic properties of ICZ-C as a result of a double exchange between different Fe
oxidation states in the presence of copper (Fe?* + Cu?* — Fe®*" + Cu"). In the contrary,
Tiwari et al. (Tiwari et al., 2017) reported an increase in the antiferromagnetic properties of
ICZ-C with an increase in copper amount. In general, the above iron-doped ZnO and copper-
doped ZnO studies reported less solubility for copper and good solubility for iron in the ZnO
lattice based on their XRD analyses. However, there is no detailed analysis that confirms
the inclusion of iron in the ZnO lattice. This means that the absence of an iron peak on the
XRD pattern may also be due to the ZnO dominance within the instrumental detection limit.
Regarding the authors’ literature survey, there is no report regarding the synthesis of Fe and

Cu co-doped ZnO nanocomposites (ICZ-Cs) using the AHS approach.

The nanoscale catalyst synthesis using the AHS has many distinct merits, such as time,
energy, and simplicity. Besides, AHS also provides a secondary structure: porous
nanocrystal frameworks that have great advantages for several applications, such as
catalysis, sensors, and energy devices (Deng et al., 2013). Thus, special attention should be
given to nanoscale catalyst synthesis using the AHS approach (Thoda et al., 2018). Under
controlled parameters, the source of heat in the AHS is the combustion reaction of the

complex formed within the precursor and surfactant or reducing agent (Varma et al., 2016).

Thus, this study focuses on synthesizing ZnO nanoparticles (NPs) and 1CZ-Cs using the
simple and energy- and time-efficient AHS approach. The synthesised materials showed a
highly porous morphology with a noble dopant distribution. The porous nature,

composition, and dopant distribution were deduced from the field emission scanning
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electron microscopy and energy dispersive x-ray (FESEM-EDX) morphological,
compositional, and elemental mapping analyses. The crystallinity, effect of calcination time,
doping, and heterojunction properties were deduced from the XRD pattern analysis. The
material's thermal stability was witnessed through thermal —gravimetric analysis (TGA-
DTA) analysis. Besides, the presence of oxidized iron oxide was confirmed from the
FESEM image, which may prove the non-total iron inclusion in the host lattice as deduced
from the XRD pattern analysis. The photoluminescence (PL) and diffuse reflectance
ultraviolet-visible (DRS-UV-vis) analyses revealed that doping improved the visible
optoelectrical properties of ZnO. The catalysis on methylene blue and 4-nitrophenol showed
great potential for the ICZ-Cs over single ZnO as a result of their improved optoelectric

properties.

1.2. Statement of problem

The ability to access clean water is essential for human survival. Wastewater treatment is a
crucial step in reducing environmental concerns and toxins. Additionally, because of global
population growth and economic development, wastewater recycling and reuse are
mandatory to providing the water needed for irrigation, industry, and domestic purposes.
There is a lot of interest in the development of industry and agriculture in Ethiopia. As a
consequence of this development harmful wastes exposed to water bodies and Ethiopia’s
waste management system is poor to trigger this issues. Among those adverse contaminants,
methylene blue dye and the organic pollutant 4-nitrophenol are the major one. Water
treatment techniques can be divided into three categories: biological, chemical, and
physical. Microorganisms are used in biological water treatments to biodegrade the
contaminants in the water (Hedaoo et al., 2012). However, the efficiency of biological
treatment is poor due to dyes' non-biodegradability. As a result, the biodegradation will take
a long time to complete. Physical wastewater treatment techniques entail physically
capturing and separating the pollutant from the water. Widely used physical adsorption
technique is carbon adsorption. Even though the water is dye-free following the treatment
operations, the contaminants are still present and do not removed because of the treatments'
non-destructive character. In the end, this will lead to secondary contamination, which is
undesirable. Other restrictions are the high cost and the need for carbon adsorption for the
disposal of used carbon (Zangeneh et al., 2015).



On the other hand, chemical water treatments primarily focus on the interactions between
the chosen chemicals and the pollutant that has been contaminated by chemical disinfection.
Ozonation and chlorination are two examples of such treatments. However, there are
drawbacks to the processes, such as the production of potentially dangerous chlorinated

byproducts and the toxicity and instability of ozone (Carlos et al., 2020).

One of the most efficient and low-cost ways to achieve this goal is through photocatalytic
degradation of organic dyes and contaminants. Photocatalysis is a promising approach for
removing hazardous organic pollutants from industrial wastewater, and it has the potential
to tackle some of the biggest environmental challenges caused by contaminated water
(Kuriakose et al., 2015). Methylene blue can be degraded more effectively through
photocatalysis, although some of the photocatalysts used have a number of drawbacks, such
as recombination of the photogenerated electrons and electron holes, which slows down the
rate of degradation (Saggioro et al., 2011). This issue will be addressed by using auto-
combustion high temperature synthesis (AHS) approach to create (ICZ-Cs) Fe and Cu co-
doped ZnO nanocomposite materials. This research would attempt to find solution for
problems such as band gap widening and electron hole recombination by using iron and

copper doping.

1.3. Objectives of the study

1.3.1. General objective

+ The general objective of this study is to synthesize Fe and Cu co-doped ZnO
nanocomposite (ICZ-Cs) for catalytic activity of methylene blue (MB) and 4-

nitrophenol (4-NP) dyes from aqueous solution.
1.3.2. Specific objectives

+ To synthesize ZnO nanoparticles (NPs), Fe and Cu co-doped ZnO nanocomposite
(ICZ-Cs).

+ To characterize the synthesized ZnO NPs and 1CZ-Cs using different analytical
techniques.

+ To study the methylene blue catalytic reduction activity of the ZnO NPs and ICZ-C

catalysts.



+ To study the 4-nitrophenol catalytic reduction activity of the ZnO NPs and ICZ-C15
catalysts.

+ To study the methylene blue dye degradation activity of the ZnO NPs and ICZ-C
catalysts.

1.4.Significance and Beneficiaries

The degradation of organic contaminants that have been discharged reduces human
exposure to them and the amount of oxygen that they could potentially absorb. From the
perspective of human health, the issue of cancer, mutation, and skin irritability brought on
by organic dyes could also be reduced. Photocatalysts with large specific surface areas,
small diameters, and porous architectures that allow dyes to pass through for catalytic
degradation are being researched all over the world. ZnO NPs, which have a wide band gap
energy, a large exciton binding energy, improved electron mobility, and high catalytic, non-
toxic, antibacterial, and biocompatible properties, are one of the most promising
photocatalysts. Furthermore, it has been found that the cost of producing ZnO NPs is
substantially lower than that of other nano-photocatalysts. The primary beneficiaries of this
effort are the textile, paper, cosmetic, and leather processing sectors, which generate
wastewater with high levels of organic dyes. The synthesis, doping and catalytic activity
studies are believed to contribute much to the science which benefits the scientific
community to encourage for further research activities. Additionally, these organic colors

will have a lower environmental impact.
1.5. Scope of the Study

In this work, Fe and Cu co-doped ZnO nanocomposite (ICZ-C) was synthesized by a simple
and facile method. The synthesized samples were characterized using XRD, TGA, FESEM-
EDS, PL, UV-DRS, and FTIR. The catalytic reduction performance of the samples were
investigated using methylene blue (MB) dye and 4-nitrophenol (4-NP) in agueous solution.

Its photocatalytic activity was also evaluated using methylene blue dye.



CHAPTER TWO

2. LITERATURE REVIEW

2.1. Water Pollution

Environmental contamination is growing daily and endangering both current and future
generations of people globally. For all living things to live sustainably and with quality,
water is one of the most vital natural resources. Global water consumption must rise above
average due to the rapid growth of industrialization, urbanization, and population. As a
result, the worldwide shortage of clean water sources is being caused by the excessively
urgent need for water. Additionally, untreated contaminated water effluents from industries
such as those in the textile, paper, rubber, batteries, pharmaceutical, and food processing
sectors, domestic households, and agriculture are discharged directly or indirectly into
natural water bodies, which continuously worsens the situation regarding the availability of
fresh, clean water for people, animals, marine life, and plants. Organic (dyes, pesticides,
halogenated medicines, and aromatic chemicals like polycyclic aromatic hydrocarbons) and
inorganic (heavy metal ions) molecules that are difficult to breakdown and endanger natural

resources are present in these contaminants (Gusain et al., 2020).

Everywhere we look, whether in man-made or natural objects, there is color, from the
clothes we wear to everything in our environment. These hues had their origins in natural
resources up until the nineteenth century. Insects and mollusks were the next most abundant
group of these origins, followed by plants, trees, and lichen as vegetables. Only a dozen or
so dyes have been practically employed across thousands of years, which is a reflection of
the volatility of natural dyes. More than 7,000 colorants are available now, and in 1974,
synthetic dyes sold for a staggering £1,500 million globally (Samsami et al., 2020). A dye
is a natural or synthetic coloring agent that is used to dye or print textiles, papers, leather,
and other materials so that the color of the dyed or printed items won't fade with use,
exposure to heat, light, or other environmental factors. In most cases, aqueous solutions are
used to apply the colors. The dyes can bind to suitable surfaces through physical adsorption,
covalent bonds, in situ complexes with salts or metals, or mechanical retention (Kumar &
Choudhury, 2018).



2.1.1. Source of dye pollutant

Due to their ability to produce color, synthetic dyes are a necessity in many important
industries, including the leather, paper, and textile sectors. According to estimates, 700,000
metric tons of different colorings are produced each year, and approximately 100,000 dyes
are produced for sale (Holkar et al., 2016). Once dyes have completed their intended
function, the majority of them are frequently dumped carelessly into environmental water
bodies. According to Fig. 1, significant industries are recognized as the main contributors
to the environmental presence of dye effluents. More than half of the dye effluents currently
found in the environment across the world come from the textile sector, which discharges
most of them (54%) than any other business. The dyeing industry (21%) generates
significant amounts of dye effluent from a variety of related operations, as do the paper and
pulp (10%), tannery and paint (8%), and dye production (7%) industries (Mojsov et al.,
2016). Although the precise quantity of dye effluents released into the environment by each
company is unknown, it can be assumed that the amount is sufficiently large to pose a

serious environmental concern.
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Paint and tannery

75% Paper and pulp
Textil dyeing

Figure 2.1. Industries that are to blame for the existence of dye effluent in the environment
(Alencar et al., 2021).

2.1.2. Dyes in textile industry

Among other dye-using businesses, the textile industry is claimed to use the most dyestuff,
using about 10,000 tonnes annually worldwide. In addition, this industry is noted for
producing the biggest volume of dye wastewater from a single industry alone—roughly 100

tonnes of dye effluent annually. Due to the extensive use of dyes in the textile industry's



numerous processes, enormous amounts of dye wastewater are produced. Additionally,
because the textile industry uses such a large amount of water, it produces many dye

effluents.

Fuelling 2 2%
Carbonizing 3 2%
Mercerizing — 4%
Others /3 10%
Printing —— [3%
Desizing 1 21%
Neutralizing ) 33%
Scouring ] 52%
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Bleaching 1 62%
Dyeing ] 85%

0%  10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 2.2. Percentage of dye mixture from each process of the textile industry (Katheresan
et al., 2018)

The textile business prepares specialized combinations of chemicals, dyes, and water for a
variety of operations. The residual mixture (dye effluent) is released into the environment
after the process is finished. For instance, 85% of the dye used in the dyeing process is
wasted. This dye effluent is the remaining dye mixture that was prepared at the start of the
dyeing process (Katheresan et al., 2018). Fig. 2 displays the percentage of dye mixture

expelled at the conclusion of each textile industry operation.
2.1.3. Methods of dye removal

Because there was no limit on the amount of dye that could be discharged in wastewater in
the late 1990s, the only methods of dye removal used were basic water purification
techniques like equalization and sedimentation (Robinson et al., 2001). Numerous studies
are currently being conducted to determine the best dye removal technique so that dye
wastewater can be recovered and used as needed. The biological, chemical, and physical
therapies are the three groups into which existing dye removal techniques can be divided
(Katheresan et al., 2018).
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2.1.3.1. Biological treatment methods

In order to bio absorb or degrade the colors in the water, this includes the employment of
mechanisms like aerobic and anaerobic degradation, which involve the use of suitable fungi,
algae, or bacteria. Due to their extracellular nature, fungi have the benefit of being able to
withstand extremely high dye concentrations. As with physical therapy approaches, these
methods are also impacted by variables like pH and contact time (P. Sharma & Qanungo,
2022).

2.1.3.2. Chemical treatment methods

These include photocatalytic processes, ozonization, and the Fenton reagent approach.
These procedures fall under several "advanced oxidation processes"” (AOPs) (P. Sharma &
Qanungo, 2022) that concentrate on completely oxidizing organic molecules to create
products like carbon dioxide and water.

2.1.3.3. Physical treatment methods

Physical dye removal techniques are typically simple procedures frequently carried out via
the mass transfer mechanism. Adsorption, coagulation or flocculation, ion exchange,
radiation, membrane filtration, nano filtration or ultrafiltration, and reverse osmosis are

common physical dye removal techniques (Katheresan et al., 2018).

2.2. Photocatalysis

In order to photo-degrade harmful chemicals in wastewater without creating any secondary
waste, heterogeneous photocatalysis is used as an advanced oxidation process (AOP). Toxic
chemical degradation is accomplished through photocatalysis, which is driven by
semiconductor materials that operate as photocatalysts with the proper band gaps under light
irradiation. The photocatalyst is a semiconductor material that produces catalytically active
species upon photon absorption when exposed to light. The photon's energy ought to be on
par with or greater than the photocatalyst's bandgap. The purpose of photon absorption is to
create charge carriers (such as electrons and holes) that take part in redox reactions to break
down hazardous chemicals that have been deposited on the surface of the photocatalyst.
Because of this interaction, hydroxyl radicals (*OH) are created, which function as potent

oxidants and break down hazardous compounds. The oxidation of pollutants is aided by the
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positive holes that are produced. Numerous semiconductor and nanohybrid materials,
including TiO2, ZnO, SnOz, CuO, BixWOs, WO3, CdS, MoS,, Ag/Ag2Te, and g-C3aNs, have
been investigated as photocatalysts in wastewater treatment through photocatalysis. Zinc
oxide (ZnQ) is the most researched and employed photocatalyst due to its abundance, non-
toxic behavior, economic feasibility, chemical and thermal stability, environmentally
benign nature, and, most importantly, optical and electrical properties (Gusain et al., 2020).

In general, photocatalysis has a number of benefits, including:

No secondary waste generation;

High degradation rate;

Reduced time cost;

Mineralization of toxic compounds;

Ambient operating conditions;

Recyclability of the photocatalyst;

Use of renewable sources, such as solar light;
Economic viability; and

Environmental friendliness.
2.2.1. Photocatalysis mechanism

In a heterogeneous photocatalysis process, the photocatalyst absorbs light with the right
amount of energy when illuminated, which excites the electrons in the valence band to move
into the conduction band and initiate the photochemical reaction. Following the absorption
of light by a photocatalyst, four major steps occur during photocatalytic reactions: (i)
formation of charge carriers over the valence band (VB) and conduction band (CB), (ii)
recombination of the photogenerated electron/hole (e/h*) pairs, (iii) trapping of the e/h* pairs
in redox reactions, and finally (iv) the main photocatalytic reactions such as pollutant
degradation (Fig. 3). The incidence of light with the same or higher energy than the energy
gap (Eg) of the used semiconductor drives electrons from the VB to the CB, leaving positive
holes in the VB and thus creating e/h* pairs in the first step. Nonetheless, the photoinduced
e/h* combinations are not energetically stable, and some of them recombinate, neutralizing
each other and emitting heat. The second stage, whether on the surface or in the bulk,
significantly lowers the effectiveness of photocatalytic reactions. In the third phase,
photoinduced holes and electrons transfer to the surface of the photocatalyst and react with
the adsorbed species on the surface, resulting in the creation of certain active species (e.g.,
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02, OH) capable of launching a series of redox reactions. Finally, depending on the type of
photocatalytic activity, reduction and oxidation reactions occur over the CB and VB of the

photocatalyst in the last phase (Pirhashemi et al., 2018).
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Figure 2.3. General mechanism of the photocatalysis (Gusain et al., 2020).

2.3. Factors affecting photocatalysis

Numerous factors, including pH, initial dye concentration, photocatalyst particle size and
concentration, reaction temperature, light intensity, and the presence of electron acceptors,

affect the photocatalytic performance of dye degradation.

The potential for an OH* radical to form on a catalyst's surface and the reaction between dye
molecules and the OH* radical will determine how quickly dyes will photodegrade. An
increase in the likelihood of the reaction between the dye molecules and the OH* radical
could be the cause of the initial increase in the degradation rate with an increase in the initial
dye concentration. However, as the dye concentration rises, the catalyst's activity declines.
This may be because more dye molecules are adsorbed on the catalyst surface at high dye
concentrations, inhibiting the interaction between the dye molecules and the OH* radical

and decreasing the amount of OH* radical formed (Anju Chanu et al., 2019).
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Pollutants' rate of photodegradation is substantially influenced by the reaction medium'’s pH.
The pH of the solution affects the adsorption of the pollutant, the oxidation potential of the
photocatalyst's valence band, the degree of ionization, the agglomeration, and the surface
charge. It is difficult to explain how pH affects the photodegradation efficiency of a catalyst
because three different processes primarily influence photodegradation: (a) oxidation of
pollutants due to the high oxidation potential of positive holes; (b) hydroxyl radical (*OH)
attack; and (c) reduction of pollutants by the conduction band electrons. A negative charge
is induced on the surface of the photocatalyst when the pH of the solution is increased
beyond the isoelectronic point of the catalyst. As a result, negatively charged photocatalysts
electrostatically pull cationic pollutants from the aqueous solution to adsorb, which directly
influences the rate of electron transfer between the pollutant and photocatalyst for
photodegradation. However, at lower pH levels (below the photocatalyst's zero point
charge), the functional groups on the catalyst become protonated and cause a positive charge

to be induced on the surface, which attracts anionic contaminants (Gusain et al., 2020).

The amount of catalyst can have a significant effect on photocatalysis, which is a process
that involves the use of a catalyst to increase the rate of a photochemical reaction. In general,
increasing the amount of catalyst can increase the rate of the reaction, up to a certain point
where further increases in catalyst amount do not provide any additional benefits. This is
because the active sites on the catalyst surface become saturated with reactants, and adding

more catalyst does not increase the number of active sites (Gusain et al., 2020).

2.4. Metal Oxide Catalysts

Various catalytic processes have employed transition metals and their oxides. They
demonstrate a variety of unique qualities and industrial uses. They can also act as sensors,
ceramics, photoactive materials, superconducting materials, crystalline lasers, photoactive
materials, and photosensitizers. Metal oxides have been extensively used in the fields of
physical, chemical, and materials sciences. The versatile and simple-to-synthesize metal
oxides have many uses. In addition, the generation, storage, and conversion of energy have
all been proposed as potential uses for metal oxides. Due to their crystalline structure,
morphology, doping, inherent flaws, and composition, they have advanced and distinctive
functional properties. Typically, positive hole-electron pairs are formed when wide-bandgap

metal oxide nanoparticles are exposed to light radiation; substrates may adsorb on the
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surface of the photocatalyst and react either directly or indirectly with the produced holes
and electrons (Joshi et al., 2022).

2.4.1. ZnO as a Photocatalysis

Because of its diverse properties and applications, ZnO is a well-studied photocatalyst with
semiconducting properties. ZnO is an n-type 11-1V semiconductor with a band gap of 3.37
eV, a high excitation binding energy of 60 meV, and good visual transmission. ZnO has
several advantages, including low cost, environmental safety, high initial activity rates, and
a large number of active sites with high surface reactivity. Because of its large band gap of
3.37 eV (wavelength = 380 nm), ZnO absorbs primarily in the ultraviolet. Because UV emits
just 4-5% of the solar spectrum, photocatalytic applications require efficient use of solar
energy. ZnO offers a number of attractive features, including non-toxicity, biocompatibility,
high stability, outstanding transparency, strong room-temperature luminescence, high
electron mobility, and high photocatalytic activity. Solar cells, laser diodes, thin-film
transistors, UV lasers, optoelectronics, gas sensors, transparent conductive contacts, light
emitter diodes, surface acoustic wave devices, and piezoelectric devices all use ZnO
nanoparticles in some way. ZnO nanoparticles have been employed in a variety of
applications, such as electronics, optics, cosmetics, and photocatalytic destruction of
organic contaminants in water. When compared to other metal oxides, ZnO has a high
degree of lattice defects on its surface area, making it an efficient photocatalyst material.
Phase purity, crystallite size, surface area, dopant type, and synthesis procedures are all key
factors in determining ZnO NP photocatalytic activity (Sanakousar et al., 2022).

2.4.1.1. Fundamental Properties of ZnO

Zinc oxide is a semiconductor in-group I1-VI with a valence boundary between ionic and
covalent semiconductors. A broad energy band (3.37 eV), high bond energy (60 meV) and
high thermal and mechanical stability at room temperature make it attractive for potential
use in electronics, optoelectronics and laser technology (Bacaksiz et al., 2008; J. Wang et
al., 2005). ZnO is used as a sensor, energy generator, converter and photocatalyst in
hydrogen production due to its piezo- and pyroelectric properties (Kolodziejczak-
Radzimska & Jesionowski, 2014). As a result of its hardness, rigidity and piezoelectric
constant it is an important material in ceramic industries, although its low toxicity,

biocompatibility and biodegradability make it a material of interest for biomedicine and in
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pro-ecological systems (Ludi & Niederberger, 2013). Considering these advantages, recent
review article has described progress in the growth and applications of various ZnO
nanostructures with different morphologies. The crystal structures and electronic properties
of ZnO nanostructures, which undergo changes during the ZnO doping process (Dutta et al.,
2009).

2.4.1.2. Crystal structure

Tetrahedral bonding is present in ZnO, and it is on the cusp of covalent and ionic
semiconductors in terms of its significant ionicity. Because of this, ZnO has a large bandgap
energy. ZnO can crystallize in three different ways: as hexagonal wurtzite, cubic zinc
blende, and rock salt, as shown in Fig. 4 (Espitia et al., 2012). Under normal conditions,
hexagonal wurtzite of ZnQO is the most thermodynamically stable material. By growing ZnO
on cubic substrates, however, cubic zinc blende can be stabilized. Only at comparatively
high pressures would ZnO occur in the rock-salt framework (Ozgiir et al., 2018).
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Figure 2.4. Stick and ball representation of ZnO crystal structures (Ozgiir et al., 2018).

2.4.1.3. Improvement of ZnO as Photocatalysis

Low quantum yield and a high photogenerated electron-hole pair recombination rate limit
ZnO's photocatalytic activity. Because of this recombination process, the quantum yield is
decreased and energy is lost. The electron-hole recombination route should be minimized
to allow for efficient photocatalysis. The recombination problem may be resolved by metal
and non-metal doping by enlarging the charge gap between electrons and holes.

Additionally, dopants might capture electrons, reducing the likelihood of electron-hole
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recombination, which would render the photocatalytic system inactive. Doping accelerated
the photocatalytic degradation of dyes, with doped-ZnO degrading pollutants faster than
undoped ZnO due to changes in bandgap energy and surface area. A larger surface area
indicates a strong redox reaction; it produces more electrons and holes, boosting the band
gap; the particle size reduces, which energetically participates in or correlates with the
photocatalytic reaction; and the whole process has a higher degradation rate. As a result,

doping is a straightforward and effective procedure (Sanakousar et al., 2022).

2.5. Doping

Doping means the introduction of impurities into a semiconductor crystal to the defined
modification of conductivity. It is the addition of small quantities of an element or an
impurity to pure semiconductor to change its electrical conductivity characteristics. In
semiconductor doping there are two types of dopant, n-type (“n” for negative), and p-type
(“p” for positive) dopants. The n-type dopants act as electron donors and have extra valence
electrons with energies very close to the conduction band. When incorporated into the
atomic lattice of a semiconductor, the valence electrons of n-type dopants can be easily
excited to the conduction band. P-type dopants assist in conduction by accepting electrons.
When a p-type dopant is incorporated into the atomic lattice of a semiconductor, it is able
to host electrons from the conduction band, allowing the easy formation of positive holes
(Buonsanti & Milliron, 2013).

2.5.1. Copper doped ZnO

The most effective way to raise ZnQO's photocatalytic performance is by using Cu. The
electrical, optical, and magnetic characteristics of ZnO are substantially altered by Cu
doping. By causing lattice defects in ZnO due to Cu doping, optical absorption in the visible
region is increased, which improves photocatalytic activity (Kuriakose et al., 2015). There
have been some published investigations on Cu-doped ZnO nanostructures. Cu-ZnO NPs
were synthesized by Min et al. (2011) using a sol-gel technique and their optical and
photocatalytic characteristics were examined (Fu et al.,, 2011). Cu-ZnO NPs were
synthesized by Mittal et al. (2014) using a co-precipitation technique, and their UV-visible
light-driven photocatalytic efficiency was investigated (Mittal et al., 2014). Kurioskar et al.
(2015) created Cu-ZnO NPs using a straightforward chemical process, and their structural,
optical, and photocatalytic behavior was investigated (Kuriakose et al., 2015). By using a
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simple wet chemical process, Yang et al. (2018) created Cu-ZnO nanostructures and
discovered that they had higher photocatalytic activity than ZnO that had not been doped.
Ma and coworkers illustrated the photocatalytic organic dye degradation mechanism by Cu
doped ZnO catalyst (Fig. 5).
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Figure 2.5. Photocatalytic mechanism of Cu doped ZnO hierarchical nanostructures (Ma et
al., 2019).

2.5.2. lIron doped ZnO

Fe doping has been utilized to enhance the optical and electrical properties of ZnO material.
To provide two additional free electrons to the electrical conduction, the Fe ion can actually
be simply substituted on the Zn site. Thus, researchers describe the synthesis of ZnO
nanostructures utilizing a polymeric complex approach that makes use of accessible metal
nitrate precursors and starch as a complexing agent. For examining a material's electrical
characteristics, impedance spectroscopy (IS) is regarded as a potent instrument. Different
electrode contributions, grain borders, and individual grains can be identified by varying the
system's applied frequency (Ma et al., 2019). As a result, the impact of Fe addition on ZnO
nanomaterial's electrical, dielectric, optical, and photocatalytic properties was also

examined.

(Yi et al., 2014) reported that ZnO and Fe-doped ZnO in the range of 0-2% nanoflowers
were made using a basic hydrothermal process. The photocatalytic activity of the catalyst
was evaluated by observing how rhodamine B (Rh B) degraded in an aqueous solution when

exposed to UV and visible light (> 420 nm). Iron might be able to substitute Zn?* in the ZnO
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lattice in part because of its multivalent nature (Fe**/Fe?*). All of the Fe-doped ZnO samples
demonstrated faster photodegradation of RhB in contrast to undoped ZnO. The deterioration
rates were 67, 74, 94, and 84%, respectively, in the presence of 0, 0.5, 1, and 2% Fe for 180

minutes under visible light.
2.6. Synthesis of Nanomaterials

There are two main approaches for the synthesis of nanomaterials: top-down approaches
and bottom-up approaches. The term "top-down" refers to reduction by attrition and
different conventional methods of comminution, which are the traditional methods of
producing fine particles. In recent years, "bottom-up” production approaches have become
more and more popular. The term "bottom-up approach™ describes the process of either
building a substance from the bottom up, atom by atom, molecule by molecule, or cluster-
by-cluster (Tulinski & Jurczyk, 2017). Top-down approaches have a number of significant
drawbacks, including the inability to regulate the size, morphology, and other structural
characteristics of the created particles. The form, size, and morphology of the resulting
particles can be significantly controlled using bottom-up approaches, which begin at the
molecular level. Because the structural properties of the resulting products are delicately
controlled, bottom-up techniques are more common and widely used. Reagents include
growth inhibitors, ligands, and surfactants that can help control the growth process of
nanostructures in the bottom-up approach (Siddique & Gonzalez-cortes, 2022). Top-down
approaches include mechanical milling, laser ablation, sputtering, and electro-explosion.
While bottom-up approaches include Chemical Vapour Deposition, green synthesis, sol-gel,
co-precipitation, solution combustion etc. Fig. 6 displays the different top-down and

bottom-up approaches.
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Figure 2.6. Top-down and bottom-up methods for synthesizing nanomaterials (Baig et al.,
2021).

2.6.1. Fundamentals of the Bottom-up Synthesis Approach

Due to the essential differences between the bulk equivalents and the nanoscale-sized
materials, attention has been generated in numerous disciplines. The current development
is the bottom-up synthesis of nanocrystals with precise shape, size, and structure by
comprehending the precursor breakdown, nucleation, and growth processes under
challenging external and interior conditions. Controlling the nucleation and growth
development processes are crucial procedures before the formation of nanocrystals. The first
model to explain precursor decomposition and reduction, nucleation, development into
seeds, and finally growth into nanocrystals in solution was LaMer's group theory (Abebe et
al., 2022). In the 1950s, LaMer and his colleagues proposed the idea of burst nucleation,
transferring the concept of critical nucleation theory (CNT) to NP syntheses. Their
investigation into diverse oil aerosols and sulfur hydrosols led to the development of the
ground-breaking idea. In the burst nucleation process, homogeneous nucleation causes the
simultaneous generation of many nuclei, which then expand without further nucleation. That

concept of nanoparticle (NP) formation's fundamental principle is the distinction between
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nucleation and growth. One interpretation is that a homogeneous phase and a heterogeneous
phase are separated. The particle size distribution during growth can be managed using such
a procedure. The following is the mechanism, which is shown in Fig. 7: (I) The
concentration of monomers is rising (in the case of metallic NPs, most likely due to
reduction) and reaches, at a certain time, a certain critical supersaturation level (CS), at
which homogeneous nucleation is possible but “effectively infinite™; (11) The saturation is
rising and reaches a level (Cmin) at which the energy barrier (activation energy) for
nucleation can be overcome, leading to rapid self-nucleation. At the self-nucleation stage
(1), the predicted corresponding particle concentration with respect to time would increase

quickly, and at the final growth stage (I1), it would remain roughly constant (Polte, 2015).
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Figure 2.7. The LaMer model of nucleation and growth (Dunne et al., 2015).
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2.6.2. Capping Agent

Currently, the term "capping agent" refers to both surfactants and ligands in general.
Capping agents bind to the surface of the particle and are essential in the production,
processing, and application of nanomaterials. The bond saturation generated by the capping
agents on the nanoparticle's surface protects the particle from its surroundings. This makes
it possible to control the synthesis's nucleation and growth kinetics. Surface capping agents
reduce the surface energy of growing nanoparticles by selectively attaching to specific
features. The capping agents may also restrict the transport of additional chemicals to the
nanoparticle surface. They bonded to the nanoparticle surface, inhibiting aggregation and
controlling particle growth throughout synthesis (Rafeeq et al., 2022). Polymers are utilized
as both stabilizing and reducing agents in the production of nanomaterials. Furthermore,
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they operate as a structural guiding agent, assisting in tuning the structure of materials

towards a given shape.

In addition to producing particles with an extremely narrow size distribution, polymer-
stabilizing chemicals can prevent nanoparticles (NPs) from clumping together
unintentionally. Not less significant is the fact that the stabilizing agent stops metal atoms
from depositing on the surface of metallic NPs by forming stable, resilient, and
multifunctional shells that protect the core's features (Dzhardimalieva & Uflyand, 2018). A
popular polymer used as a stabilizing and reducing agent is polyvinylpyridine (PVP). PVP
is a non-toxic, water-soluble polymer with a significant quantity of a carbonyl group that
interacts adhesively with NPs at room temperature. As a result, once the polymer caps the
NPs, the surface energy-driven aggregation is reduced. Adsorption of surfactants onto the
surface of the nanocrystals stabilizes them. In order to prevent aggregation or
agglomeration, the density of the surfactants increases with decreasing entropy (increasing

Gibbs free energy) as the distance between the nanocrystals decreases (Abebe et al., 2022).

2.6.3. Sol-gel auto- Combustion Synthesis Approach

The sol-gel auto-combustion method is one of the developing synthesis procedures as a
viable replacement for the production of nanoparticles as compared to other methods
(Pathak et al., 2016). The auto-combustion process is self-sustaining; once the reaction has
started, a high temperature is generated due to the reaction's exothermic properties, ensuring
the synthesis and crystallization of metal oxides in a timely manner. This approach
frequently prevents the instantaneous creation of particles from aggregating (Novitskaya et
al., 2021).

The sol-gel auto-combustion process, which uses a low reaction temperature (80-100 °C)
and a quick turn-around for powder synthesis, is one of the most practical and efficient wet
chemical procedures (Sivakumar et al., 2011). A one-step procedure results in a large
amount of fluffy and fine powder. It is based on the creation of sol, followed by gelation
and combustion in a heated solution containing the needed metals’ salts combined with the
right fuel. Fig. 8 shows schematics of synthesis of ZnO nanoparticles by the sol gel auto-
combustion approach. The efficiency and creation of high-quality fine powder (hanometer
dimension) depends on the preparation environment and preparative factors including fuel

type, fuel/metal nitrate ratio, pH, and annealing temperature (Bhagwat et al., 2019).
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Additionally, the heat produced during combustion (enthalpy) and the flame temperature
produced during auto combustion are the main factors influencing the parameters of the
resulting powder, such as phase purity, particle size, surface area, and agglomeration
(Bhagwat et al., 2019; Chauhan et al., 2016). These variables are all influenced by the fuel's
composition. The choice of an appropriate fuel becomes crucial for producing the desired
qualities in the finished product since the fuels differ in their capacity for complexing,

reducing, and the amount of evolved gas they contain.

Citric acid (CeHgOy), dextrose (CsH120s), sucrose (C12H22011), urea (CHaN20), glycine
(C2HsNO»), and other organic chemicals are frequently utilized as fuels in sol-gel auto
combustion synthesis. Urea, glycine, and citric acid are thought to form potent complexes
with the metal cations in the solution. These fuels do two things: they produce CO3, H20,
and heat in an exothermic process during combustion; and they create complexes with metal
ions to make homogenous mixing of the cations in solution easier. It is believed that nitrogen
is liberated as a gaseous component; enhancing the porosity of the produced materials, as
nitrogen, itself does not participate in the redox reaction. The type of fuel has an impact on
the intensity of the combustion reaction as well (Lazarova et al., 2017). Sol-gel auto-
combustion has several benefits, including good chemical homogeneity, high purity and
crystallinity, fine particle size distribution, straightforward setup procedures,
straightforward equipment, quick processing times, and minimal external energy
consumption to start the process (Costa et al., 2007; Zaid et al., 2017).
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Figure 2.8. Sol gel auto-combustion synthesis of ZnO nanoparticles (Soleimani et al., 2018).

23



CHAPTER THREE

3. MATERIALS AND METHODS

3.1. Chemicals and Reagents

The chemicals and reagents were analytical grade and used without further purification.
Zinc nitrate hexahydrate (Zn (NOs)2. 6H20 (Sigma Aldrich, 99%), Copper nitrate trihydrate
(Cu (NO3)2. 3H20 (Sigma Aldrich, 99%), iron nitrate nonahydrate (Fe (NOz)3. 9H20 (Sigma
Aldrich, 98%), Poly (vinyl alcohol) (PVA, Thermo Fisher Scientific India Pvt. Ltd.),
methylene blue (C16H18CIN3S) (Sigma Aldrich) were used, distilled water was used

throughout the experiment.

3.2. Synthesis of ZnO NPs and ICZ-Cs

With some modifications, such as using the PVVA polymer as a reducing and capping agent,
ZnO NPs and ICZ-Cs were synthesized using the auto-combustion high-temperature
synthesis approach as reported in the Gao et al. study (Gao et al., 2016). The detailed steps
involve first dissolving 1 g of the PVA polymer in 50 mL of distilled water while stirring
with a magnetic stirrer at about 75 °C for nearly 15 min. Then, in this cooled PVA solution,
approximately 0.25 molar of zinc nitrate salt was mixed for just over half an hour of stirring.
The gel produced at the stage of water dehydration, at about 85-120 °C, was further heated
to the polymer—surfactant ignition temperature range of 150-210 °C (the temperature at
which combustion and self-propagation begin). Finally, the combusted, visually porous
material is gently crushed to reduce its size, calcined at 500 °C for 3 hours, and then used
for further characterization and application. The ICZ-Cs were also synthesized dissolving 1
g of the PVA polymer in 50 mL of distilled water while stirring with a magnetic stirrer at
about 75 °C for nearly 15 min. After that in this cooled PVA solution 1%, 5%, 10%, and
15% of Fe and Cu nitrate salt with 99%, 95%, 90%, and 85% of zinc nitrate salt was mixed
in different beaker for just over half an hour of stirring to form 0.25 molar each solution
concentrations. The formed gel was heated at about 150-210 °C. Finally, the combusted
material was crushed, calcined at 500 °C for 3 hours, and then used for further analysis and
purpose. The ICZ-Csl, ICZ-Cs5, ICZ-Cs10, and ICZ-Cs15 represent 1%, 5%, 10%, and
15% dopant concentrations, respectively. Schematic of the preparation of ICZ-Cs is
presented in Fig.9 (B. Liu et al., 2016).
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Figure 3.1. Schematic representation on preparation of ICZ-Cs.

3.3. Methylene Blue Catalytic Reduction.

The methylene blue clock catalytic redox reaction involves the transformation of methylene
blue (MB) into leuco-methylene blue (LMB) in the presence of a catalyst and NaBH4, which
is then oxidized back into MB by adding NaOH. For this reaction process, 45 mg of NaBH4
was added to 15 ppm (30 mL) of MB solution. Then, 10 mg of each catalyst (NPs and ICZ-
Cs) was added to the MB-ion solution. The UV-vis spectrophotometer was used to control
the reduction process runs from 200-800 nm within 1 minute time interval. A 0.01-M
solution of NaOH was added to run the LMB-to-MB clock reaction (Naseer et al., 2022).

3.4. 4-Nitrophenol Catalytic Reduction

A recent study was also used as a reference to conduct the 4-NP to 4-AP reduction processes
with slight experimental conditions and concentration changes (Naseer et al., 2022). Here,
45 mg of NaBH4 was added to 30 mL of 4 NP solution (15 ppm), which has a yellow colour.
After that, the mixture was mixed with 10 mg of each NPs and ICZ-Cs catalyst. The UV-
vis spectrophotometer was used here also to monitor the catalytic reduction process that

runs from 200-800 nm within 1 minute time interval.
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3.5. Photocatalytic Activity

According to the method report with modification (Abebe et al., 2021), the degradation of
MB dye was used to test the photocatalytic activities of the synthesised samples. All of the
tests were conducted in an open environment at ambient temperature. To verify the catalyst-
pollutant adsorption-desorption equilibrium in each experiment, 20 mg of metal oxide
catalyst was introduced to 100 mL of MB solution (10 mg/L), followed by stirring for 30
minutes in the dark. The mixture was consistently mixed during the tests. The light was
turned on, and a 150 W halogen lamp was used as the visible light source after 30 minutes
of stirring in the dark. To separate the photocatalyst particles, 8 mL of the slurry was taken
at predefined irradiation periods and centrifuged (3000 rpm, 20 min). The degradation
efficiency in % was computed using Equation 1, and the MB concentration was determined
using a UV-visible spectrophotometer (UV-3600Plus series) measuring the absorption
maximum at A max = 664 nm. In order to examine reaction dynamics, the pseudo-first-order

kinetics equation (Equation 2) was used.

Degradation yield (%) = % x 100 Q)
0

Pseudo 1%t and 2" order kinetics equation were utilized in the equations to determine the

kinetics of photodegradation.

C
Pseudo — first — order kinetics; In = — kt (2)
0
Pseud d der kineti L1 kt 3
seudo — secon order kinetics; tT 0" 3)

Where Co is initial dye concentration (mg L"), Ct is the dye concentration (mg L") at a time

and k is pseudo-first-order reaction rate constant (min-t).

3.6. Characterization

X-Ray Diffraction (XRD, Shimadzu-7000, Detector(s): Scintillation Counter,X-
RayTube:2kW,Cu, NF Type (Opt. 2.7kW Cu, BF Type),X-Ray Generator:Max. Output
3kWGoniometer Type: Vertical Type (Rate 1000°/min), Scanning radius: 185 mm
Analysis Diameter: up to 400 mm) was used to characterize the crystallinity, crystalline
size, and structure of ZnO and ICZ-Cs. The thermal stability of ZnO and ICZ-C15 were
investigated by using Thermal Analysis Technique (TGA-DTA; S/N: C30575100456TK;
detector: DTG-60H power supply specification AC 100V, 120 V, 230V, 1500 VA, 50/60
Hz) in a nitrogen atmosphere with a flow rate of 50 mL/min. The chemical bonding analysis
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of ZnO and 1CZ-C15 were determined by using Fourier Transform Infrared Spectroscopy
instrument FT/IR-6600typeA (S/N: A013861790), 2 mm/sec scanning speed, detector TGS
Max resolution: 0.4 cm™; S/N ratio: 45,000:1). Field Emission Scanning Electron
Microscope (FESEM) and Energy Dispersive analyzer (EDX) (FE-SEM, ZEISS SIGMA
VP resolution: 1.3 nm, accelerated voltage 0.1- 30 kV) were used to examine morphology
and elemental composition of both samples. The materials optical properties and energy
band gap were assessed by a double beam ultraviolet-visible machine (UV-vis, P9
spectrophotometer). The optical and electron hole recombination properties before and after
doping were studied by photoluminescence spectroscopy (PL, CaryEclipse fluorescence
spectrophotometer S/N: MY18490002, the scan rate being 600 nm/min) with a laser
excitation wavelength of 325 nm. Transmission Electron microscope (TEM) using (TEM
Tecnai G2F20 at point to point resolution of 200 kV) was used for morphology and analysis.
UV-vis spectrophotometer (UV-3600Plus series) was used to evaluate methylene blue and

4-nitrophenol degradation.
From XRD data the crystallite sizes were determined by Scherrers’ equation,
(K1) (Beost) “4)

Where k is constant (which is 0.9 for spherical symmetry), A is the x-ray radiation
wavelength (which is 0.15406 nm), B is equal to the full width at half the maximum of the
peak, and 0 is the Bragg x-ray diffraction angle between the incident and reflected rays (D.
Sharma & Jha, 2017).

The absorption spectra was calculated from reflection spectra by Kubelka-Munk function:

(1-R)2
2R

2] a/S = (5), Where a is the absorption coefficient, S
is the scattering coefficient that is practically wavelength independent when the particle size
is larger than 5 um, and R is the reflectance.

The material synthesis was carried out entirely at Adama Science and Technology
University (ASTU) in applied chemistry laboratory. Photocatalytic activity, XRD, and UV-
vis spectroscopy analysis was performed in ASTU material science and engineering

laboratory. UV-vis- DRS, TEM, and FESEM-EDX analysis was performed in India.
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CHAPTER FOUR

4. RESULTS AND DISCUSSIONS
4.1. Thermal Analysis

The thermal stabilities of the polymer-precursor composites were studied using the
thermogravimetric-differential thermal analysis (TG-DTA), as shown in Fig. 4.1. Fig. 4.1
shows the ZnO-PVA decomposition behaviour, in which two small and broad
decompositions below 200 °C and intense decompositions at about 393 and 447 °C were
observed. At lower temperatures, the first mass losses are caused by surface and interstitially
adsorbed water molecules. While the other intense stability loss in the PVA-ZnO composites
is due to the side chain and main chain PVA polymer decomposition to give pure ZnO phase
(Dai et al., 2018; Radhamani et al., 2016). The maximum PVA decomposition temperature

(from the plotted onset decomposition result, Tonset) to give pure ZnO was 490 °C.
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Figure 4.1. The TG-DTA thermal stability analysis: the DTA (i) and TGA (ii) plots of ZnO
NPs, respectively.

4.2. Crystallinity Analysis

Herein, the pure zinc, copper, and iron oxides NPs and ICZ-Cs with different concentrations
ranging from 1-15% were synthesised by the AHS synthesis approach. The ZnO NPs and

ICZ-C have been calcinated at 500 °C, which is the optimum temperature selected on the
TGA-DTA stability analysis. As shown in Fig.4.1, inset label i, the XRD peak angle of 19.4
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degrees with a corresponding crystal plane of 101 matches with PVA; JCPDS 00-053-1847
(Selvi et al., 2019). A peak for PVA polymer was not detected on the composite's XRD
pattern. The absence of PVA on the composite XRD pattern confirms its total decomposition
at 500 °C. The seven major XRD peak positions (for ZnO) of 31.7, 34.4, and 36.2, 47.6,
57.5, 62.7, and 68 degrees with the respective crystal planes of (100), (002), (101), (102),
(110), (103), and (112) match the hexagonal wurtzite structure with the P63mc #186-1 space
group (JCPDS 00-036-1451) (Paraguay-Delgado et al., 2022). As shown in the XRD pattern
results of the composites (Fig. 4.2a, inset labels ii—iv), for 1% copper doping, no visible
copper oxide independent peak was detected. However, increasing the percentage from 2 to
15, the appearance of a copper oxide-independent peak was detected at about 35.4 and 38.7
degrees, which match with the CuO crystal planes of (111) and (200), respectively. (Costas
et al., 2022). Besides, increasing the copper dopant percentage results in increasing the CuO
crystal-independent peak intensity. The increase in intensity indicates an increase in the
CuO crystal abundance in the arbitrary unit. However, no iron peak was detected on the
composite’s XRD pattern within the instrument detection limit, indicating its better
solubility level or dominance by ZnO compared to copper (Khan et al., 2020). As the
percentage of dopants increases, the ICZ-C peak intensity decreases, particularly on the 15%
doped ICZ-C.

The calculated approximate crystallite sizes for ZnO and 1CZ-Cs were found to be 23 nm
and in the range of 26-38 nm, respectively. The reduction in crystallite size and intensity as
the iron dopant percentages increased was reported to be due to the smaller sizes of iron,
which prevent crystal aggregation (Samanta et al., 2020). Thus, the ICZ-C15, which has the
smallest crystallite size (26 nm) compared to the other ICZ-Cs, was selected for further

analysis.
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Figure 4.2. XRD patterns of the polymer, NPs, and nanocomposites: XRD patterns of PVA,
ZnO, and ICZ-C1-15.
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Increasing the calcination temperature and time promotes NPs aggregation (Senobari &
Nezamzadeh-Ejhieh, 2020). This NPs aggregation behaviour with increasing temperature
and time is due to their greater surface energy compared to the bulk (Hotze et al., 2010).
Fig. 4.3 shows the XRD pattern of ICZ-C15 materials calcined at 500 °C for 30 min, 1 h,
and 3 h. The obtained result shows that increasing the calcination time from 30 minto 3 h
results in increased crystallisation and crystallite size from 10 nm to 26 nm. The increase in
the crystallite size with increasing calcination time confirms the aggregation of the NPs with
time. However, 30 min and 1-hour result showed almost similar crystallite sizes, unlike the
3-hour result, which shows an aggressive change in crystallite size. Despite having a slightly
larger surface area than 30 min, the 1 hour of calcination time was chosen to maintain
confidentiality on the total decomposition of the capped uncombusted and other different

impurities.
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Figure 4.3. The XRD patterns of optimum ICZ-C15 calcinated at 500 °C shown at different
times.

Fig. 4.4a shows the XRD pattern of polyvinyl alcohol, zinc oxide, ICZ-C, copper oxide, and
iron oxide. The XRD pattern of single iron oxide that has an angle position of 24.2, 34.2,
35.7, 40.9, 49.5, 54.1, 57.6, 62.5, and 64.1 degrees with a corresponding crystal plane of
(011), (104), (110), (113), (024), (116), (122), (214), and (002) confirms the hematite (a-
Fe203, space group R-3c #167-1) phases of iron oxide (JCPDS 0-033-0664). The XRD
pattern for copper oxide showed three phases: Cu, tenorite (CuO), and cuprite (Cu20). The
XRD pattern angle positions of 32.5, 35.5, 36.4, 38.8, 48.9, 53.5, and 61.5 degrees with a
corresponding crystal plane of (110), (002), (111), (200), (20-2), and (020) match with the
CuO phase (space group: C2/c #15-1) (JCPDS 00-004-0836). The XRD pattern angle
positions of 29.6, 36.4, 42.4, and 58.3 with the corresponding crystal planes of (110), (111),
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(200), and (220) match with the Cu20 phase (JCPDS 00-005-0667) (Lupan et al., 2020).
The peak positions of 43.4 and 50.5 correspond to the cubic Cu metal phase (JCPDS 00-
004-0836) (Uthirakumar et al., 2020), with the corresponding crystal planes of (111) and
(200). The dominance of the CuO phase is probably due to the phase transformation of Cu
to Cu20 and then to CuO within a one-hour heating period at 500 °C (Choudhary et al.,
2018). However, on the ICZ-C15-1 h composite, only the CuO phase at 35.5 and 38.8
degrees was detected, which is probably due to its abundance. On the composite, no
hematite peak was detected, indicating its dominance by ZnO. Fig. 4.4b is the magnified
view of ZnO and ICZ-C15, in which a slight high-angle peak shift was detected, which is
attributed to either copper or iron inclusion in the ZnO crystal lattice. At this stage, it is not
possible to understand whether there is interstitial or substitutional incorporation of copper
or iron by simple XRD analysis. This requires site-specific atomic resolution imaging
techniques such as scanning transmission electron (STEM) micrographs with different
detectors (Gunawan et al., 2012; Rossell et al., 2012).
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Figure 4.4. (a) The XRD patterns of PVA, CuO, Fe20s, ZnO, and ICZ-C15, (b). The
magnified XRD patterns of ZnO and ICZ-C15.
4.3.Morphological analysis

The morphological analysis for ZnO NPs (Fig. 4.5) and ICZ-C15 (Fig. 4.6) was performed
by the FESEM-EDX technique at two different magnifications (2 um and 300 nm). The NPs
are clearly observed with good distribution on the ZnO and ICZ-C15 surfaces. Besides, the
materials are highly porous, in which the porosity occurred during the evolution of the
gaseous product at the precursor-PVA complex ignition temperature to give a spongy-type
morphology (Abebe et al., 2022; Carlos et al., 2020). The morphologies for the ICZ-C15
seem to have a rod-type, one-dimensional morphology. As seen in previous studies (Abebe
et al., 2023), the one-dimensional morphology was also not from copper, confirming it is
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due to iron. Tuning the spherical morphology to one, two, or three morphologies is a crucial
strategy for enhancing material applications such as sensors and catalysis (Devan et al.,
2012). Fig. 4.5a and b and 4.6a and b show the FESEM images of ZnO and ICZ-C15,
respectively. The EDX analysis showed the presence of oxygen and zinc at 0.5 and 1 KeV
as major peaks, respectively, for ZnO NPs (Fig. 4.7). Besides, the presence of oxygen, iron,
copper, and zinc as major peaks at 0.5, 0.7, 0.9, and 1 KeV, respectively, was confirmed on
the 1CZ-C15 surface (Fig. 4.8). The compositional analysis for both ZnO and 1CZ-C
materials is given as an inset in each EDX spectrum. For the 1CZ-C15, the obtained
compositions are perfect and agree with the ratio taken from the precursor during synthesis
(Fig. 4.8). A precise dopant distribution on the surface of the host can create enormous
defects, which alter crucial host material properties (Abebe & Murthy, 2022). The
distribution of iron and copper dopants on the surface of the ZnO host was confirmed by the
EDX elemental mapping analysis. The EDX layered image was taken from an electron
image (see Fig. 4.5d and 4.6d). The mapping analysis showed the homogenous copper and
iron dopant distribution on the surface of the ZnO host. The EDS elemental mapping images
of zinc, oxygen, copper, and iron are given as red, green, aqua, and purple colors,
respectively (see Fig. 4.5 and 4.6). The absence of any other elements and good elemental
distributions indicate the potential of the AHS synthesis approach for synthesizing pure and

highly distributed dopant composites.
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Figure 4.5. FESEM morphological and EDS elemental mapping analysis for ZnO NPs: (a)
and (b) are the FESEM images for ZnO at 2 um and 300 nm magnifications, respectively;
(c) is the EDX layered image; (d) is the FESEM image from which the EDX mapping

analysis was conducted.
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Figure 4.6. FESEM morphological and EDX elemental mapping analysis for ICZ-C15: (a)
and (b) are the FESEM images for ICZ-C15 at 2 um and 300 nm magnifications,
respectively. (c) The EDX layered image; (d) the FESEM image, from which the EDX
mapping analysis was conducted.
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Figure 4.8 The EDX compositional analysis spectra for ICZ-C15.

4.4. Transmission Electron Microscopy (TEM) Analysis

As shown in Fig. 4.9, transmission electron microscopy, high-resolution transmission
electron microscopy, and selected area electron diffraction (TEM-HRTEM-SAED)
analytical techniques were used to further analyze the particle size, morphology, and
crystallinity of nanoscale-sized ZnO NPs and ICZ-C15. The ICZ-C15 appears to have an
agglomerated mixture of spherical and rod-type shapes, which is also confirmed on the
FESEM image. The TEM images of ZnO appear to have an agglomerated, spherical-type
morphology (Fig. 4.9a). According to the XRD pattern analysis, the particle sizes for ZnO
and 1CZ-C15 were 20-30 nm and 30-60 nm, respectively. From the HRTEM analysis, the
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ZnO crystal's d-spacing value, which corresponds to the ZnO-NPs (002) crystallographic
plane, is 0.285 nm (Fig. 4.9c, inset image). Besides, the lattice fringe values of 0.292, 0.271,
and 0.220 nm, which also match the (002), (104), and (200) crystal planes of ZnO, Fe>0s,
and CuO NPs, respectively, were validated by the HRTEM picture for ICZ-C15 (Fig. 4.9d,
inset image) (Abebe et al., 2023; X. Liu et al., 2014; Park et al., 2012). The distortion created
on the ICZ-C15 caused by the addition of copper and iron as dopants in the ZnO lattice was
confirmed by the slight difference in the ZnO crystallographic plane lattice fringe value
between single ZnO NPs and the ICZ-C15 (Kazmi et al., 2021; Majeed Khan et al., 2020).
The more crystalline properties of the ICZ-C15 crystal than those of ZnO were further
confirmed by the SAED ring analysis (Fig. 4.9e and f). The XRD pattern analysis results of

ZnO and ICZ-Z15 materials are also displayed as an inset in Fig. 4.9e and f.

Figure 4.9. ZnO NPs and ICZ-C15 morphology, particle size, and crystallinity investigation
using TEM/HRTEM/SAED techniques; (a and b) TEM, (c and d) HRETM, and (e and f)
SAED images for ZnO NPs and ICZ-C15, respectively. The XRD patterns of ZnO NPs and
ICZ-C15 are shown as insets in Fig. 19e and 19f, respectively.
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4.5. Optical Property Analysis

Materials' optical properties were analyzed by photoluminescence (PL) and ultraviolet-
visible diffuse reflectance (UV-vis-DRS) spectroscopy. Fig.4.10 shows the PL spectra of
DMSO-suspended ZnO NPs, ICZ-C5, and ICZ-C15. Fig.4.11 shows the DRS-UV-vis
spectra of powdered ZnO NPs and ICZ-C15. As shown in the PL spectrum of ZnO (Fig.
4.10a), it has an emission band at a maximum wavelength (Amax) 0f 389 nm, which is mainly
attributed to the near-band edge (NBE) transition. The NBE transition is one of the

characteristic properties of ZnO, and it occurs due to electron-hole recombination.

The 1CZ-C5 also showed the ZnO characteristics of NBE emission at 389 nm and slight
violet emission at the Amax Value of 444 nm. The ICZ-C5 emission spectra were further
deconvoluted for clarity, as shown in Fig. 4.10b. The occurrence of the violet emission is
due to the iron-and-copper doping in the ZnO lattice as a result of electron-hole
recombination from the iron-and-copper shallow level to the valance band of ZnO (Islah-u-
din et al., 2020). Compared to the ZnO and ICZ-C5 emission spectra, the spectrum for ICZ-
C15 showed an NBE band red shift towards 417 nm. This redshift emission is due to the
independent low-band gap copper oxide or iron oxide emission (see the inset ICZ-C15
magnified view spectrum for clarity). The composite spectra peak showed a greater intensity
reduction compared to ZnO. This intensity reduction for the nanocomposites indicates the
presence of electron-hole recombination hindrance as a result of copper and iron impurity
inclusions (Khan et al., 2020). The formation of a deep acceptor centre due to the iron and
copper doping in the ZnO bandgap, which results in the quenching of luminescence, was
also reported (Agarwal et al., 2019; Samanta et al., 2020). Electrons and holes have greater
importance in generating highly oxidizing agents, hydroxyl radicals, by reacting with

oxygen and water for catalysis applications (K. Xu et al., 2017; M. Xu et al., 2020).
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Figure 4.10. The photoluminescence spectra of ZnO and ICZ-C materials: (a) The PL
spectra of ZnO, ICZ-C5, and ICZ-C15: (b) The deconvoluted ICZ-C5 emission spectrum.

In addition to the PL analysis, the optical properties of ZnO NPs and ICZ-C15 were analyzed
by the DRS-UV-vis technique, as shown in Fig. 4.11. In this DRS-UV-vis analysis, the ZnO
NPs showed better reflection properties than the composite. The greater light absorption
property of the ICZ-C15, which is due to the d-d shallow level electron transition as a result
of doping, is beneficial in the enhancement of the catalytic potential of the catalyst. The
crucial semiconductor properties, namely the energy bandgap, were deduced using the
Kubelka-Munk (K-M) plot analysis. Fig. 4.11b is the direct K-M function plot, in which the
maximum valence band and minimum conduction band values, k-factor (crystal
momentum), are equal, resulting in the direct emission of the pre-absorbed light. While Fig.
4.11c is the indirect K-M function, in which direct emission did not occur due to the
difference in the crystal momentum values of the minimum conduction band and maximum
valance band (Schneider, 2020). Catalysis applications prefer the indirect case. The
relaxation of electrons and holes without recombination for some time results in reactions
with oxygen and water, respectively, and generates an oxidizing agent called the hydroxyl
radical. Materials' direct and indirect bandgap values are determined by interpolating the K-
M function plots towards the x-axis. The direct and indirect bandgap values for ZnO were
obtained to be 3.23 and 3.18 eV, respectively. The ICZ-C15 has direct and indirect bandgap
values of 3.19 and 3.08 eV, respectively. The only slight change in optical properties
between ZnO and ICZ-C15 on this DRS-UV-vis analysis is consistent with the XRD
analysis, in which only a small percentage (up to 1%) of copper doping occurred. Besides,
the substitution of dopant iron (I11) in the host Zn (1) lattice shifts the host Fermi level near

its conduction band, which results in a slight increase in the band gap (Samanta et al., 2020).
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Figure 4.11. The UV-vis-DRS spectra of ZnO and ICZ-C15 materials: (a) The UV-vis-DRS
spectra of ZnO and ICZ-C15. (b and c) are the direct and indirect Kubelka-Munk (K-M)
plots.

4.6. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The chemical binding and functional group analysis for calcined ZnO NPs, uncalcined ICZ-
C15, and calcined 1CZ-C15 were analyzed by the FTIR spectroscopic techniques, as shown
in Fig. 4.12. Fig. 4.12a shows the presence of an intensity change between the calcined and
uncalcined ICZ-C15. The uncalcined composites have greater intensity compared to the
calcined ones. The broad absorption band that appeared at a wavenumber of 1380 and 3440
cm? is due to the H-O-H bending and O-H stretching vibrations, respectively, of the
interstitial or surface-adsorbed water molecules. The intensity of these water molecule
vibrations was reduced compared to the uncalcined ICZ-C15, indicating the presence of

greater water molecule removal during calcination. Besides, there are also wavenumber shift
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differences between the calcined and uncalcined composites (see Fig. 4.12b), in which the
higher wavenumber shift for the calcined is due to the metal-oxygen bond stiffness
compared to the uncalcined one (Lan et al., 1993). Of course, as reported in the Hong et al.
study, the observed shift could also be attributed to PVA passivation (complex formation
between PVA and salt precursor) (Hong et al., 2009). The band detected at about 540 cm™
is the bending vibration of (Zn, Fe, or Cu)-O, due to the optical transverse bending vibration
(transverse optical and longitudinal optical phonon frequencies) (Yang et al., 2010). As seen
from the spectra (Fig. 4.12b, shown by the rectangle), after calcination, the metal-oxygen
bond was clearly detected. The observed characteristic peaks for the uncalcined ICZ-C15 at
840 and 1470 cm™ are due to the PVA CH vibrations (Huang et al., 2016; Sudha et al.,
2012). The source for the other peaks is probably due to the vibration of adsorbed carbon
dioxide molecules or to the precursor intermediates left during synthesis (Anzlovar et al.,
2011).
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Figure 4.12. The FTIR spectroscopic chemical bonding analysis: (a) the FTIR spectra of
ZnO NPs and ICZ-C15 before and after calcination (b) The spectrum for 1ICZ-C15 before
and after calcination.

4.7. Catalytic Pollutant Reduction
4.7.1. Methylene Blue Catalytic Reduction

The catalytic reduction properties of MB into leuco-methylene blue (LMB) were studied,
as shown in Fig. 4.13. The catalytic reduction result of ZnO NPs and ICZ-C15 in the
presence of NaBHa is shown in Fig. 4.13(a-c). The MB has characteristic peaks at about
662, 610, and 291 nm, mainly due to the n-to-zt* transition in the later band (Basu et al.,
2012). The reduction behaviour of MB to LMB was controlled spectroscopically by the

decrease in the absorption maxima of MB at 662 nm and visually by color bleaching. Fig.
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4.13a shows the spectra for MB before and after the addition of NaBH4 (without catalyst),
which show no noticeable changes. The absence of change in the absorption maxima

indicates the absence of a reduction reaction in the presence of only NaBHa.

The MB catalytic reduction results in the presence of a ZnO catalyst showed reduction but
with less potential, probably due to its lower light absorption capacity, wider bandgap, and
photon-induced electron-hole recombination. The observed slight catalytic properties of
ZnO NPs were probably assisted by interstitial defects created during combustion or gas
evolution (Nadupalli et al., 2021). These limitations observed in the ZnO NPs were clearly
confirmed by the improved catalytic properties of doped materials. As shown in Fig. 4.13c
ICZ-C15 resulted in an enhancement of the catalytic reduction reaction. The complete
disappearance of the blue colour to colourless indicates the complete reduction reaction of
MB to LMB. Percentage degradation of pure ZnO and 1CZ-C15 were 20.4 % and 82.2 %,
respectively as shown in Fig.4.13d. The reverse reaction (clock reaction) was also
conducted by adding dilute 0.01 M NaOH, during which the LMB was converted to the MB
within 5-10 seconds. This reversible reaction was not determined spectroscopically due to
its promptness. The MB-to-LMB reduction took place here due to the presence of a NaBHs-
reducing agent and a catalyst to speed up the reaction. The transfer of electrons from the
borohydride ion (BH4") to the MB™ was reported (Naseer et al., 2022; Ray et al., 2013) as

the main mechanism for MB-to-LMB reduction.
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Figure 4.13. Catalytic reduction reaction for NPs and NCs in the presence and absence of
NaBHgs: (a) the methylene blue spectrum in the presence and absence of NaBHa; (b) the
Methylene blue reduction result in the presence of NaBH4 and ZnO NPs; (c) the reduction
result in the presence of NaBH4 and ICZ-C15 dopant; and (d) percentage degradation versus
time plots of ZnO and ICZ-C15.

4.7.2. 4-Nitrophenol Catalytic Reduction

The thermodynamically possible 4-NP into 4-aminophenol (4-AP) catalytic reduction
reaction can be catalyzed in the presence of a catalyst (Naseer et al., 2022). The catalytic
reduction results of 4-NP into 4-AP in the presence of ZnO NPs and ICZ-C15 are shown in
Fig. 4.14b and 4.14c, respectively. During the experiment, adding the NaBHg first results
in a yellowish colour as a result of nitrophenolate ion formation and may release moderate
bubbles. However, the reduction of 4-NP into 4-AP was not observed on the addition of
NaBHjs, indicating a kinetically restricted reaction (Baruah et al., 2013). Besides, addition
of ZnO NPs resulted in only a slight catalytic process, probably defects-assisted catalysis
(Nadupalli et al., 2021), which is much lower than that of the composite. Here in the 4-NP
into 4-AP catalytic reduction process, the ICZ-C15 was tested. As shown in Fig. 4.14d
percentage degradation of pure ZnO and ICZ-C15 were 17.29 % and 99.13 %, respectively.

The superior catalysis for the ICZ-C15 with huge bubble formation is probably due to the
improvement in the key catalysis parameters such as (i) optoelectrical properties, (ii) greater
charge transfer properties due to doping and heterojunction, and (iii) enhanced surface area
due to iron and copper. The complete diminishing of the 4-nitrophenolate ion (4-NP ion)
peak at 400 nm and the appearance of the peak at 300 nm, as well as the entire colour fade,
confirm the reduction of 4-NP into 4-AP. Here, during the reduction process, the catalyst
acts as an electron transfer substrate from BH4~ to 4-NP ions as BH4™ is reduced to BO3™ by
releasing an electron (Abay et al., 2017; Naseer et al., 2022). In addition to the electrons,
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hydrogen is also released from BHs~ (BH4™ + 2H20 — BO2™ + 4H) and adsorbed by the
nitro groups of 4-NP ions on the surface of the catalyst. Then continued hydro
deoxygenation and release of water molecules took place to generate the 4-AP. In the first
two-step absorption of hydrogen by oxygen from the nitro group, this results in the
formation of intermediates. Finally, the formation of 4-aminophenol with the absorption of
more hydrogen occurs (Kong et al., 2017). The 4-AP formation occurs after the formation

of the hydroxyl aminophenol intermediate, which is transition state (Z. Wang et al., 2017).
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Figure 4.14 Catalytic reduction reaction for NPs and NCs in the absence and presence of
NaBH4: (a) the 4-nitrophenol spectrum in the absence and presence of NaBHy4 (b) reduction
of 4-nitrophenol to 4-aminophenol in the presence of NaBH4 and ZnO NPs and (c) the
reduction result in the presence of NaBH4 and ICZ-C15; and (d) percentage degradation
versus time plots of ZnO and ICZ-C15.

4.8. Photocatalytic Activity

More surface defects on the porous NCs increase photocatalytic degradation activity and
light absorption efficiency (Tian et al., 2019). It is common knowledge that exposing a ZnO

photocatalyst to radiation of sufficient energy results in the formation of electron and hole
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pairs on the surface of the photocatalyst. The electrons interact with oxygen on the reduction
of half-reaction ions to produce superoxide radicals, consequently producing the highly
oxidizing agent, hydroxide radicals. Besides, the hole interacts with water in the oxidation
half-reaction and generates more hydroxide radicals. However, the band potential of the
photocatalyst determines whether these two reactions take place. When pollutants are
adsorbed, the hydroxide radical oxidizing agent interacts with them and converts them to
harmless minerals. However, an issue with electron-hole recombination may arise when
using a single ZnO as a photocatalyst. This recombination issue, which is more pronounced
in the nanoscale range, reduces their quantum efficiency and may also trigger extremely
desired reactions and have implications for the dissipation of radiant energy (Lachheb et al.,
2017). Doping and the creation of an interface between two or more metal oxide
semiconductors are two of the many methods discovered to enhance the photocatalysts'

capacity for charge transfer (Jiamprasertboon et al., 2019; Mohd Adnan et al., 2016).

On methylene blue dye, the photocatalytic activity of both ZnO NPs and ICZ-Cs was noble.
ICZ-Cs strong photocatalytic abilities may be attributed to the interstitial vacancy during
combustion, which diminishes electron or hole recombination. However, contrary to
expectations, the photocatalytic activities of ZnO NP’s are not as superior as those of
composites. Fig. 4.15 displays the ZnO NPs and 1CZ-Cs degradation activities on methylene
blue dye. In general, the photocatalytic activity of ICZ-Cs was better than ZnO NPs. As seen
from Fig. 4.15, ICZ-C15 sample exhibits the highest photocatalytic activity (90.23%),
compared to ZnO (39.09%), ICZ-C1 (73.3%), and ICZ-C10 (73.66%) within 100 minute
degradation time. This may be due to the smaller bandgap and creation of electron trap
level which prevents recombination (Gusain et al., 2020).
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Fig. 4.16 shows the pseudo-first and second -order kinetics linear curve of pure ZnO, ICZ-
C1, ICZ-C10, and ICZ-C15. From Kinetics order graph pseudo- first- order Kkinetics is
preferable with greater correlation coefficient value of 0.96843 as compared to pseudo-
second-order kinetic. The highest degradation rate constant was 0.02956 min* for ICZ-C15

indicates its greater efficacy owing to its lower electron-hole recombination property and

Time (min)

effective charge separation property (Prabakaran & Pillay, 2019).

45



1.44 a) b)

20d @ ICz-C1,R*=0.99685

<} O -154
< \ > ® 7n0, R®=0.9918
© 064 \ £

04 —=—7n0 A |CZ-C10, R* = 0.98269
7 —e—ICZ-C1 \‘ 251 'y 1CZ-C15, R*=0.98643
—-a-1CZ-C10 v
024 -v-ICZC15 \ 3.0
0.0 +——a—-/—1F—"—1F—"—"F—"——"F—""T—"—"T"—"T—"—11
0 10 20 30 40 50 60 70 80 90 100 10 0 10 20 30 40 50 60 70 8 90 100 110
Time (min) Time (min)
1.6 4
c) v
141 & 7zno,R*=0.99045
124 e ICZ-C1,R*=0.92152
0 A ICZ-C10, R*=0.88676
‘ v 1CZ-C15, R*=0.72629
O 084
L
O 06
—
0.4 -
0.2 a
004 &
0.2 . . T T T T
0 20 40 60 80 100
Time (min)

Figure 4.16 (a) Ci/C, versus time degradation and (b) In C+/C, versus time pseudo-first-order
kinetics linear plots of pure ZnO NPs, ICZ-C1, ICZ-C10, and ICZ-C15; and (c) Pseudo-
second —order kinetics linear plots .

4.8.1. Dosage Effect

Figure 4.17 shows catalyst dosage amount optimization for ICZ-C15, ranging from 10 mg
to 50 mg. The degradation efficiency of MB increases from 10 mg to 20 mg and decreases
from 30 mg to 50 mg. The highest kinetic rate constant (0.0306 min) and correlation
coefficient (0.98643) at 20 mg catalyst were obtained as presented in Table 4.1. As shown
in Fig.4.18 pseudo-first-order kinetics shows highest correlation coefficient (R?=0.98643)
as compared to second order kinetics. One of the potential causes for decreasing the catalytic
activity after 20 mg could be the turbidity of the solution as a result of the increase in the
amount of catalyst, which prevents radiation from entering the solution. Another factor
could be the agglomeration of high concentrations of nanoparticles in the solution, which

limits the number of active surface sites that are open to exposure (Gusain et al., 2020).
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Figure 4.17 Absorbance versus wavelength plots of catalyst ICZ-C15 a) 10 mg, b) 20 mg,
c) 30 mg, d) 40 mg, d) 50 mg, and f) is the percent degradation versus time plot of catalyst
dosage.
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order kinetics linear plots catalyst dosage, and c) pseudo-second-order kinetics plot.

4.8.2. pH Effect

The pH of the solution is a critical factor for pollutant degradation (ref). Solution pH
optimization (3, 5, 9, and 11) for the ICZ-C15 catalyst was studied using HCI and NaOH
for pH adjustment, as shown in Fig. 4.19. Fig. 4.20 displays the percentage degradation
efficiency, Ct/Co versus time, and In Ct/Co pseudo-first and second -order kinetics linear
plots. In acidic media, both MB and 1ICZ-C15 catalysts have a positive charge, which results
in repulsion towards one another. Thus, there was not complete degradation at pH 3 or pH
5. However, at higher values of pH 9 and pH 11, the degradation efficiency increased as a
result of electrostatic attraction between the negatively charged ICZ-C15 catalyst and the
positively charged MB (Table 1) (Prabakaran & Pillay, 2019).
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Figure 4.19 Absorbance versus wavelength plots of catalyst ICZ-C15 a) pH 3.0, b) pH 5.0,
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4.8.3. Concentration Effect

The initial dye concentration is the other factor that influences the photocatalytic
degradation activity of pollutants (Gusain et al., 2020). Fig. 4.21 shows the photocatalytic
degradation of MB in the presence of ICZ-C15 catalyst with various initial dye
concentrations (5 ppm, 10 ppm, and 15 ppm) under light irradiation. The experiment was
conducted by taking the optimum 20 mg of ICZ-C15 catalyst dosage and solution pH values
of 11. The highest deterioration was achieved at 10 ppm, with the highest degradation
efficacy of 97%. The obtained rate constant was 0.19828 min-twith a correlation coefficient
value of 0.91204, as illustrated in Fig. 4.22b and Table 4.1. Due to the production of OHe
radical on the catalyst's surface and the reaction between the dye molecule and OHe radical,
the efficiency of degradation improved as the initial dye concentration increased. However,
additional increases in the initial dye concentration cause the catalyst's activity to diminish
because the reaction between the dye molecule and the OHe radical is inhibited when more
dye adsorbs to the surface of the catalyst, which lowers the generation of the OH* radical
(Anju Chanu et al., 2019). The concentrations of the photocatalytic activities were
determined from the calibration curve by taking concentrations from O ppm to 16 ppm by
the serial dilution method, as shown in Figs. 4.23a and b. As seen from Fig. 4.23b, there is
some deviation at higher concentrations due to the individual particles of the analyte no
longer being independent of each other, resulting in interaction between them and a smaller

absorptivity than expected.
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Table 4.1 Percentage degradation efficiency, kinetic rate constant, and correlation
coefficient of composites, catalyst dosage, pH of the solution, and initial concentration of
the dye.

Composites

Pure ZnO ICZ-C1 ICZ-C10 1CZ-C15
PDE%  39.09 73.3 73.6 90.23
K(min?) 0.00402  0.01445 0.01368 0.02956
R? 0.9918 0.99685 0.98269 0.98643
Catalyst dosage

PureZnO 10mg 20mg 30mg 40mg 50 mg
PDE%  39.09 81.85 90.23 79.1 78.34 74.02
K(min-1) 0.00402 0.02011 0.0306 0.01891 0.01644 0.01487

R? 0.9918 0.9178 0.98643 0.98436 0.96159 0.89646
pH of the solution

Zn0O pH 3.0 pH 5.0 pH9.0 pH11.0
PDE%  39.09 79.56 84.34 92.67 97.0
K(mint) 0.00402 0.01694 0.02207 0.03858 0.19828
R? 0.9918 0.92678 0.97582 0.9528  0.912
Methylene blue concentration

ZnO 15 ppm 10 ppm 5 ppm
PDE 39.09 93.74 97 98.47
K(min-1) 0.00402 0.09466 0.19828 0.16823
R? 0.9918 0.78432 0.91204 0.9888
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

In conclusion, the precursor-polymer complex combustion synthesis approach is a crucial
method for synthesizing porous doped materials with good dopant distributions. The
absence of an independent iron peak, unlike that of copper on the XRD pattern, is due to
ZnO's dominance. Both doping and heterojunction induce optoelectronic improvements for
ZnO. The charge transfer developed due to doping and heterojunction has a crucial effect
on the diminution of electron-hole recombination and on enhancing the materials catalytic
properties. The catalytic 4-nitrophenol and methylene blue dye reduction properties of the
doped composites showed elevated improvements over single ZnO 99.13% and 82.2%
respectively. Besides, the catalytic properties of the methylene blue dye in the composite
are much better than ZnO. The 90.23% degradation shows ICZ-C15 catalyst exhibits highest
photocatalytic activities. From performance activity degradation of MB in aqueous solution
gives highest percentage degradation efficiency as compared to the catalytic reduction
activity of MB. Pseudo-first-order kinetics is suitable for photocatalytic activity with greater
correlation coefficient (R?) value as compared to pseudo-second-order Kinetics value.
Thus, this combustion method that needs a short time and less energy for materials synthesis
in combination with a doping system has an evident future for pollutant remediation in

industrial applications.

5.2. Recommendations

One of the popular methods for improving the photoactivity of semiconductor nanomaterials
is semiconductor doping, which does so by boosting photon-capture effectiveness in the
visible light spectrum. Many studies, including this one, give presumed proposals on doping
inclusion and distribution. When interpreting data, various false assumptions and mistakes
are routinely made that can produce erroneous conclusions concerning the impact of doping
on catalysis. One of them is figuring out where the dopants are and their distribution. The
difference between surface modification and bulk alteration can be difficult to identify.
Thus, since the doping chemistry is not easily understandable by techniques such as XRD
and SEAM, the authors recommend further studies using advanced techniques such as X-
ray absorption spectroscopy (XAS) and Scanning transmission electron microscopy
(STEM) with various detectors.
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