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ABSTRACT

The dye from industrial processing makes the water to be contaminated which is toxic and has
big problem on health. One of the most basic means of obtaining cleaned water is the removal
of dye from wastewater. Employing semiconductors as a photocatalyst is an attractive method
for the removal of organic dye pollutants in wastewater. In this study, The ratio of extracted
leaf to zinc nitrate in the ratio of 1:2, 1:1, 2:1 v/v are done, and their names are assigned as
L1:72, L1:Z1, and L2:Z1. ZnO doped with Mn and Ni as Zng.gsMng,O and (Zn;xNixO, x =
0.01, 0.03, 0.05, 0.07) is prepared using the Stephania abyssinica (S. abyssinica) leaf and
assigned as 2MZO, 1NZO, 3NZO, 5NZO, and 7NZO respectively. Moreover, the (Mn, Ni) Co-
doped ZnO nanostructures using S. abyssinica leaf is synthesized by co-precipitation method
as Zng.gsxMngo2NixO (x = 0.01, 0.03, 0.05, 0.07, 0.09) and assigned as INMZO, 3NMZO,
5NMZ0O, 7NMZO and 9NMZO respectively. Furthermore, the samples were characterized by
different technique. The X-ray powder diffraction (XRD) results confirmed that ZnO is
crystalline 3D hexagonal structure with no other impurities peaks, and crystalline sizes varied
from 36.17 to 17.32 nm due to leaf extract and the dopant concentration, and phase shift was
occurred due to Ni/Mn dopant concentration. The presence of leaf extract increased the
surface area from 14.53 (m® g™) to 28.256 (m? g), prevented aggregation and controls
particle size. Due to doping of Ni/Mn, the tuned band gap is tuned from 3.2 eV (Uv light) to
2.62 eV (visible light), PL intensity indicated the recombination rate decreased and charge
transfer resistance is well decreased. The photocatalytic activities of pure-ZnO, L2:71, L1:Z2,
L1:71, 2MZO, 1INZO, 3NZO, 5NZ0O, 7NZO, INMZO, 3NMZO, 7TNMZ0O and 9NMZO catalysts
were tested towards the degradation of Methylene Blue (MB), and 33.1 %, 69.7 %, 67.4 %,
72.5 %, 76 %, 72.8 %, 74.12%, 79.7%, 78 %, 84 %, 92 %, 97%, and 92% of MB dye was
degraded, respectively. Among the catalysts, 5SNMZO catalysts had the highest performance
and 99.5 % MB dye was degraded within 80 min irradiation. The higher degradation
efficiencies could be due to the low recombination, lower electron transfer resistance, high
absorption of visible light, low agglomeration, and high surface area. Therefore, preparation
of (Mn, Ni) Co-doped ZnO using Stephania abyssinica leaf extract is a good candidate for

degradation of MB under visible light.

Keywords: photocatalyst, ZnO, Mn/Ni co-doping, Stephania abyssinica leaf, Methylene Blue.
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CHAPTER ONE

Introduction

1.1 Background

Water, one of the most inevitable resources for all living beings, is important to
protect water resources from pollution (Q. Wang & Yang, 2016). In the past few decades, due
to the rapid development of industries and enormous usage of chemicals in agriculture and
dying, pollution has become a serious problem and a major concern for immediate action
(Dwivedi, 2017). A large amount of untreated wastewater from the industries is being led into
the environment (Crini & Lichtfouse, 2019). Typical wastes of concern include volatile
organics, dioxins, dibenzofurans, pesticides, nitro-aromatic compounds, polychlorinated
biphenyls, chlorophenols, asbestos, heavy metals, arsenic compounds, aviation fuel,
solvent, degreasing agents, etc. (Patterson, 1985). The increased amount of water usage
would generate an increased amount of wastewater (D. Lv, Zheng, Zhang, & Deng, 2018). So,

wastewater treatment must be our goal.

Wastewater treatment is expensive because the contaminants in the wastewater must
be thoroughly removed before the water can be safely reused (J. Ma et al., 2019). In 2003, the
UN WWAP projected that around 2 million tons of untreated water came from industrial and
agricultural runoff (Waste, 2010). Even with traditional approaches such as biological and
physical treatments, successful contamination removal would necessitate more modern
technology that is less expensive and takes less time (Al-Ghafri, Bora, Sathe, Dobrestov, &
Al-Abri, 2018; Q. Wang & Yang, 2016). As a result, academics all around the world are
currently focused on decontaminating dirty water supplies. Other wastewater treatment
approaches have included adsorption (Grassi, Kaykioglu, Belgiorno, & Lofrano, 2012),
catalytic oxidation (Lida & Qingrui, 2020), and photocatalytic degradation (Rauf & Ashraf,

2009). And, the sunlight collecting material is the best for wastewater treatment.

The sunlight collecting material, which is the key portion of just this thesis, is the
photo catalyst, which is at the core of solar energy conversion in the artificial process called

photosynthesis (EI-Khouly, EI-Mohsnawy, & Fukuzumi, 2017). The phrase "photo catalyst"



involves a chemical reaction interaction in which light is exploited to activate a chemical
component (W. Lv et al., 2012). Photocatalysts have been shown to reduce the harm caused by
organic dye environmental contamination and persons by breaking down organic dyes, which
are one of the primary classes of pollutants in municipal wastewater, and converting them into
less dangerous or even nontoxic substances. And metal oxides are one of the best materials for

photocatalytic activities.

Most metal oxides is used as photocatalysts due to the promising arrangement of
electronic structure, light absorption qualities, and charge transport characteristics (M. M.
Khan, Adil, & Al-Mayouf, 2015). Different nanostructures dictate the use of several
conventional metal oxide-based materials (Nunes et al., 2019). Many metal oxides have been
used for catalytic activities like TiO, (Di Fonzo et al., 2008) ZnO (Di Mauro, Fragala,
Privitera, & Impellizzeri, 2017), NiO (Diallo et al., 2018), CuO (Raizada et al., 2020), MnO;
(Rajrana, Gupta, Mir, & Pandey, 2019) Fe,O3 (Mishra & Chun, 2015) CoO (Z. Lin, Du, Yan,
& Yang, 2019) Bi,O3; (Zhou, Wang, Xu, Sun, & Shang, 2009) Cr,03 (Su, Xue, Gu, Xia, &
Pan, 2014), etc. According to Kochetkova et al. (1992), the catalytic activity of metal oxide
catalysts during the oxidation of phenol follows the following order: CuO > CoO > Cr,03 >
NiO > MnO, > Fe;03 > YO, > Cd,03 > ZnO > TiO, > Bi,03 (Pirkanniemi & Sillanpaa, 2002).
Zinc oxide nanoparticles (ZnO NPs) are a kind of metal oxide that has been noted as an
alternative photocatalyst due to its non-toxicity, excellent catalytic capacity, and low cost
(Madathil, Vanaja, & Jayaraj, 2007).

However, because of its high bandgap, ZnO's photocatalytic effectiveness is limited,
and its efficient photocatalytic activity to the visible part of the solar spectrum is confined
(Chiang & Lin, 2015). It also has a number of drawbacks, including the quick recombination
of photo stimulated electron and hole pairs, which reduces photocatalytic performance
(Hamid, Teh, & Lai, 2017). To boost the photocatalytic effectiveness, several approaches have
been employed, one of which is to dope transition metal into ZnO (Saleh & Djaja, 2014a,
2014b; Siddhapara & Shah, 2014; F. Zhang, Chao, Cui, Zhang, & Zhang, 2015). Doping
transition metals into the ZnO lattice can lower bandgap energy and increase charge separation
between electrons and holes by producing electron traps, as well as improve ZnQO's

photocatalytic activity. For doping ZnO, several transitions or noble metals such as Mn



(Achouri et al., 2016), Cr (C.-J. Chang, Yang, & Weng, 2014), Co (Nair, Nirmala, Rekha, &
Anukaliani, 2011), Ni (Kant & Kumar, 2012), Fe (K. Kumar, Chitkara, Sandhu, Mehta, &
Kumar, 2014), Mg (Samanta, Goswami, & Mahapatra, 2018b), Li (Ajala, Lachheb, Bouazizi,
& Houas, 2017), Cu (S. A. Khan, Noreen, Kanwal, Igbal, & Hussain, 2018), and Ag (R.
Singh, Barman, & Sharma, 2017) have been frequently utilized(Barick, Singh, Aslam, &
Bahadur, 2010). Furthermore, doped ZnO has better photocatalytic activity than individual
doped ZnO (L. Lin, Zheng, Xie, Zhu, & Xie, 2007; Reddy et al., 2020).

When compared to single-element doping, co-doping of semiconductor oxides with
two or more distinct materials has the potential to result in higher improvements in
performance and attributes (Khanizadeh, Khosravi, Behnajady, Shamel, & Vahid, 2020). Co-
dopants can also efficiently reduce recombination centers, which might lead to the
development of novel metal-based visible light-driven catalysts (Luo et al., 2004). In this
research the green synthesis mediated (Ni, Mn) co-doped ZnO nanostructure was done.
Among the transition metals used, Ni offers excellent potential for improving the catalytic
activity of ZnO by forming an impurity level in its band gap (Zhao et al., 2011). Ni** (0.69 A)
have the same valence compared to Zn®* and its radius is close to Zn?* (0.74 A), so it is very
easy for Ni?* sub-lattice to replace Zn?* in ZnO lattice. Mn is easier to incorporate Mn?* in to
ZnO lattice due to lower ionic radius(0.67 A), the same electronegativity and has high
solubility with ZnO (R. Sangeetha, Muthukumaran, & Ashokkumar, 2015; L.-w. Wang, Xu,
Zhang, Zhao, & Lu, 2010). Hence, Mn is selected as an initial doping element with ZnO, and
the doping level is restricted to 2% to avoid the secondary phase formation(Senol, Ozugurlu,
& Arda, 2020).

The nanoparticles synthesized by the biosynthesis method are an alternative to
conventional methods, which is cheap, non-toxic, and eco-friendly instead of harmful
chemical which produces secondary pollution to the environment and less bio-compatible
(Mabe, Rapp, Bain, & Nys, 2003) like tri-ethyl amine (Ju et al., 2014), thio-glycerol
(Aboulaich et al., 2011) Polyvinylpyrrolidone (PVP) (G. Pandey, Singh, & Hitkari, 2018),
Thiodiglycol (TG) (Moritz & Geszke-Moritz, 2013), Bovine Serum Albumin (BSA) (Bai, Wu,
Mitra, & Brown, 2016), Chitosan (Javed et al., 2020), Polyethylene glycol (PEG) (Ranjitha et
al., 2021), and polyvinyl alcohol (PVA) (Nagvenkar, Deokar, Perelshtein, & Gedanken, 2016)



which is normally employed as a capping and also stabilizing. Green synthesis of ZnO has
also been investigated using plant extracts such as Syzygium Cumini (Sadiq et al., 2021),
Synadium grantii (Karthik et al., 2022), Artocarpus gomezianus (Suresh et al., 2015),
Eucalyptus globulus (Siripireddy & Mandal, 2017), Moringaoleifera (Archana, Manjunath,
Nagaraju, Sekhar, & Kottam, 2017), Laurus nobilis (Chemingui et al., 2019), Hibiscus
sabdariffa (Soto-Robles et al., 2019), Ulva lactuca (Ishwarya et al., 2018) Carica papaya
(Rathnasamy, Thangasamy, Thangamuthu, Sampath, & Alagan, 2017) , Dovyalis caffra
(Adeyemi, Elemike, & Onwudiwe, 2019) , Garcinia mangostana (Aminuzzaman, Ying, Goh, &
Watanabe, 2018), Trigonella foenum-graecum (Alshehri & Malik, 2019), Azadirachta indica
(Suganya & Vivekanandhan, 2019), and others (Diallo, Ngom, Park, & Maaza, 2015;
Ramesh, Rajendran, & Subramanian, 2014; Senthilkumar & Sivakumar, 2014; Vidya et al.,
2013; Vishwakarma, 2013). However, there is no report on the synthesis of Ni/Mn Co-doped

ZnO using Stephania abyssinica plant extract for the degradation of MB dye.

In this work, the indigenous plant (Stephania abyssinica) leaf which is found in East
African species (Beentje, 1994) was used. The plant is commonly found in forest margins,
marine, bamboo, and hygienic zone (Beentje, 1994). Stephania abyssinica (Dillon & A. Rich)
studied is a twining liana rich in phytochemical bioactive alkaloids, flavonoids, lignans,
steroids, terpenoids, and coumarins which are useful for cupping agents. The plant extract
was used to synthesize the Ni/Mn co-doped ZnO. The resulting catalysts were characterized
by using different techniques and used for the degradation of MB. It is expected that the
catalyst could have enhanced catalytic performance due to the low recombination, lower
electron transfer resistance, high absorption of visible light, low agglomeration, and high

surface area.
1.2 Statement of the Problems

The application of ZnO semiconductor is limited due large band gap (3.2 eV), fast
recombination rate of the photogenerated electron—hole pairs, high charge transferring
resistance, and lower specific surface area, (Anandan et al.,, 2007; Uddin et al., 2012).
Moreover, agglomeration is other problem (Raha, Mohanta, & Ahmaruzzaman, 2021). The
different method has been followed to enhance the photocatalytic performance of ZnO such as

doping with metallic and non-metallic, coupling of with other metal. However, photocatalytic
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activities of ZnO nanoparticles are not fully efficient and further work is required to resolving
those problems. This work focuses on the Stephania abyssinica leaf extract mediated (Mn, Ni)
co-doped ZnO for photocatalytic activities. Among the Transition metals (TMs), Mn and Ni
have high solubility with ZnO and have approximately equal atomic radius, valence state, and
electronegativity. so that they can be easily incorporated into ZnO lattice and also possesses
many applications in electronics (L.-w. Wang et al., 2010; Zhao et al., 2011). Green synthesis
approach of ZnO using plant extract as capping/stabilizing agent to increase specific area
and porosity, and to decrease aggregation. is used that provides a low-cost, simple, and
environmentally friendly approach instead of using costly and hazardous cupping agents like
PEI, PET, PVP, PVA, EDTA, etc. Moreover, to the best of our knowledge, this plant extract
has not yet been employed for the synthesis of nanoparticles. Therefore, in this study, the
novel method green synthesis using S. abyssinica leaf extract is employed as a green

surfactant/capping agent for the green synthesis of ZnO nanoparticles for the first time.

1.3 Objectives

1.1.1 General Objectives

Synthesis and Characterization of Stephania abyssinica leaf extract mediated (Mn, Ni) Co-
doped ZnO nanoparticle for Degradation of Methylene Blue

1.1.2 Specific Objective

v' Extraction of the leaf from Stephania abyssinica.

v" Synthesis of ZnO nanostructures using extracted leaf

v Synthesis of Mn-doped ZnO and Ni-doped ZnO (Zn,_,Ni, 0, x = 0.01,0.03,
0.05,0.07) nanostructures using extracted leaf

v Synthesis of (Mn, Ni) Co-doped ZnO nanostructures (Zngog_xMngo,Ni O, x =
0.01,0.03, 0.05,0.07,0.09) using extracted leaf

v Characterization of prepared catalyst

v’ Evaluation of the photocatalytic activity of the synthesized catalyst on dye degradation.



1.4 The Scope of the Research

This research covers the removal of methylene blue dye from wastewater which
becomes one of the major ways to get treated water. It started from extraction of indigenous
plant extract and synthesis of ZnO by using plant extract as a stabilizing/capping agent.
Mn-doped ZnO and Ni-doped 2ZnO (Zn,_,Ni,0, x =0.01,0.03, 0.05,0.07) are
synthesized. ~ (Mn,  Ni) co-doped ZnO  (Zngog_xMngo,Ni, O, x = 0.000.01,0.03,
0.05,0.07,0.09) are synthesized. Those samples are characterized by different characterization
like XRD, TGA, Uv-Vis, FT-IR, SEM, EDX, TEM, HRTEM, SAED, XPS, BET, PL, and
EIS. It also includes how lowering recombination of charge carriers, lowering electron transfer
resistance, tanning band gap to visible light, lowering agglomeration, and increasing surface
area. The effect of leaf extract concentration and Ni concentration on doping and co-doping,
are evaluated. The pH effect, catalytic dosage, and reusability of the synthesized catalyst are
checked.

1.5 Significance of the Study

This work primarily benefits the industries such as textile, paper, cosmetic and
leather processing which release effluent with high concentration of organic dyes. The
environmental pollution by these organic dyes will also be reduced. The deterioration of
released organic contaminant minimizes the exposure of human being to this contaminant and
decrease the amount of oxygen that could be absorbed by this contaminant. From human
health point of view, the problem such as cancer, mutation and skin irritation caused by

organic dyes could be also minimized.



CHAPTER TWO

2 Literature Review

2.1 Wastewater

Water is one of the most important resources for all living things, and it is also known
as the only source of life, so it is very important to protect water resources from pollution
(Becerra-Castro et al., 2015). In the past few decades, due to rapid development of industries
and enormous usage of chemicals in agriculture and dying, pollution has become a serious
problem and a major concern for immediate action. Large amount of untreated wastewater
from the industries are being led into the environment (Q. Wang & Yang, 2016). A large
number of organic and inorganic harmful environmental pollutants in the aquatic environment
have become a serious global problem. Typical wastes of concern include volatile organics,
dioxins, dibenzofurans, pesticides, nitro-aromatic compounds, polychlorinated biphenyls,
chlorophenols, asbestos, heavy metals, arsenic compounds, aviation fuel, solvent,
degreasing agents, etc. More water consumption leads to more waste water. There are various
aromatic dyes (e.g. Congo Red, Reactive Black 5, PBS, and Toluidine Blue) (Alhefeiti,
Athamneh, Vijayan, & Ashraf, 2021) along with arising contaminants (Squadrone et al., 2015)
(e.g. perfluorooctane acid (PFOA) and perfluorooctane sulfonate (PFOS) are created as source
of environmental contaminants due to their widespread presence in the environment, living
things, and humans. In fact, if water is used for the agriculture, domestic or industrial purpose
it will become polluted due to the processes utilize different types of chemical and the
exposure of the water the microorganism around there. The water pollutants are classified
into radioactive, chemical and microbial contaminants (Q. Wang & Yang, 2016). Higher water
consumption will result in more waste water. Wastewater treatment is expensive because the
pollutants contained in the wastewater must be effectively removed in order to safely reuse the
water(Wisniewski et al., 2019). Even if traditional methods such as biological and physical
processes are used, the effective removal of pollutants requires more complex technology, and
the cost and time are lowers (D. Lv et al., 2018). Therefore, the results of good wastewater

management practices/strategies are critical to our environment and sustainable development.



Inorganic materials, ozone, etc. (Lou, Yan, & Wang, 2019). Currently available traditional
water purification technologies, such as adsorption or coagulation, cannot completely remove
or destroy pollutants, which are concentrated on them by transferring another phase in some
way. Therefore, there is an urgent need to find an alternative water purification technology

that can completely remove or destroy these pollutants.
2.2 Wastewater Treatment

Modern wastewater treatment processes (WWTP) and technologies have been
developing since the mid-18" century with the initial task to reduce water borne diseases such
as cholera and typhoid, which had been caused by the cross contamination between waste
and drinking water resources (Prasse, Stalter, Schulte-Oehlmann, Oehlmann, & Ternes, 2015).
Wastewater treatment is complicated because the pollutants contained in the wastewater must
be effectively removed in order to safely reuse the water (J. Ma et al., 2019). According to the
United Nations WWAP data in 2003, about 2 million tons of untreated water came from
industrial and agricultural wastewater. The increase in water consumption will lead to an
increase in the amount of waste water. Even with traditional methods such as biological and
physical treatment, effective removal of pollutants requires better technology with lower cost
and shorter time (Al-Ghafri et al., 2018; Q. Wang & Yang, 2016). Therefore, the
decontamination of polluted water resources is now the main concern for the researchers in the
globe. Although several usual water treatment methods such as filtration , sedimentation ,
and distillation were pointed out, those methods mostly known by limitations for
complete removal of pollutants besides consuming time. Other processes such as
adsorption, catalytic oxidation and photocatalytic decomposition have also been used in
wastewater treatment. It is known that the adsorption and chemical catalytic oxidation
have been the basic approaches for pollutant removal. Because of such methods allow to
remove pollutants unselectively than the traditional counterparts do. It is also reported that the
photocatalyst is effective and efficient method for treatment of wastewater (Ibhadon &
Fitzpatrick, 2013).



2.2.1 Methods of Wastewater Treatment

Many researchers try to find effective and efficient wastewater purification technology
methods. These technical treatments mainly focus on the physical chemistry, electrochemistry,
biology and advanced oxidation processes as shown in the figure (1). And the process
becomes. Under advanced oxidation technology (Chaudhury, Mishra, & Shah, 2019; J. Ma et
al., 2019). Conventional wastewater treatment involves a combination of physical, chemical
and biological processes and activities to remove particulate matter, organic matter, and
sometimes nutrients from wastewater. The general terms used to describe the various degrees
of treatment in ascending order are preliminary. , primary, secondary and tertiary wastewater
treatment and/or improvement (Sonune & Ghate, 2004). The reusing technologies available
now are important, but they are time consuming and costly. Nanotechnologies are excellent in
treating wastewater, since they remove contaminants and useful in the recycling process to
obtain cleared water. It can also be forwarded to the clarification and uses of unconventional

water sources in an economic way (Kanchi, 2014).
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Figure 1 Methods of wastewater treatment (J. Ma et al., 2019)



2.2.1.1 Advanced Oxidation Processes

The Advanced Oxidation Process (AOP) is widely used to remove persistent organic
components in industrial and municipal wastewater. The reason why H,O; is mainly used as
an oxidant and OH" free radical generator is that hydrogen peroxide is easy to store, transport
and use, and the process is safe and effective. It is determined by the very high oxidation
potential of OH" radicals. Reaction medium through various mechanisms (Pera-Titus, Garcia-
Molina, Bafios, Giménez, & Esplugas, 2004)

The hydroxyl radicals are the main radicals responsible for oxidation
reaction, in addition to a suite of other oxygen based reactive species and radicals. Hydroxyl
radicals have a very high reduction potential, 2.70 V (vs. normal hydrogen electrode, NHE),
which is much higher than other oxidants such as chlorine or hydrogen peroxide, which have
oxidizing potentials of 1.49 and 1.77 V respectively (Kommineni et al., 2000). With most
substrates hydroxyl radicals have high reaction rate constants in the order of 10%-10° M?s™
along with very short lifetime in water (10 — 10”%) (Murcia Mesa et al., 2021). Hydroxyl
radicals react with most organic compounds via four basic pathways; electron transfer,
hydrogen abstraction, radical addition and radical combination. These reactions, occurring at
double bonds and aromatic systems, will trigger a sequence of reactions that break down the
molecules (Challis, Hanson, Friesen, & Wong, 2014).

Advanced Oxidation Processes

— v Photolysis (VUV) —AOP “‘hot”’ deanced oxidation
— v/ Photocatalysis ozone [ Wet super critic oxidation  processes based on
— v Photocatalysis assisted Wet oxidation Ozone at high pH
— v Electrochemical N Wet oxidation with Ozone + UV

> v' Technologies based on __peroxide Ozone + catalyst
— v Ultrasounds ——>Advanced oxidation processes based on H;0,

_~ v" Electrochemical oxidation Fenton solution

— v' Electrons oxidation H,0,/UV

— Electrophotocatalysis hoto-Fenton solution

Figure 2 Advanced Oxidation Processes(Parsons, 2004)
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2.3 Photocatalyst

Photocatalysts is a reaction which accelerated by light energy in the presence of
semiconductor material. The induced light generate the electron and holes from the
semiconductor for the oxidation and reduction reaction respectively, holes are farther used to
produce hydroxide radical, which degrade the pollutant into carbon dioxide and water
(Antonopoulou, Kosma, Albanis, & Konstantinou, 2020). In the presence of semiconductor
material, photocatalysts is an event that is promoted by light energy. Induced light produces
electron-hole pairs in the semiconductor, which are utilized in the oxidation and reduction
reactions, respectively. The holes are then used to form hydroxide radicals, which breakdown
the pollutant into carbon dioxide and water (Antonopoulou et al., 2020). Photocatalysts, a
novel green technology which is based on advance oxidation processes (AOPs') and is capable
of generating different reactive species such as reactive oxygen species (ROS), reactive
nitrogen species (RNS), oxygen radicals (-O°%), hydroxyl radicals (-OH) have attracted the
great attention for their potential application for the degradation of organic and biological
wastes (Booshehri, Goh, Hong, Jiang, & Xu, 2014; Nosaka & Nosaka, 2017; Podporska-
Carroll et al., 2017). These synthesized semiconductor NPs are energized by light of different
wavelengths, include UV, visible, and near-infrared light, depending on their energy band gap
(Dreaden, Alkilany, Huang, Murphy, & El-Sayed, 2012). By using a simple photocatalytic
redox process, the activated semiconductor degrades organic and microorganisms cells. Over
the last year, a lot of work has been conducted on utilizing semiconductor photocatalytic NPs

to efficiently remove harmful chemicals and aggressive microorganisms from wastewater.

2.3.1 Mechanism of Photocatalysts

Photocatalysts have similar mechanism with the principles of the photochemical
reaction that takes place in semiconductor but with some complexity (Paulos, 2020). In a
semiconductor, the chemical reaction could take place due to the electron transferred from the
valence band to the conduction band. In the photocatalytic oxidation process, when the light
with energy equal or greater than the bandgap energy of the semiconductors photocatalyst hit
the surface of the catalyst, the electrons will jump from the valence band to the conduction
band by leaving the holes in the valence band (Tun, Wang, Naing, Wang, & Zhang,
2019). The holes left in the valence band have strong ability to oxidize donor molecules and
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react with the water molecules to generate free radical species called hydroxyl radicals. These
generated hydroxyl radicals have the strong oxidizing potential to degrade the organic
pollutants and then leads to the complete mineralization of organic pollutants. Whereas, the
electrons excited to the conduction band reacts with the dissolved oxygen to produces Oxygen

activated species such as superoxide anions.
2.3.2.1 Oxidation Mechanism

This hydroxyl radical reacts with the organic pollutants present in the dyes (A. Kumar
& Lingfa, 2020). During the process, if Oxygen is involved, the oxygen molecules with
intermediate radicals in an organic compound can form radical chain reactions and
sometimes they consume oxygen. Holes oxidize absorbed water molecules on the
photocatalysts surface to produce hydroxyl radicals, a powerful oxidizing agent that fully
decomposes the organic pollution. Following that, the produced hydroxyl radicals interact
with the organic pollutants in the wastewater, fully mineralizing them into carbon dioxide and
water. If oxygen is present in the system, the intermediate radicals can create a radical chain
with the oxygen molecules in the organic pollutant in the wastewater, and oxygen is
eventually consumed. So, Organic pollutants in wastewater are totally mineralized from

wastewater (Rajeshwar et al., 2008)
2.3.2.2 Reduction Mechanism

Since oxygen is easily reducible substances, the reduction of oxygen is used as the best
choice for the generation of hydrogen (H. Wang et al., 2017). Superoxide anions are formed
when the dissolved oxygen species react with the electrons excited to the conduction band
without recombination. These superoxide anions formed are attached to the intermediate
products in Oxidative reaction to form peroxide or hydrogen peroxide and finally altered
to water (Nakata & Fujishima, 2012)

2.3.3. Working Principle of Photo Catalysis for Water Purification

Advanced oxidation process based on photo catalytic production of hydroxyl radical,
which acts as strong oxidizing agents, have emerged as a promising technology for the
degradation of organic pollutants (Ibhadon & Fitzpatrick, 2013; Namini, Delbari, Mousavi, &

Ghasemi, 2021). This process provides an interesting route for the removal of toxic
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pollutants, including ozonolysis or oxidation with H,O, under ultraviolet (UV) light
irradiation The photo catalyst absorbs light energy and produces photo generated electrons
which in term reduce adsorbed oxygen (O,) to form superoxide radicals and photo generated
holes react with H,O to form hydroxyl radicals. The superoxide radicals can also generate
hydroxyl radicals by reacting with hydrogen peroxide. The generated hydroxyl radicals
subsequently oxidize the pollutants resulting in mineralization and complete degradation,
these pollutants are broken down into smaller molecules such as CO,, H,O and mineral
acids, which are not particularly toxic. Electrons in the metal particles absorbing light with
energies exceeding the band bending potential can transit to conduction band (CB) of n-type
semiconductor (Fig 3). After electrons in the metal particle flow to CB of the semiconductor
particle, the metal particle is oxidized from M to M*. The photo generated electrons are
allowed to transfer to the metal particles to produce reduction processes while more

holes can transfer to n-type semiconductor surface to produce oxidation processes

Véﬁ Reduction
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MB degradation (CO, + H,0 + NO; + SO;~

Figure 3 Photocatalysts mechanism of metal oxide semiconductor (Ibhadon & Fitzpatrick,
2013)

13



2.4 Metal Oxide Catalysts

Metal oxides are relevant in a variety of fields, including physics, chemistry, and
materials science (Grilli, 2020). Oxide compounds may be formed from a wide range of
metallic components. Metal oxides have a wide range of functional characteristics that are
impacted by their crystal structure, morphology, composition, intrinsic defects, doping, and
other factors that affect their optical, electrical, chemical, and catalytic capabilities.
Applications of certain typical metal oxide-based materials, as defined by different
nanostructures (Nunes et al., 2019). Large-scale water and soil contamination result from the
discharge of hazardous and often difficult to break down compounds from businesses
manufacturing medicines, textiles, and paints. For the breakdown of such compounds, metal
and metal oxide nanoparticles have been known to have strong photocatalytic activities.
Despite their wide bandgaps, metal oxides such as ZnO (3.2 eV) and MgO (7.83 eV) have
received the most attention because of their low cost, low toxicity, and mass manufacturing
potential (Cuijin et al., 2016; Pei et al., 2016).

Metal oxides can be classified based on their physicochemical properties. One of these
characteristics is the stability of metal oxide. Metals with unstable high oxidation state oxides
(Ho 298 9.5 kJ/mol of O), such as Pt, Pd, Ru, Au, and Ag, don't really perform stable solid
oxides at normal temperatures. The majority of frequently used metal oxide catalysts (Ti, V,
Cr, Mn, Zn, and Al) have high oxidation state oxides that are stable (H0298 > 15.5 kJ/mol of
O). Electrical conductivity is another alternative categorization criterion: insulators have
limited electron mobility, thus their catalytic activity is typically weak. Furthermore, n-type
metal oxides are not catalytically active as oxidation catalysts, with a few exceptions. None

conducting metal oxides, on the other hand, are utilized as support in catalytic reactions.

The catalytic activity of metal oxide catalysts during the oxidation of phenol,
according to Kochetkova et al. (1992), follows the following order: CuO > CoO > Cr,03 >
NiO > MnO; > Fe,03 > YO, > Cd,03 > ZnO > TiO, > Bi,03. Photocatalysts may be done
using a variety of semiconductors, including TiO,, ZnO, MgO, WOs3;, Fe,0O3, and CdS. The
perfect photocatalyst should have the following characteristics: - Photo activity, biological and

chemical inertness, stability toward photo corrosion, suitability towards visible or near uv
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light, low cost and lack of toxicity (Al-Rasheed, 2005; Bhatkhande, Pangarkar, & Beenackers,
2002).

Photo - excited electrons are driven from the valence band to conduction band |,
producing an electron/hole pair (e/h*), whenever the metal oxide is activated with UV
radiation, visible light, or a mixture of both. A chemical adsorbed on the photocatalyst surface
can be reduced and/or oxidized by the photogenerated pair (e7h*). Metal oxide's photocatalytic
activity is derived from two sources: | the creation of OH" radicals through the oxidation of
OH" anions, and (ii) the production of O, radicals through the reduction of O, Contaminants
can be degraded or transformed into less hazardous byproducts by both radicals and anions

interacting with them.

2.4.1 ZnO Nanoparticles

ZnO nanoparticles have captivated researchers in recent years due to characteristics
such as high electron mobility, transparency, and luminescence (Sotiriou et al., 2014). ZnO is
a wide-bandgap semiconductor with a hexagonal wurtzite structure. It has a band gap of 3.37
eV, a significant exciton binding energy of 60 meV, strong room-temperature luminescence,
and high electron mobility (Fang, 2017; Sze & Ng, 2007). ZnO is used for its optical and
physical properties in a various applications, includes rubber and concrete, pharmaceutical
additives, pigments, and UV blockers. Pure and doped ZnO nanoparticles have been used in
acoustic devices, solar cells, photocatalysis, piezoelectric devices, medicines, transistors,
textiles, rubber products, light emitting diodes, laser diodes, food packaging, chemical and
biosensors, and as an antibacterial and antifungal agent, among other applications. Its unique
properties and diverse applications in antireflection coatings, transparent electrodes in solar
cells, ultraviolet (UV) light emitters, diode lasers, visitors, piezoelectric devices, spin-
electronics, surface acoustic wave propagator, antibacterial agent [59], photonic material (L.
Zhang, Ding, Povey, & York, 2008), photonic material (Xie, Deng, Xu, Li, & Huang, 2006)
and gas sensing have attracted intense research efforts. ZnO is "generally recognized as safe"
(GRAS) (Liewhiran & Phanichphant, 2007) yet the ZnO nanoparticle system might be
hazardous. Among various semiconductor metal oxides used in photocatalysis, zinc oxide
(ZnO) have attracted extensive research interests because of its non-toxic nature, being

strongly oxidizing, low cost, chemical stability, and physical properties (Du, Chen, Yao, &
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Wang, 2013; Duan, Liu, Han, & Wang, 2011; Ismail, EI-Midany, Abdel-Aal, & EI-Shall,
2005). But, the application of ZnO semiconductor is limited due large band gap, fast
recombination rate of the photogenerated electron-hole pairs, high charge transferring
resistance, lower specific surface area, charge and instability (Anandan et al., 2007; Uddin et

al., 2012). Moreover, agglomeration is other problem (Raha et al., 2021).

2.4.2 Improvement of Photocatalyst Efficiency of ZnO Nanoparticle

Photocatalysis has become promising technology since it applying abundant solar light
for the aim of environment protection (degradation of organic pollutants) and energy
production (H, production, CO, reduction). Semiconductor metal oxide such as TiO,, ZnQO,
WQO;3;, CdS, and Cu,O has been extensively used in photocatalytic degradation of organic
pollutants (Aragaw, Sabir, Andoshe, & Zelekew, 2020; Rajabi, Khani, Shamsipur, &
Vatanpour, 2013; P. Sathishkumar, Pugazhenthiran, Mangalaraja, Asiri, & Anandan, 2013;
Thema, Manikandan, Dhlamini, & Maaza, 2015; Wahab et al., 2011). Among these metal
oxide, TiO, and ZnO have been widely studied by a researcher in the area of photocatalysts
due to their chemical, stability, lower costs, high activity, nontoxicity, optical and electrical
properties, and eco-friendly characteristics (Chiang & Lin, 2015; Jiang, Zhang, & Li, 2019;
Karimi, Zohoori, & Yazdanshenas, 2014; Saleh & Djaja, 2014b; Shifu, Wei, Wei, Huaye, &
Xiaoling, 2009; Sobana & Swaminathan, 2007). ZnO is considered as a promising
photocatalyst in the degradation of organic pollutants because of its abundant, cheap, high
chemical stability, high quantum efficiency, nontoxicity. Due to its wide bandgap ZnO absorb
UV light (~4% of solar spectrum) not the vast potential solar spectrum (~43% of solar
spectrum). Wide bandgap and fast recombination limit the applicability and large production
of Zn0O, therefore, various techniques have been followed to extend its visible light responses
and prevent electron-hole pair’s recombination such as metal and nonmetal doping, depositing
noble metals, constructing heterojunctions with another metal oxide thus, enhance

photocatalytic performance of ZnO.

2.4.2.1 Bandgap tuning by Doping on zinc oxide nanoparticle

Doping means intentionally introducing impurities into an extremely pure
semiconductor. It is well known that the doping of impurities greatly affects the basic physical
properties, (e.g., electrical, optical, and magnetic properties). This introduction of impurities
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into an extremely pure intrinsic semiconductor (doping) is an important strategy in optimizing
the optical and electrical properties of the ZnO nanostructures (Y.-C. Chang, 2014; Giri et al.,
2007; Z. Zhang et al., 2014). Fox example, the presence of copper in ZnO NWs could induce
red-shift to lower energy (Lupan, Pauporté, Viana, & Aschehoug, 2011) when the copper ions
replace the zinc ions in the lattice parameters of the wurtzite hexagonal ZnO NW. As for ZnQO,

doping can be divided into two categories as described fig below;

Ew>Eqg

Pure ZnO Metal doped ZnO Nonmetal doped ZnO

Figure 4 Schematic of the comparison of the band structures of pure, metal-doped ZnO, and
nonmetal-doped ZnO (S. G. Kumar, Kavitha, & Sushma, 2020).

2.4.2.1.1 Bandgap tuning by non-metal

Photocatalytic activity of ZnO, under visible light is enhanced by nonmetal (B, C, N,
and S) doping due to the synergetic effect of the dopant ions. Shifu et al. reported that
Nitrogen-doped ZnO samples show higher photocatalytic activity when compared to pure ZnO
samples due to visible light absorption (redshifts) established by nitrogen ions doping which
enhanced the photocatalytic activity. Doping elements should not only require lower electro-
negativity than oxygen, it should also have a similar atomic radius as the O atom; both
conditions are necessary factors for effective doping (Reza, Kurny, & Gulshan, 2017).
Dopants, such as C, N, and S, can form intermediate energy levels in the band gap and hence

increase visible-light photocatalytic activities
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2.4.2.1.2 Bandgap tuning by metal doping

Doping is one of the methods used to improve the photocatalytic activity by bandgap
narrowing (Panneerselvam Sathishkumar, Mangalaraja, Anandan, & Ashokkumar, 2013), the
formation of oxygen vacancies, impurity energy levels (Cao et al., 2013), electron trapping (Y.
Wu, Xing, Tian, Zhang, & Chen, 2010), and unique surface area for the adsorption of organic
molecules. Semiconductor metal oxide with smaller bandgap energy is considered effective
photocatalyst due to the generation of photo-induced charge carriers (Yousefi, Allahverdi, &
Hejazi, 2013). Higher photocatalytic activity is achieved from bandgap narrowing which is
accomplished by the introduction of oxygen-deficient sites and impurity energy levels (Cao et
al., 2013; Fuerte et al., 2002; Rodriguez-Gonzélez, Zanella, del Angel, & Goémez, 2008; Shie
et al., 2008). Recombination of electrons and holes can be prevented by introducing dopant
ions as result the photocatalytic efficiency of the photocatalyst enhanced by trapping the
photogenerated electrons (H. Lin, Chen, & Chen, 2007; S. Ma, Li, Lv, Xu, & Gou, 2011,
Shifu et al., 2009; Sobana & Swaminathan, 2007). During doping, the dopant ions are entered
in to either placed in substitution (replace the lattice ions) or interstitial (if the size of the
dopant ions is smaller than the lattice ions). Kanade et al. reported that doping of transition
metal ions in the semiconductor metal oxide enhances the visible light absorption of
photocatalyst and also photovoltaic devices. Zn ions in ZnO which is coordinated with
tetrahedral O can be substituted by transition metal ions (Cu, Co, Mn, and Fe) thus, enabled
visible light absorption of ZnO which increase the efficiency of the photocatalytic activity due
to the spin exchange interactions. Xiao et al. explained co-doped ZnO which has high surface
oxygen defects exhibited more degradation of methylene blue under visible light.
Photocatalytic activity can be influenced by the introduction of transition metal having d-
electronic configurations with in ZnO lattice. ZnO surface implanting with vanadium ion
enhanced its visible light absorption thus, improved the photocatalytic activity of the

photocatalyst.
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Tablel Summary of works done on metal doping on ZnO

Nanocatal | Particle |Morphology of |Type of dye carried |References

ysts size (nm) |NPs out

Cu-doped | (16.72- |Spheroid to rod- | Acid Black 234 dye |(S. A. Khan et al., 2018)

ZnO 20.73) |like

Ag-doped | (30.13- |Bright circular |CR & MO (Chauhan et al., 2020)

ZnO 35.15) |patterns degradation

Au-doped | (21-26) |Monodisperse | amino compound (Sohrabnezhad & Seifi, 2016)
Zn0O and uniform

Al-doped | (40-46) |Uniform charge separation (Srimathi, Hussain, Panigrahi,
ZnO spherical shape Subramaniam, & Ahuja, 2020)
Cr-doped | (19.6-24.3) |Spheroid like  |Congo Red (Shah et al., 2021)

Zn0O

Ce-doped (49.98) |Spherical and | Methylene blue (RR & Rajalaxshmi)

Zn0O rod like

Co-doped - Circular like Methylene blue (Zelekew et al., 2021)

Zn0O

Fe-doped 17 Irregular of Acid Yellow-3 (Jan, Ullah, Ullah, & Usman,
Zn0O spherical 2021)

Mg-doped | (37-51) | Spherical Methylene blue (Okeke et al., 2021)

Zn0O

Mn-doped | (43-56) |Spherical like | Methylene blue (Dhivya & Yadav, 2021)

Zn0O

Se-Doped | (50-100) |Spherical Methylene blue (Dhivya, Yadav, & Powrnika,
ZnO 2019)

Ud-Doped | (26.3-73.7) ' hexagonal MO and RhB (Ebrahimian, Mohsennia, &
Zn0O phase Khayatkashani, 2021)

2.5 Synthesis Methods of ZnO Nanoparticle

Nanoparticle synthesis is divided broadly into two categories: “top-down” and “bottom-

up” methods. The top-down approach begins with a bulk piece of starting material and then

reduces it to the Nano-sized dimension, whereas the bottom-up approach starts from atomic or

molecular levels and assembles them into larger particles. Biological Method using plant and

microorganisms is also the best method.
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Figure 5 Methods synthesizing nanoparticle (A. K. Pandey, Kumar, Maurya, & Singh, 2015)

2.6 Green Synthesis

The reduction and stabilization of metallic ions into metallic nanoparticles is mostly
accomplished by plant extract containing different biomolecules with functional groups such
as C=C (alkenyl), C=N (amide), -O-H (phenolic and alcohol), N-H (amine), C-H, and COO-
(carboxylic group) (Makarov et al., 2014), to name a few. Because of these interesting
properties, plants have been considered a more environment-friendly route for biologically
synthesizing metallic nanoparticles and for detoxification applications (Kale, Bao, Zhou,
Prevelige, & Gupta, 2013). Plant extracts containing bioactive alkaloids, phenolic acids,
polyphenols, proteins, sugars, and terpenoids are believed to have an important role in first
reducing the metallic ions and then stabilizing them as seen in Figure 6 (Castro et al., 2011).
The variation in composition and concentration of these active biomolecules between different
plants and their subsequent interaction with aqueous metal ions is believed to be the main
contributing factors to the diversity of nanoparticle sizes and shapes produced. The process

begins by mixing a sample of plant extract with a metal salt solution. Biochemical reduction of
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the salts starts immediately and the formation of nanoparticles is indicated by a change in the
color of the reaction mixture. During synthesis, there is an initial activation period when
process metal ions are converted from their mono or divalent oxidation states to zero-valent
states and nucleation of the reduced metal atoms takes place (Malik, Shankar, Malik, Sharma,
& Mukherjee, 2014). This is immediately followed by a period of growth when smaller
neighboring particles amalgamate to form larger nanoparticles that are thermodynamically
more stable while further biological reduction of metal ions takes place. As growth progresses
nanoparticles aggregate to form a variety of morphologies such as cubes, spheres, triangles,

hexagons, pentagons, rods, and wires (Sweeney et al., 2004).

Hibiscus rosa-sinensis

Add zinc acetate

l + Reflux $ ﬁ_z“o Reflux
E

NaOH E 3:';)3 &
31;@ X:)g Add FeCls |
|
Phytochemicals ﬁ P
’ from leaf extract

Extract of Hibiscus
rosa-sinensis

Figure 6 Mechanism of the nanoparticle using the plant extracts (Lam et al., 2021)

Advantages of using the green chemistry method are (lravani, 2011; Parveen, Banse, &
Ledwani, 2016):- Easily scaled up for a large scale synthesis of nanoparticles, metal
nanoparticles produced by plants are more stable, rate of synthesis is faster, nanoparticles
produced are more various in shape and in sizes : their sizes and morphologies can be
controlled by varying some of the critical synthetic conditionssuch as the concentration of the
metal salt, contact time, mixing ratio, pH and incubation temperature, cost effective:
eliminates the use of expensive chemicals, no need to use high pressure, energy, or
temperature, minimizes environmental and human health risks by eliminating the use of harsh

ortoxic reagents during synthesis, biodegradable products and by-products (since they come
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from either plants), bio-compatible and results in high yield and more stable nanoparticles.

Table 2 Review On different plants used for synthesis of ZnO nanoparticles

Scientific Commo | Extract | Precursor | Size | Shape Reference

name n name | source (nm)

Abrus Rosary | seeds Zn(Ac) 90- Irregular (Vishwakarma, 2013)

precatorius | pea 500

Agathosma | Buchu | leaves | Zn(NO3)2 | ~19.4 | Spherical | (Thema etal., 2015)

betulina

Agathosma | Aloe leaves | Zn(NO3)2 | 25-40 | Spherical | (G. Sangeetha,

betulina vera Rajeshwari, &
Venckatesh, 2011)

Apalathus | Rooibo | flower | Zn(NO3)2 | ~12.5 | Quasi- (Diallo et al., 2015)

linearis S spherical

Azadiracht | Neem leaves | Zn(NO3)2 | ~25 Nanotubes | (Oudhia, Kulkarni, &

aindica Sharma, 2015)

Azadiracht | Neem leaves | Zn(Ac) 9.6- Spherical | (Bhuyan, Mishra,

aindica 25.5 Khanuja, Prasad, &
Varma, 2015)

Calotropis | Crown | leaves | Zn(NO3)2 | 30-35 | Spherical | (Vidyaetal., 2013)

gigantea flower

Calotropis | Maddar | latex Zn(Ac) 5-40 | granular (R. P. Singh etal., 2011)

procera

Camellia Green | leaves | Zn(Ac) ~16 (Senthilkumar &

sinensis tea Sivakumar, 2014)

Cassia Tanners | flower | Zn(Ac) - Spherical | (Ramesh, Rajendran, &

auriculata | cassia Meenakshisundaram,
2014)

Citrus Lime fruit Zn(NO3)2 | 9-10 | Spherical | (Ramesh, Rajendran, &

aurantifolia Subramanian, 2014)

Corymbia | Lemons | leaves | Zn(NO3)2 | ~64 Hexagonal | (Zheng et al., 2015)

citriodora | cented

Gum
Euphorbia latex Zn(NO3)2 | ~15 Hexagonal | (Geetha, Nagabhushana,
Jatropa & Shivananjaiah, 2016)
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2.6.1 Reviews on Green mediated Metal Doped ZnO Nanoparticle in Degradation
of dye

The green synthesis synthesis of metal doped zinc oxide nanoparticles are the most
important for photocatalytic activities. In this review different plants and dopants which are
previously studded is included. During doping, the dopant ions are both positioned in
substitution (update the lattice ions) or interstitial (if the scale of the dopant ions is smaller
than the lattice ions). Kanade et al. mentioned that doping of transition steel ions with inside
the semiconductor steel oxide complements the seen mild absorption of photocatalyst and
additionally photovoltaic devices.

Green method for synthesizing Zinc Oxide nanoparticles (ZnO NPs) was successfully
carried out using unutilized sweet lime (Okeke, Agwu, Ubachukwu, Maaza, & Ezema, 2020)
Jd.e., Citrus Limetta rind pulp (U-CLRP) extract. The structural, morphological and optical
studies were elucidated to confirm the crystallinity, size, shape of the synthesized NPs. Copper
doping on ZnO NPs (CZnO NPs) was carried out to enhance the optical properties. The as
prepared and doped nanoparticle’s potential for efficient degradation of a commercial dye,
Methylene Blue (MB) was tested under Ultraviolet (UV) and visible light radiation. ZnO NPs
showed promising results for dye degradation while improved result was witnessed for CZnO
NPs. ZnO NPs showed 74% of degradation of MB dye under UV irradiation and 57%
degradation under visible light radiation. CZnO NPs presented 85 and 90% degradation in the
UV and visible radiation, respectively.

A hibiscus rosa-sinensis leaf-assisted green approach had been used to make iron-
doped ZnO (Fe-ZnO) nanoparticles, which were then used to degrade low density
polyethylene (LDPE) plastic under solar irradiation (Lam et al., 2021). The structural, optical,
and electrical characteristics of green generated materials were investigated using a variety of
characterization methods. The photocatalytic performance of the LDPE/Fe-ZnO film was
greater than that of pure LDPE and LDPE/un-doped ZnO films, according to the weight loss
data. The Fe-ZnO (2 wt%) nanoparticle demonstrated a greater photocatalytic deterioration of
LDPE owing to its boosted optical absorption and the effective suppression of photogenerated
charge carriers. The Fe-ZnO (2 wt%) nanoparticle demonstrated a greater photocatalytic
deterioration of LDPE owing to its boosted optical absorption and the effective suppression of

photogenerated charge carriers. The presence of carbonyl groups as the degradation product of

23



LDPE was confirmed by Fourier transform infrared (FTIR) analysis. Field-emission scanning
electron microscopy (FESEM) images also witnessed the formation of pores at the interface
between polymer matrix and Fe-ZnQO. The current work put forward the construction of eco-
friendly photocatalyst as a green strategy to tackle the challenges of plastic pollution.

Aqueous fresh leaves of Ziziphus mauritiana Lam had been used to successfully dope
zinc oxide (ZnO) with copper(cu)and magnesium (mg) (Rahman, Harunsani, et al., 2021).
Various approaches were used to investigate the surface morphological, structural, and optical
features of ZnO and Mg/Cu-dual doped ZnO. When Mg/Cu dopants were added to the
produced ZnO, the particle size and optical band gap energy were lowered. The presence of
phytochemicals was also established, which played a crucial role in stabilizing and capping
phytogenic produced ZnO. The influence of light on the antibacterial and radical scavenging
capabilities of ZnO and Mg/Cu-dual doped ZnO was also investigated. It was observed that
the synthesized materials exhibited good antibacterial activities towards Staphylococcus
aureus compared to Escherichia coli in the absence and presence of light. The phytogenic
synthesized ZnO and Mg/Cu-dual doped ZnO were also found to exhibit good 2,2-diphenyl-1-
picrylhydrazyl free radicals scavenging activity under visible light irradiation.

Cobalt doped ZnO (Co-doped ZnO) was manufactured by accumulating cobalt ions on
Eichhornia crassipes plant tissue over various days and combining them with zinc precursor
(A. B. Patil, Patil, & Pardeshi, 2010; Zelekew et al., 2021). The resulting catalyst powder
samples were characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), X-Ray photoelectron spectroscopy (XPS), field emission scanning electron
microscopy (FE-SEM), and Ultraviolet—vis (UV-vis) spectroscopy, and microwave plasma
atomic emission spectrometer (MP-AES). The catalysts were also tested for the photocatalytic
degradation of methylene blue (MB) in the presence ofH,O, under visible light irradiation.
The best catalytic activity was gained by the 8th-days accumulation of cobalt ion onto the
Eichhornia crassipes plant tissue and 99.6% of the dye was degraded within 45 min. However,
69.6, 65.7, 73.6, and 94.8% of MB dye was degraded by 1, 2, 4, and 6 days accumulations.
Hence, removal of toxic heavy metal by using Eichhornia crassipes plant and recycling in the
wastewater treatment gain is highly appreciated. Moreover, the Co-doped ZnO photocatalysts

could enhance the photocatalytic activities due to suppressing of the electron-hole
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recombination and the porosity of the catalysts resulted from the Eichhornia crassipes plant
after calcination.

The preparation of zinc oxide and silver oxide nanoparticles doped with zinc oxide
using zinc nitrates and silver nitrates as oxidants and Azadirachta rubber as fuel by the
solution combustion method at 500 ° C (Lam et al., 2021). The synthesized nanoparticles were
characterized by XRD, FTIR, UVDRS, SEM, and MET studies; these materials were tested
for photoluminescence and photocatalytic activity studies. PXRD data indicated that the
synthesized nanoparticles were confirmed as a hexagonal phase with average crystallite sizes
of 13.33 and 13.34 nm for ZnO and Ag-ZnO, respectively. The SEM data revealed that the
material obtained is a very porous and honeycomb structure. In the photocatalytic degradation
of methylene blue, Ag-ZnO nanoparticles showed good photocatalytic activity compared to
undoped ZnO nanoparticles. This is due to the presence of Ag on the surface of the ZnO
catalyst which makes the catalyst more sensitive to light and reduces electron-hole
recombination. In addition, we also examined photoluminescence studies for the synthesized
materials and gave the green emission for the excitation at 380 nm.

The SEM image shows the morphological characteristics of CZnO NPs. Through the
appearance of the microcrystalline structure in the form of rose petals, the morphological
changes of ZnO NPs after Cu doping became clear. These crystal structures often change from
hexagons to needle-like petals. Confirm the existence of Cu substituted structures (Vanalakar
et al., 2015). The CZnO-NP-EDS mapping image also confirmed the presence of Cu in the Zn
lattice. The weight percentage of Cu substitution obtained from the EDS spectrum also
corresponds to the initial molar concentration used for synthesis. The inclusion of Cu in the
ZnO lattice sites obviously affects the surface morphology of CZnO NPs and leads to the
formation of crystalline rose petals migrating from the hexagonal shape of ZnO NPs.
According to the crystal shape, micro molar doping also plays a decisive role

There is also, the prepared ionic liquid assisted Ag-Au/ZnO NPs, using J.adhatoda
leaves extract by hydrothermal method. lonic liquids performed as a stabilizing and templating
agent to improve the surface morphology of the synthesized Ag and Au doped ZnO NPs. The
prepared ZnO, Ag-doped ZnO, Au doped ZnO, and Ag-Au doped ZnO NPs exhibit the
average crystalline size of 36, 34, 32, and 25 nm and their band gap energy values are 3.36,
3.29, 3.17, and 2.98 eV respectively. The XRD and UV-DRS result shows that after doping of
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Au and Ag the ZnO crystalline size and band gap energy was decreased, which leads to

enhanced the biomedical (antibacterial and anticancer) properties of AgeAu doped ZnO NPs.

Table 3 review of the important biosynthesized metal doped zinc oxide-based Nano-catalysts

in the degradation of pollutants in water

No|Nanocata Biogenic Particle |Morphol |Photocat Eficenc Refrence
lysts source size(nm) |ogy of alytic y(%0)
NPs activities
1 |Cu-doped | Abutilon (16.72- | Spheroid |Acid 90% (S. A. Khan et al,
ZnO indicum(Leaf) [20.73) |to rod-like Black 234 2018)
dye
2 |Cu Vernonia (34-39) |Spherical |MB 60% (Okeke et al., 2020)
doping on |amygdalina and petal-
Zn0O like
3 |Copper | Citrus Limetta |(14) Hexagona MB 90% (Narayanan, Begum,
doping on |rind pulp | to petal Manikandan, &
ZnO NPs shapes Yuvashree, 2021)
4 |Cu-doped  Sesamum (18.37- |cylindrica MR  and 82% (Das et al., 2017)
ZnO-NPs |indicum L 64.23) |I& MG &80%
hexagon
5 |Cu-doped | Ziziphus - Irregular | 2,2- 75% (Rahman, Tan, et al.,
ZnO mauritiana and diphenyl- 2021)
spherical
6 Cu-ZnO |Melia (5-17) | Spherical |Organoph 91% (Pathania et al., 2021)
nanoparti |azedarach osphate
cles
7 |Agdoped |Prunus (72.11- |spherical, |MO, SO 81.76, (K. S. Ahmad &
ZnO cerasifera(fruit | 100) linearand and RB  [74.11 |Jaffri, 2018)
) irregular and
85.52%
8 |Ag-doped Rosmarinus |(21.6- | Hexagona |Degradati 63% (Noukelag,
Zn0O officinal(leave |28.9) | structure |on of Razanamahandry,
nanoparti industrial Ntwampe, Arendse, &
cles textile Maaza, 2021)
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9 |Ag-doped rosemary leaf |(22-40) |quasi- MB 98% (Hojjati-Najafabadi,
ZnO spherical Davar, Enteshari, &
nanoparti Hosseini-Koupael,
cles 2021)

10 | Ag-doped | Cannabis (30.13- |Bright CR & MO 96%&9 | (Chauhan et al., 2020)
Zn0O tiva leaf 35.15) |[circular | degradatio 4%
nanoparti sativa lea patterns  |n
cle

11 |Ag-ZnO |Azadirachta |(15) Porous Photocatal 98% (Basavalingiah,
nanomate |indica gum and ytic Harishkumar,
rials honeycom | degradatio Nagaraju, &

b like n of MB Rangappa, 2019)

12 |Ag-ZnO |Azadirachta |(10-50) |Hierarchic |Photodegr 97% (S. S. Patil et al,
nanostruc |indica (Neem) al adation of 2016)
tures MB

13 | Ag-doped | Lawsonia (100) Rod and |Atenolol |- (Majumder, Saidulu,
ZnO inermis (leaf) spherical Gupta, & Ghosal,

2021)
14 | Ag-doped | Vitis vinifera |- Coral MB 30% (Saravanadevi,
Zn0O (leaf) rocks Kavitha,
nanoparti Karpagavinayagam,
cles Saminathan, & Vedhi,
2020)

15 | Ag-doped | Sida (4.21) |Rodlike |[MBand 57% & |(Babu & Antony,
ZnO rhombifolia and MG 90% 2019)
nanoparti spherical
cle

16 | Ag-doped |Pomegranate |(100) Collapsed |MB & 95% (Kaviya & Prasad,
Zn0O peel extract and TOC &70% 2015)
nanoparti irregular
cle

17 |Ag- ZnO |Oak fruit hull [(19.2) | Spherical |violet3 79% (Sorbiun, Mehr,
nanoparti |(Jaft) dye Ramazani, &
cle Fardood, 2018)

18 | Au-doped | Imperata (21.37) |Hexagona |Photocatal |- (Budianto,  Yulizar,
ZnO cylindrica L | to sphere |ytic Saputra, & Sudirman,
nanoparti degradatio 2021)
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cles n

19 | Au-doped | Carya 4.9 Slightly  |Rhodamin 95% |(M. Ahmad et al,
ZnO illinoinensis rough eB 2021)
nanoparti
cles

20 |Au-doped | Azadirachta  |(21-26) |Monodisp |Degradati [94% (R. Biswas et al,
ZnO indica (neem) erse on of 2021)
Nanoflow amino
ers compound

21 |Aluminu |Cucum sativa |(40-46) |Uniform |Charge [90% (Srimathi et al., 2020)
m doped | fruit pulp spherical |Separatio
ZnO n

22 | Cr-doped |Citrus (19.6- | Spheroid |CR 92% (Shah et al., 2021)
ZnO reticulate(leaf) | 24.3) Like
nanoparti
cle

23 |Cerium  |Mangifera (49.98 | Spherical |degradatio - (RR & Rajalaxshmi)
ion doped |indica(mango androd | nofdye
Zn0O like

24 | Ceion Sesbania (43- Spherical | Indigo 70% (RR & Rajalaxshmi)
doped Grandiflora  [46.7) like Carmine
ZnO dye

25 | Co-doped |Eichhornia - Circular |MB 94% (Zelekew et al., 2021)
ZnO crassipes plant like
nanoparti
cle

26 Eu3+ Guizotia (20) Spherical |Photolumi [79% (Kavyashree et al.,
doped abyssinica agglomera  nescence 2015)
ZnO ted studies

27 'Fe-ZnO | Hibiscus rosa- |(35-170) |Uniform |LDPE 43% (Lam et al., 2021)
nanoparti |sinensis (leaf) spherical-
cles like

28 |Fe-doped |Hibiscus rosa- |(15-170) |Spherical |Photocatal [94% (Chai, Lam, & Sin,
ZnO sinensis (leaf) ytic of 2019)
nanoparti POME
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cles

29 Fe-doped |Amaranthus |(71-280) Nearly Naphthale 93% (Muthukumar,  Gire,

ZnO Nps |dubius leaf) spherical | ne Kumari, &
Manickam, 2017)

30 |Fe-doped | Platycladus - Flower Photocatal 92.3% |(Liu et al., 2021)
ZnO orientalis like ytic
nanoflow degradatio
er n MO

31 |[Fe-ZnO | Myrtus 17 Irregular | Acid 74% (Jan et al., 2021)
nanoparti |communis L Spherical | Yellow-3
cles

32 |Mg- Piperguineens |(37-51) |Spherical |photocatal 94% (Okeke et al., 2021)
doped e (leaf) ytic
Zn0O activities
nanoparti
cles

33 |Mn doped | Cassia (43-56) |Spherical |MB dye 95% (Dhivya & Yadav,
ZnO angustifolia like 2021)
nanoparti
cle

34 |Se- doped  Mangifera (50-100) | Spherical |Photodegr [72% (Dhivya et al., 2019)
Zinc indica Leaf in shape | adation of
Oxide MB

35 |Se-doped | Se tolerant (130- Spherical |4- 88% (Vaishnav, Pal, &
ZnO isolates 160) shaped chlorogua Prakash, 2018)
nanoparti iacol
cle

36 |Ud-ZnO | Urticadioica |(26.3- | hexagonal MOand [73.4 (Ebrahimian et al.,
nanoparti | (U. dioica) 73.7) phase RhB &75% |2021)
cles

37 |[Fe-and | Clitoria (30-40) |Spherical |Congo red |94.42% (Chan et al., 2019)
Ag-doped |ternatea Linn shapes
ZnO

38 (Mg and | Ziziphus (100- Spherical |Photocatal 82% (Rahman, Harunsani,
Cu dual- |mauritiana 1000) shaped ytic etal., 2021)
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doping Lam(leaf) particles |scavengin
ZnO g
activities

2.6.1 Research Gap

Therefore, from my literature review different works are discussed and their limitation
(like large band gap, fast recombination rate of the photogenerated electron—hole pairs, high
charge transferring resistance, lower specific surface area, and instability (Anandan et al.,
2007; Uddin et al., 2012; Yang, Li, Chen, & Wang, 2004)) as well as agglomeration (Raha et
al., 2021) are seen as the major problem. But no any research is done on (Mn, Ni) co-doped
ZnO nanoparticle for degradation of dye. The new plant (Stephania Abyssinica) leaf which
is not used before is also introduced in this research. This indigenous plant (S. abyssinica)
leaf is extracted and ZnO nanoparticle, Ni-doped ZnO and Mn-doped ZnO are synthesized.
Moreover, (Mn, Ni) co-doped ZnO nanoparticles (Zng.gsxMngo2NixO) are synthesized. The
synthesized samples are characterized by different techniques and the degradation efficiency
of the organic dye molecule is evaluated. Finally, the pH effect, catalytic dosage, and

reusability of the synthesized catalyst are checked.

2.6.2 Background of Selected (Stephania Abyssinica) Leaf

Stephania abyssinica is a medicinal plant used in Cameroon alternative medicine to treat
arterial hypertension (AHT) (Fodem, Nguelefack-Mbuyo, Ndjenda Il, Kamanyi, &
Nguelefack, 2021). The leaves are crushed and applied to wounds resulting from tortoise bites.
Stephania abyssinica (Dillon & A. Rich) Walp (Menispermaceae) is a twining liana rich in
bioactive alkaloids, flavonoids, lignans, steroids, terpenoids, and coumarins (Kupchan, Liepa,
& Fujita, 1973). The plant is widely used in African folk medicine for the treatment of various
ailments including asthma, hyperglycemia, sleep disturbances, inflammation, men impotence,
miscarriage, and liver diseases (Dagne, Gunatilaka, Kingston, & Alemu, 1993). S. abyssinica
is also used to treat heart complaints (Schmelzer & Gurib-Fakim, 2008), and in the West
region of Cameroon, the aqueous extract from the fresh leaves of S. abyssinica is administered

orally for the management of cardiovascular disorders including arterial hypertension. They
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also used as S. abyssinica could be useful as food supplement to fight and prevent infant

malnutrition as the powder displayed no toxicity on liver.

Greater numbers of medicinal plants are found in the south and southwestern parts of Ethiopia
due to the high biological diversity in these regions (Mesfin, Demissew, & Teklehaymanot,
2009). The Stephania abyssinica leaf (as seen in Figure 7) is collected from Shekolo natural
forest on Gardula Mountain around Gidole town, south of Arbaminch, (Ethiopia). In
S/N/N/P/R around Gidole town, chencha, Arba minch (Kebebew, 2018), and around Hawassa
(Tefera & Kim, 2019) (Ethiopia), Peoples uses traditionally s. abyssinica plant leave for medical
treatment like of Gadanesa,” eye disease, amoeba, etc. by Grinding the leaf, boiling, liquid

form, then drink it.

Phytochemical Present in
Alkaloids leaf
Salvadoricine leaf
flavoides leaf
Steroids steam
Saponins steam
Phenolic leaf

H N
@J\r o, ¢ oms
CH, CHs,
Alkaloids Salvadoricine Flavoides

Figure 7 Photograph of S. abyssinica
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CHAPTER THREE

3. Materials and Methods

3.1 Chemicals and Materials

The chemicals and reagents were analytical grade and used without further
purification. Zinc nitrate hexahydrate (Zn(NO3),.6H,0O) (Loba Chem 98 % purity, India),
Manganese acetate tetra hydrate (Mn(Ac).-4H,0) (98 % purity) and Nickel acetate tetra
hydrate (Ni (Ac),-4H,0) (Loba Chem 99.8 %, India purity) of high-purity, Stephania
abyssinica leaf was collected from Shekolo natural forest, Ethiopia. Ethanol (C,HsOH) (98 %
purity), methylene blue (C16H18CIN3S) (Carelabmed Chem, India), NaOH(97 %, Mumbai,
India),, Whatman (No. 40) filter were used distilled water was used throughout the

experiment.
3.2 Extraction of Leaf

Stephania abyssinica leaf was collected from Shekolo natural forest, Ethiopia. The
same procure other leaf extraction method is used as pervious report with little modification
(Aragaw et al., 2020). As seen in Figure 8 the S. abyssinica leaf was first washed with tape
water to remove unwanted dusts from the plant followed by distilled water. The leaf was
subjected to dry at room temperature and crushed by pestle to powder like. The resulting 10 g
of S. abyssinica leaf powder was mixed with 200 mL of distilled water in 250 mL beaker and
stirred at 60 °c for 30 min. cooling the mixture in air to room temperature and the solution was
filtered using filter paper to remove fibrous impurities. The resulting plant extract was stored

for further application.
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Figure 8 the schematics on Extraction of Stephania abyssinica leaf
3.3 Green Synthesis of ZnO Nanoparticle

ZnO was prepared as the reported with little modification (Thema et al., 2015). In the
particular procedure, 0.336 M (150 mL) of zinc nitrate was mixed with 33.3, 50, and 66.7 mL
of plant extract in the ratio of 1:2, 1:1, 2:1 v/v, respectively, and stirred at 60 °C for 30 min.
The pH was adjusted 10.5 by adding NaOH with continuous stirring for 2 h The resulting
samples were abbreviated as L1:Z2, L1:Z1, and L2:Z1. The precipitates were washed with
distilled H,O repeatedly and centrifuged at 1000 rpm for 10 min and subsequently dried in an

oven at 100%¢. The dried precipitate was annealed in an open furnace at 400 °C for 2 hr.
3.4 Green Synthesis of Ni doped ZnO Nanoparticle

The Green synthesis of Ni doped ZnO nanoparticle (Zn;«NixO, x = 0.01, 0.03, 0.05,
0.07) were synthesized according to literature report with some modifications (Gnanamozhi
et al., 2020) and assigned as INZO, 3NZO, 5NZO, and 7NZO respectively. The addition of
stoichiometric dopant solution of Ni (CH3CO,),-4H,O was added drop wise in to Zn
(NOs3),:6H,0 solution and the mixture solution was immediately added drop wise into the 50

mL of leaf extracted solution under continues stirring. For all samples, the same procedure
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was performed. The Figure 9 shows the schematics on preparation of Ni-doped ZnO
nanoparticle using S. abyssinica leaf

N, | S

1{AC),-

=~ G5
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Calcine at 400 °C 120 °C

for 2 hr
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3.5 Green Synthesis of Mn doped ZnO Nanoparticle

In the case of Mn doped ZnO nanocrystals, the amount of dopant was limited as
Zno.9sMng 020 to prevent phase segregation (Senol et al., 2020) and is assigned as 2MZO. The
addition of stoichiometric dopant solution of Mn (CH3CO;),-4H,0 was added drop wise in to
Zn (NOg3),-6H,0 solution. The mixed solution was added immediately by drop wise into 50
mL of the leaf extract solution under continues stirring. Then, the same procedure was carried

out throughout the experiment.
3.6 Green Synthesis of (Mn, Ni) co-doped ZnO Nanoparticle

The (Mn, Ni) co-doped ZnO NRs (Zng.95-xMno 02NixO, x = 0.01, 0.03, 0.05, 0.07, 0.09) was
synthesized co-precipitation method, and assigned as INMZO, 3NMZO, 5NMZO, 7NMZ0O
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and 9NMZO, respectively. The preparation was according to the literature report with
modification(Senol et al., 2020). In a particular procedure, 0.33 M of Zn (NO3),.6H,O was
dissolved in to 50 mL of ethanol to form solution and stirred for 30 min. The resulting solution
was added to zinc solution and stirred for 30 min. Then, the mixed solution was immediately
added drop wise into the 50 mL of leaf extracted solution under continues stirring. After 20
min stirring, the required amount of NaOH solution was added drop by drop to the mixed
solution under magnetic stirring to adjust pH to 10.5. The solution was continually stirred for
2 hr and age for 12 hr after reaction. The aged precipitates was centrifuged until pH to be
neutral and dried in oven at 80 °c . The powder was calcined at 400 °c for 2 hr. to obtain (Mn,
Ni) co-doped ZnO powder. Figure 10 shows the schematics on preparation of (Mn, Ni) co-

doped ZnO nanoparticle using S. abyssinica leaf

\ .
=
N\ & Zn, Ni, Mn solution
i 3 A\
. D {
@ — ‘ Leaf extract

6 _o
~ | & -

= %2
<’ =
- "'\\ b
NS J 8
@ Constant stirring gnder -y 3
~ for 30 min onstant @ o
b //”
—-—— g
Anneling 0 Age for
at 4000c = ® 12h :
for Dhr I. [ =y T -
— l-Y — g
Dry in oven at Centrifuged at Constant stirring
Calcine at 400 °c 100°c 2000 rom for2 h
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3.7 Characterization

The crystallinity, crystalline size, and phase of the catalyst was characterized by X-Ray
Powder Diffraction (XRD) (Shimadzu XRD-7000). Fourier Transform Infrared Spectroscopy
(FT-IR) with Spectrum 65 FT-IR (PerkinElmer) was performed using KBr pellets for the
chemical functional group analysis. Differential Thermal Gravimetric (DTG) (Shimadzu
DTG-60H) was used to now the thermal stability. X-ray photoelectron spectroscopy
(XPS) ESCALAB 250 was used to elucidate the elemental composition. Energy Dispersive
X-Ray (EDX) using JEOL Japan was used for quick examination—elemental composition and
percentage weight of nanoparticles. Absorption properties of nanoparticles were measured by
Ultraviolet-Visible Absorption Spectrum (Uv-Vis) using a JASCO V-670UV-Vis at room
temperature. Photoluminescence (PL)-Spectroscopy of a JASCD FB-8500 was used to
investigate the recombination at a certain excitation wave length. Electrochemical impedance
spectroscopy (EIS) for study of charge transfer resistance was performed by Bio logic SP-300.
Scanning Electron Microscopy (SEM) using JSM 6500F JEOL and Transmission Electron
Microscopy (TEM) using (TEM, Tecnai G2 F20) was used for morphology, analysis. Higher
Resolution Transmission Electron Microscope (HRTEM) was allowed for direct imaging of
the atomic structure of the sample & know the exact d-spacing in between crystalline.
Brunauer, Emmett, and Teller (BET) by Micromeritics ASAP 2020 was served for measuring
surface area and pore size distribution directly. A Shimadzu-3600 Plus UV-vis

spectrophotometer was used to assess the MB dye degradation.
3.8 Photocatalytic Activities

Photocatalytic activities of the as-synthesized samples were evaluated by the degradation of
MB dye according to the method report with modification (Uddin et al., 2012). All of the trials
were carried out in the open room temperature. In each experiment, 0.025 g of metal oxide
catalyst was added in to 100 mL of MB solution (10 mg/L), followed by stirring for 20
minutes in the dark to validate the catalyst-pollutant adsorption-desorption equilibrium.
Throughout the experiments, the mixture was constantly stirred. After 20 minutes of stirring in
the dark, the light was turned on, and a 150 W halogen bulb was employed as the visible light
source. 4 mL of the suspension was collected at predetermined irradiation times and

centrifuged (4000 rpm, 10 min) to separate the photocatalyst particles. The MB concentration
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was evaluated by UV-visible Spectrophotometer (Shimadzu, UV-1650 pc) monitoring the
absorption maximum at Amax = 664 nm. The reusability of the (Mn, Ni) Co-doped ZnO
catalyst was also checked by dispersing 0.125 g of catalyst in 500 mL MB (10 mg/l) solution.
Then, the same process is used and the remaining solution was separated from the catalyst and
the supernatant solution was removed by decantation. The catalyst that remained in the bottom
of the beaker left was reused for the next photocatalytic reaction run with a similar procedure

five times as mentioned above.
3.9 Electrochemical Studies

The electrochemical characteristics of the samples were studied using three-electrode quartz
cells on an Electrochemical Potentiostate (Gamry Interface 1000) with 0.5 M Na,SO, as
electrolyte solution (Lam et al., 2021). The counter electrode was platinum wire, while the
reference electrode was Ag/AgCl. The following process was used to make the working
electrodes: The 10 mg of powdered sample was added to 1 mL of ethanol and mixed well
together by ultrasonography for 40 min. The 20 microliters of generated suspension were then
spread out on fluorine-doped tin oxide (FTO) glass plat which have 2 mm thick and area of
2x2 cm, and dried at 80 degrees Celsius for three hours. The EIS was obtained with a10 mV
AC voltage amplitude in the frequency range of 100 kHz to 0.1 Hz.
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CHAPTER FOUR

4. Results and Discussion
4.1. Structural Characterization by XRD

To study the crystalline structure, crystallinity, and crystalline size of different ZnO samples
prepared with different concentration Stephania abyssinica leaf extract, XRD was used. The
diffraction peaks pure-ZnO as shown in Figure 11 a located at 31.79°, 34.45°, 36.27°, 47.57°,
56.61°, 62.91°, 66.41°, 68.01, 69.17°, 72.74°, and 77.12°, belong to the (100), (002), (101),
(102), (110), (103), (200), (112),(201), (004), and (202) planes of ZnO which is match with
card number (JCPDS File No. 36-1451). It has hexagonal space group of P63mmc with unit
cell parameters a = 3.2435 A and ¢ = 5.212 A (Yadav, Raghavendra, Manjunath, & Nagaraju,
2018). Figure 11a depicts the patterns of reflection of various concentration of leaf to ZnO
(L2:21, 1L: Z1, L.1:Z2).
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Figure 11 a) XRD pattern of pure ZnO, L1:Z2, L1:Z1, L2:Z1 nanostructures derived from S.
abyssinica leaf extract and b) the variation of XRD peak intensity along (100) and (002)
plane.
0,91
B cos@ (1)
Where the crystal size is D, the X-ray wavelength is (1.5418), the full-width half

The size can be calculated by using Debye—Scherrer strategy: D =

maximum of the diffraction peak is the B and the scattering angle is the 6. The average
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crystalline size of pure-ZnO, L1:Z2, L1:Z1 and L2:Z1 are 36.17 nm, 22.9 nm, 20.88 nm, and
15.49 nm respectively. It is clear from Figure 11b, that a decrease in the intensity and
crystalline size of ZnO nanoparticles as the concentration of leaf increases which influences
the crystallinity and the size of the crystals (Soto-Robles et al., 2019; Suresh et al., 2015).

Moreover, the XRD pattern of pure ZnO, 1-NZO, 3-NZO, 5-NZO, and 7-NZO is
indicated in Figure 12 a. As it is indicated, there is no new phase observed resulted from Ni in
ZnO, indicating that the dopant has been successfully doped into the ZnO lattice. Furthermore,
as it is observed in Figure 12 b, the characteristic peak of (100) and (002) planes with dopant
samples shifts toward a greater angle as compared to undoped (pure) ZnO NPs. This is due to
the introduction of impurities ( Ni**) and caused distortion in a host ZnO lattice, as well as the
reduction of grain size and the existence of strain in the ZnO lattice due to the introduction of
Ni dopant atom in the host ZnO matrix. (Rana & Singh, 2016)
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Figure 12 a) XRD pattern of pure ZnO, 1-NZO, 3-NZO, 5-NZO, and 7-NZO nanostructures derived

from S. abyssinica leaf extract and b) the variation of XRD peak intensity along (100) and (002) plane.

40 50
2theta (degree)

The micro-strain (¢) is derived from the relation: Micro strain originates due to the
presence of defects such as vacancies in the lattice, excess fraction of grain boundaries, etc.,

and causes broadening of the XRD peaks.

£ = () ®)

4tan @

Dislocation is a crystallographic defect or irregularity, within a crystal structure. The
presence of dislocations strongly influences many of the properties of materials. Where
Dislocation densities are calculated using the formula, Where D is the crystallite size and 6 is
the dislocation density, § = 1/D? (3)
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From the XRD peak intensities, d-value, cell parameters “a” and “c,” and c/a ratio, of
all the three samples are presented in Table 4. The d-value was derived from Bragg’s law, 2d
sin 0 = n\. The unit cell parameters “a” and “c”” have been calculated using the formula for the

hexagonal system.

A
2sin6 ’

dpi = Where A is the wavelength of the X-ray beam (0.154nm) 4)

1 _4(h2+hk+k2) 12
a2 3

a? T c2 (5)

Table 4 Shows the average crystallite size, cell parameter, Dislocation density, lattice spacing,
and micro-strain of Ni-doped ZnO from XRD pattern

Samples | Average crystalline | Cell cla Dislocation | Lattice | Micro
size bysherrer’s | parameter(A) | ratio density spacing | strain
formula (nm) a=b c (x10%6 | (A)d | (x10%)¢

1-NZO 20.37 3.2435 | 5.212 | 1.6069 | 24.103 1.89 0.764

3-NZO 19.98 3.2446 | 5.214 | 1.6069 | 25.051 1.88 1.052

5-NZO 19.84 3.2432 | 5.212 | 1.6070 | 25.404 1.86 1.103

7-NZO 18.49 3.2415 | 5.210 | 1.6073 | 29.251 1.83 1.182

The study of the crystalline structure and phase of Stephania abyssinica leaf extract-mediated
pure-ZnO, 5NZ0O, 2MZ0, INMZO, 3NMZO, 5NMZ0, 7NMZO, and 9NMZO nanostructures
are also done as seen in Figure 13 a. When we see the XRD peaks corresponding to co-
dopants of Mn/Ni less than 7% Ni, their oxides were not observed that which justifies the
phase purity of the samples. But, for the doping level of nickel at 9%, the NiO (200)
diffraction peak is observed as seen in Figure 13 b. Therefore, the saturation solubility of Ni in
Mn/Ni doping is limited to 7% of Ni. An enlarged view of the XRD peak along the (100) and
(002) plane Table 13 (c-d) shows significant variation in peak position and intensity due to the
incorporation of Mn?* and Ni** which have small ionic radius ( 0.67 A and 0.69 A,
respectively) than Zn®* (0.74A) in to ZnO. A decrease in peak intensity indicates the sensible
decrease in the crystallinity of doped samples when compared to un-doped ZnO due to the
distortion in the Zn-O lattice by Mn/Ni addition (Subbiah, Muthukumaran, & Raja, 2021).
Moreover, the peak position is shifted slightly to the higher 20 side due to Mn and Ni doping

respectively, which suggesting the successful incorporation of Mn?*/Ni?* in the ZnO crystal
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lattice or replacement of Zn?* jons by Mn®*/Ni*" ions (Naskar, Lee, & Kim, 2020). As seen in

Table 5, the doping of Mn into ZnO and co-doping of Ni/Mn to ZnO significantly reduced the

size to 17.32 nm. The reduction in crystalline size of samples as the dopant increase is due to
incorporation of smaller ionic radius Ni?* (0.69 A) and Mn** (0.67 A) in the place of Zn*
(0.74 A) (W. Yu et al., 2008).

Intensity (a,u)

2) . & +n0  ANiO
9-NMZO TR
7-NMZO “l — A

ne

5-NMZO U A A .
3-NMZ0 jJL A A A
1-NMZO “A -

2-MZ0 A A
2-NZO m A AN

pure-ZnO “A A A A A

Intensity (a,u)

Intensity (a,u)

10 20 30 40 50 60 70 80 g 33 4 0 6 0 8
| 2 theta (degree) 2 theta (degree)
M 9-NMZO / \\ d)
___/\ 7-NMZ0 /i \
M_A ~ —— Pure-zn0
: i ) — L1271
| 3NMZO \J | — 2M20
VAR 1NMZ0 /NG 3 \ SNMZ0
N\ N\ <
§ 2MZ0 ;
_—AM
| pure-Zn0O |

310 315 320 325 330 335 340 345 350
2 theta (degree)

2 theta (dearee)
Figure 13 a) XRD pattern of green synthesized pure-ZnO, 5NZ0O, 2MZ0O,1NMZ0O, 3NMZO,

5NMZ0O, 7TNMZO, and 9NMZO nanostructures b) the XRD pattern of 9NMZO nanostructures
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Table 5 shows the average crystallite size, cell parameter, Dislocation density, lattice spacing,
and micro-strain of S. abyssinica -mediated of pure, doped, and co-doped ZnO from XRD

pattern.

Samples | Crystalline size | Cell c/aratio | Dislocation | Lattice Micro
by sherrer’s parameter(A) density spacing | strain
formula (nm) a=b [ ¢ (x10% 8 | (x10™) | (x10% ¢

A

1L:1Z 20.88 3.2426 | 5.209 | 1.6064 22.93 2.55 1.175

5NZ0O 19.84 3.2432 | 5.212 | 1.6070 25.423 2.01 1.203

2MZ0 19.23 3.2447 | 5.216 | 1.6075 27.038 2.08 1.373

INMZO |18.75 3.2428 | 5.211 | 1.6069 28.442 2.35 1.108

3NMzO | 18.61 3.2428 | 5.211 | 1.6069 28.871 2.26 1.202

5NMZ0O | 18.55 3.2422 | 5.209 | 1.6066 29.060 2.43 1.127

7NMZO | 18.11 3.2424 | 5.210 | 1.6068 30.490 2.61 1.203

9NMZzO | 17.32 3.2431 | 5.212 | 1.6072 33.375 2.38 1.153

4.2. Thermo-Gravimetric Analysis (TGA).

The most extensively used approach for analyzing the thermal degradation of synthesized
samples is Thermo-Gravimetric Analysis (TGA). Figure 14(a, b, ¢) shows the TGA and DSC
traces of pure- ZnO, 2MZO, and 5SNMZO samples which was heated at a rate of 10 °C/min
from 0 to 1000 °C. The DTA and TG curves reveal that the heat breakdown of the precursor
occurs in two stages. The endothermic peak for the first step of the TGA curve revealed a
significant weight loss around 35 -147 °C due to water evaporation (Lakshmi, Mathusalini,
Arasakumar, Kadirvelu, & Mohan, 2017). The weight loss of pure- ZnO, 2MZO, and 5NMZO
in this range are, -2 %, -1.38 %, and -3.24 % respectively. The main weight loss occurred due
to other endothermic peaks around the temperature range of 147-350 °C, in which the
breakdown of intermediate molecules that may remain in the powder. The weight loss of pure-
Zn0O, 2MZ0, and 5NMZO in this range are, -3.74%, -7.92%, and -13.38% respectively. This
TGA indicated the thermal stability of crystalline structure, as confirmed by the XRD
examination. There is no considerable weight loss after 400°C (Kayani, Anjum, Riaz, Naseem,
& Zeeshan, 2020). In Figure 15 d, the TGA of those three samples are taken at about 355 °C
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for comparison of thermal stability and it shows the weight loss -17.04%, -9.66%, and -5.80%
of pure- ZnO, 2MZO, and 5NMZO respectively, in which 5SNMZO has high thermal stability.
This might be due to introduction of manganese and nickels in to ZnO which have different

thermal decomposition (Xiao & Ouyang, 2009).
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Figure 14 the TGA-DTA graph of synthesized zinc (a) pure-ZnQO, (b) 2MZO0, (c) 5NMZO0, and

(d) the thermal stability comparison

4.3. Uv-Vis Absorption Spectra and Optical Properties

The absorption properties of pure- ZnO, 5NZO, 2MZO, 5SNMZO and 9NMZO nanoparticles
were measured by ultraviolet-visible (Uv-Vis) absorption spectrum nanoparticles within the
wavelength range of 200 nm to 800 nm at room temperature. The absorbance spectra of

different samples are shown in Figure 15 (a). The band edge for the pure-ZnO sample was
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appeared at about 387 nm while the band edges of the 5SNZO, 2MZ0O, and 5SNMZO samples
shifted to longer wavelength regions with higher absorption wavelengths after doping as well
as the absorption intensity also increase respectively due to incorporation of nickel and
manganese in to lattice. The light absorption extended to the highest value of 475 nm when
incorporation of Ni into ZnO lattice was increased to 5% in weight (at 5SNMZO). The
absorbance coefficient was calculated from the raw absorbance data to obtain the optical band
gap (EQ). Tauc's relationship is used to compute the energy gap values (Eg) of the synthesized
samples. The band gap values were thus determined by the extrapolation of the linear portion
of the (athv)? curve versus the photon energy (eV) as shown in Figure 15 b. With variation, as
pure-ZnO, 5NZO, 2MZ0O and 5NMZO, the band gap energies decreased in the range of 3.2
eV, 2.93 eV, 2.89 eV, and 2.62 eV respectively. But at 9INMZO, this slight increases of band
gap energy to 2.79 eV that may be due to doping induced band edge bending (C. Yu et al.,
2012) which means, the formation of new phase (NiO) made junction with ZnO, thus will
have new properties of composite. Since Ni is not fully dissolved into ZnO matrix, that’s why
some of the Ni atoms may be located at the surface of ZnO in the form of NiO. Similar results
were reported in Sn-doped ZnO and In-doped ZnO where the oxides appeared on the surfaces
of doped ZnO as SnO, and In,O3 respectively (C. Wu, Shen, Yu, Huang, & Zhang, 2011).
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Figure 15 a) UV-visible absorption spectra of pure-ZnO, 5NZ0O, 2MZ0O, 5NMZ0 and
9NMZO nanoparticles the, b) Talc plots for the optical energy gap calculation of those

nanoparticles.
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4.4. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

Fourier transform infrared spectroscopy has been used to determine the presence of vibrational
bands in the prepared samples. The FTIR of Stephania abyssinica leaf is done in Figure 16 a.
and the peaks observed at 499, 1424, 2844, 2924, 3408, and 3822 cm ' were attributed to
stretching C—H vibration (S. Kumar, Kumar, Sahu, & Kumar, 2020). The absorption peak at
3416 cm ™" parallel to the O—H stretching vibration of the water molecule, the additional bands
are observed at 1073 and 1632 cm* correspond to C-O (ester) stretching vibrations, and the
band at 1429,1736 cm™* stretching vibrations corresponds to C=C (carbon-carbon bonding)
(Ashokkumar & Ramaswamy, 2014). FTIR spectra of pure ZnO, leaf, ZnO-leaf, 2MZO, and
5NMZO nanoparticles are shown in Figure 16 b. FTIR spectra typically reveal the existence of
functional groups. The observation of a strong peak at 450 cm™ may be assigned to the
stretching vibration of Zn-O which confirmed the wurtzite structure of the prepared samples
(Guo et al., 2008). The Presence of the weak absorption band found around 645 cm™
corresponds to the asymmetric stretching of the Mn—O bond (B. D. Biswas et al., 2021) . The
band at ~1385 cm * may be due to O—C=0 asymmetric stretching. The sharp stretching bands
observed at 856 cm ' and 1378 cm™* were due to the Ni—O vibrational frequency and Zn-O—
Ni bonding respectively, because of the presence of Nickel in the ZnO lattice structure, Ni**
ions occupy Zn?* sites of host lattice of ZnO NPs (Mullani et al., 2020). The observed band at
1047 and 1630 cm* can be attributed to C—O (stretching), and the peaks at 1514 and 1742
cm* was corresponding to C=0 (asymmetric stretching). The peaks observed at 2245 and
2352 cm—1 are the stretching O=C=0 vibrations due to the presence of CO2 molecules in
acetate, and C-H stretching mode, respectively (Dhanalakshmi, Natarajan, Ramadas,
Palanimurugan, & Thanikaikarasan, 2016). The O-H group of H,O is observed to be
responsible for the formation of a large absorption peak at 3451 cm™, showing the presence of

water absorbed on the surface of monocrystalline powders.
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Figure 16 a) the FTIR spectra of S. abyssinica leaf b) pure-ZnO, ZnO-leaf, 2MZO, 5NMZ0
and 9NMZO nanoparticles.

4.5. Scanning Electron Microscope (SEM) Analysis

To study the surface morphology, Scanning Electron Microscopy (SEM) was taken for pure-
Zn0, ZnO with leaf and the green synthesized sample of 5SNMZO nanoparticles. SEM images
are appropriate for demonstrating the nanoparticles' surface morphology, size and shape. As
we see in Figure 17 a-b, the shape of pure- ZnO spherical like, agglomerated than the particle
of ZnO with leaf, and have high particle size (around 122 n m). This may be due to the
absence of cupping agent in the particle. The nanoparticles of ZnO with leaf in Figure 17 c-d
are well dispersed, less aggregated and low particle size (around 101 m) than pure ZnO, and
its shape is elliptical like which have the same shape with the previous report (Samanta,
Goswami, & Mahapatra, 2018a). Due to the introduction of leaf extract and Ni/Mn dopants,
the shapes of green synthesized sample of 5SNMZO in Figure 17 e are seems elliptical like,
some rode like and some flower like. Image J software has been utilized to calculate the
particle size of the nanoparticles from SEM images, and the average particle size is around 86
nm as we seen in Figure 17 f. The change in shape from elliptical like to same rode like and
some flower like structures confirming the presence of Mn and Ni substitutions. The grains are
packed homogeneous and uniformly distributed or highly dispersed throughout the structure
with good crystallinity. This could be beneficial for photocatalysts since they aid not only to
adsorb organic contaminants on the surface of photocatalysts, but also to allow light to pass

through during illumination.
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Figure 17, i) The SEM image for nanoparticle of (a) pure
particle size of (b) pure-ZnO without leaf extract



4.6 Energy-Dispersive X-Ray (EDX) Analysis

The chemical compositions of the elements created are evaluated by Energy-Dispersive X-Ray
(EDX) spectroscopy analysis. One of the most important confirmation procedures for
elemental identification is elemental mapping. The EDX spectra of six samples are shown in
Figure 18 (a-f) Pure ZnO, 2MZO, 5NZ0O, INMZO, 3MNZO, and 5NMZO are among them.
All of the samples contain the spectra elements that are expected to be happen. As a result, the
purity of all synthesized samples was validated, with all predicted elements present and no
unexpected elements identified. The weight and atomic ratio of the elements as found in EDX
spectroscopy analyses are specified in the outcome to know how much weight of each element
is there. To know the appropriate amount of dopant into the Zn lattice, the weight percentage
of Ni, Mn, Zn to total(Ni + Mn+ Zn), are Calculated by weight percentage composition
formula which created by Sal Khan (Anandan & Muthukumaran, 2015).

Weight percentage of X(in ZnO)

. 0 . . _
Welght % of X(ln Zn lattlce) Total Weight percentage (Mn+Ni+Zn) in ZnO

Where, X is Mn, Ni, and Zn elements. And the resulted weight % is presented in Table (6) and
it confirms the doped value and the expected values are very close to each other. This shows
there is the appropriate amount of doped element.
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Figure 18 EDX analysis spectra of a) pure - ZnO b) 2MZO c¢) 5NZO d) INMZO e) 3ANMZO f)
5NMZO nanoparticles

Table 6 the calculated outcome from EDX data, the expected weight percent, and percentage

difference on weight percentage of Ni, Mn, and Zn to (Ni + Mn+ Zn) elements

Sample Expected weight % The result weight% Difference (% error)
names Mn Ni Zn Mn Ni Zn Mn Ni Zn
Pure-ZnO | 0 0 100 0 0 100 0 0 0
2MZ0 2 0 98 219 |0 97.81 +0.19 |0 -0.19
5NZO 0 5 95 0 4.72 195.28 0 -0.28 | +0.28
INMZO 2 1 97 2.13 1.07 | 96.80 +0.13 | +0.07 |-0.20
3NMZO 2 3 95 1.70 | 3.15 95.15 -0.3 +0.15 | +0.15
SNMZO 2 5 93 206 |4.74 |93.20 +0.06 | -0.26 |+0.20
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4.7 Transmission Electron Microscopy (TEM) Analysis

The morphology and the exact particle size of as prepared 5SNMZO nanoparticles have been
investigated by Transmission Electron Microscopy (TEM), which confirms the particle size
that studded in SEM images. The Figure 19 (a) Shows the TEM image confirms the shape
tend to flower like structure of the 5SNMZO nanoparticles. Image J software has been utilized
to calculate the particle size of the nanoparticles from TEM images (J. Singh, Sharma, Soni,
Sharma, & Singh, 2019). The TEM image in Figure 19 (b) confirms the exact particle size
94.23nm and 72.14nm of which is found in range that calculated from SEM image. Higher
Resolution Transmission Electron Microscope (HRTEM) images of the samples are shown in
Figure 19 (c). These images confirm the uniform structural growth at the surface of the
nanoparticles (Samanta et al., 2018a). The planar distance as seen in the HRTEM images is
around 0.259 nm which matches well with the spacing between (002) crystal planes of ZnO.
This finding of (002) plane oriented growth of ZnO much well with the earlier XRD results
0.2602 as mentioned in Table-7 below. From Selected Area Electron Diffraction (SAED)
pattern in Figure 19 (d) shows the diffraction rings pattern of plans which confirms the
crystalline nature of the samples. The indexing of diffraction rings of SAED pattern has been
done using Image J software (J. Singh et al., 2019). From this pattern, (101), (102) (110),
(112), and (202) planes of the ZnO nanoparticles were identified.

Table 7 similarity of d-spacing on expected, calculated, and HRTEM of 5NMZO nanoparticle

Name of Plane index 26 d(hkl) d(hkl) calculated = d(hkl) from
sample  (hkl) expected(A) (A) from XRD  HRTEM (A)
5NMZ0O (002) 34.412° 2.604 2.602 2.590
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Figure 19 Those images are:- ( a-b) the TEM images, (c) the HRTEM images, (d) the SAED

pattern
4.8. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The oxidation status of chemical components included in the 5SMNZO sample was determined
using XPS. The binding energy signatures of Zn 2p and Ni 2p from 5SMNZO are seen in XPS
spectra Figure 20 (c). The binding energy signals of Zn 2p are shown with strong signals at
1022.1 and 1045.2 eV, which correspond to the binding energies of Zn 2ps;, and Zn 2py,
respectively. The energy difference between the binding energy levels of zinc 2ps;, and zinc
2p12 can be calculated to be 23.1 eV, confirming the presence of zinc as Zn?* in the
nanomaterial (Naskar et al., 2020).
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The Mn 2p spectrum is shown in Figure 20 (a), with two peaks at binding energies of 641.8
eV and 653.4 eV, corresponding to the Mn®* 2pg, and Mn** 2pyy,, respectively. The binding
energy of the Mn 2p1/2 peak is 641.8 eV, indicating that manganese ions are in the Mn**
valence state (M. M. Khan et al., 2020; Prabhakar et al., 2012). As a result, these findings
suggest that the doped Mn ions are in the divalent state, implying that Mn functions as a
dopant to replace a significant portion of the Zn in the ZnO lattice. The binding energy
between 2ps, and 2p;y, has a spin-orbit double splitting value of roughly 11.6 eV, which is

within the normal binding energy distance of the Mn?* orbital level.

The Ni 2p spectra of the 5SMNZO sample was fitted into four peaks at 855.4, 861.5, 872.8, and
879.8 eV, as shown in Figure 20 b. As a result, the Ni 2ps2 and Ni 2py/; had eV values of 855.4
and 872.8. They differ from Ni at 852.3 eV and Ni 2pz, of Ni,O3 at 856.7 eV, but they are
extremely similar to Ni 2ps;, of NiO at 855.4 eV (Yin et al., 2005). The computed value (17.4
eV) from the energy gap between the Ni 2p3/, (855.4 eV) and Ni 2py» (872.8 eV) peaks differs
significantly from NiO (18.4 eV), indicating that nickel is not present in the form of NiO in
ZnO lattice sites in the sample. Furthermore, the satellite peaks of Ni 2ps, (861.5 eV) and Ni
2p12 (879.8 eV) reveal the presence of Ni?* | indicating that the Ni** ion has been successfully
doped in the ZnO lattice (Ganesh et al., 2017).

Three types of oxygen energy levels centered at 529.7, 531.3, and 532.8 eV may
deconvolution the O 1s peaks of ZnO Nano particle with varying concentrations of Ni as show
in in Figure 20 d. The chemisorbed oxygen of the surface hydroxyl group is responsible for
the high binding energy component centered at 532.8 eV (Li et al., 2006), which cannot be
easily removed. The O ions in the ZnO lattice could be responsible for the component with
low binding energy centered at 529.7 eV. The intensity of this peak would represent the
number of oxygen atoms in the hexagonal Zn®* ion array's wurtzite structure. The O ions in
the oxygen-deficient regions within the matrix of ZnO, whose intensity partly represents the
variation in the concentration of oxygen vacancies, could be related to the medium binding
energy peak centered at 531.3 eV, which could be related to the O% ions in the oxygen-
deficient regions within the matrix of ZnO (Gayen, Majumder, Varma, & Pal, 2010).
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Figure 20 XPS survey of (a) Mn®* 2p (b) Ni?* 2p, (c) Zn** 2p, and (d) O 1s for SNMZO

prepared catalyst with leaf extract

4.9. Brunauer, Emmett, and Teller (BET) Analysis

The specific surface area of the 5SNMZO powder prepared with Stephania abyssinica plant
extract was 28.256 m?/g, while the specific surface area of the SNMZO prepared without leaf
extracts was 14.53 m?/ g. The results revealed that the presence of leaf extract increases the
surface area of the catalyst which is similar with the reported value by Tarafdar et al. (Ebadi,
Soltan Mohammadzadeh, & Khudiev, 2009). The ability of surface area improved to enable
many active locations and to adsorb organic pollutants on the surface of catalysts. The greater
surface area of the catalyst may allow organic contaminants to adsorb on its surface; these

designs ultimately enable the catalyst to achieve efficient degradation of MB in a shorter time.
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Table 8 shows the measured BET data of 5SNMZO nanoparticle with leaf and without leaf

Specific surface area (a;) 1453 (m*g™) 28.256 (m“g™)
Total pore volume (Pi) 0.0074369 (cm” g™) 0.014276 (cm® g™)
Mean pore diameter 2.0474 (nm) 2.021 (nm)

4.10. Photoluminescence (PL) Analysis

The PL emission spectra of pure-ZnO, 5NZO, 2MZ0O, 5MNZO, and 9MNZO photocatalysts
were measured at room temperature at the excitation wavelength of 325 nm to investigate the
effect of Mn/Ni doping on the Photoluminescence of ZnO. The pure ZnO photocatalyst had a
significant UV emission peak at 387nm and several somewhat mild visible emissions around
407nm. The visible emissions are caused by many types of defect states transitioning (Sagar et
al., 2007). The decreased recombination rate of the charge carriers in the Mn/Ni-doped ZnO
samples was evidenced by the lower emission intensity. It is widely acknowledged that Mn/Ni
ion doping can result in doping levels/ electron trapping level below the conduction band.
These doping levels were advantageous for trapping electron due to photogenerated electrons
and holes, which could improve charge separation efficiency and hence limit recombination.
As a result, as seen in Figure 21a of pure-ZnO, 5NZO, 2MZ0O, and 5SMNZO, the PL intensity
decreased respectively. On the other hand, the PL intensity of the prepared 5SMNZO samples
was lower than that of pure-ZnO, 5NZO and 2MZO. However, the intensity of the PL
increases as the farther increase of doping concentration to 9MNZO on which the new phase
(NiO) is formed as seen from XRD. There are two probable explanations: (1) when the dopant
concentration surpasses a particular threshold, these doping levels may operate as a
recombination center rather than a charge separation center, facilitating the recombination
process. (2) Photogenerated electrons may pass from the CB of ZnO to the CB of NiO because
the composite of ZnO/NiO would have their own properties when forming composite. Too
many photogenerated electrons were collected in the NiO conduction band too quickly,
leading some photogenerated electrons to recombine indirectly to hole. The intensity peaks in

the higher wavelength region revels the presence of vacancy’s due to integration of Ni/Mn into

54



ZnO nanoscale material (Mondal et al., 2020). It also confirmed in XPS like oxygen

vacancies.
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Figure 21 Room temperature PL spectra of a) pure-ZnO, 5NZO, 2MZ0, 5NMZO and 9NMZO

samples, and (b-f) the deconvolutions of each sample.
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4.11. Electrochemical Impedance Spectroscopy (EIS) Study

The interfacial charge transfer dynamics in the photocatalyst were further investigated using
Electrochemical Impedance Spectroscopy (EIS). To better understand the effect of doping on
the separation of photogenerated electron-hole pairs, the Nyquist plot EIS of pure ZnO,
2MZ0O, 5NZ0O, 5NMZ0O, and 9NMZO samples was performed as shown in Figure 22. The a
lower arc radius indicates effective charge carrier separation (Qiao et al., 2020). The arc radius
of the impedance curve related to the 5SNMZO electrode was much smaller than that of pure
Zn0O 2MZO0O, 5NZ0O, and 9NMZO electrodes. Their charge transfer resistances (Rc) are 5705
Q, 4712 Q, 3387 Q, and 1360 Q and their serious resistance (Rs) of the solution are 121 Q,
107 Q, 70 Q, and 37 Q respectively as fitted circuit shown below. However, the
photogenerated electron-hole pairs were separated and moved more easily in the 5SNMZO
structure due to the lower charge transfer resistance (R¢) which is 979 Q. The EIS results
matched the photocatalytic activity of the as-prepared photocatalyst, which is compatible with
the photoluminescence (PL) tests, which show that lowering the recombination probability of
photogenerated electrons and holes, and increases the photocatalytic activity. The PL spectra
and EIS experiments revealed that to prevent photogenerated electron-hole pair

recombination.
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Figure 22 the Nyquist plot EIS of pure-ZnO, 5NZ0O, 2MZO, 5NMZO and 9NMZO
nanoparticles derived from S. abyssinica leaf extract.
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4.12. Photocatalytic Activity Evaluation

To check the photocatalytic degradation efficiencies of pure ZnO and different concentrations
of Stephania abyssinica leaf extract-mediated ZnO, Methylene blue (MB) dye, which is a
major pollutant in water discharged by factories in the textile industry, was chosen as the
model of organic pollutant while doing the experiment under visible light irradiation. The
molecular formula and molecular weight of MB are C16H18CIN3S and 319.851 g/mole
respectively. Figure 23 (a, b, ¢, d) shows the UV-vis adsorption changes in the absence of leaf
and the presence of leaf concentration (pure-ZnO, L1:Z1, L2:Z1, and L1:Z2) photocatalysts,
where a peak of absorbance at 664 nm of the UV-vis of the MB solution. This presence of the
peak is attributed to the absorbance of the transitions of the MB. The degradation was divided
into two phases: The dye/catalyst solution was kept under continual sonication for 20 minutes
in the first phase (without turning on the visible light). While in the second stage (the visible
light on), the degradation efficiency (1) of the bio-synthesized sample can be achieved by the
following equation:

Co—Ct

0

Where, Cy and C; are the concentration of the dye at the irradiation for time, “0” and “t”
minutes, respectively. And it is observed that the Zl:1Lsample exhibits the highest
photocatalytic activity (72.5 %), compared to the pure-ZnO, Z2:1L, and Z1:2L samples (33.1
%, 69.7 %, and 67.4 %, respectively), during 80 minute reaction time. These results are
attributed according to previous studied (Angasa, Jamarun, & Arief, 2020). As if the leaf
concentration is to law, the particles were still agglomerated in shape, and if the leaf
concentration high, leads the particles too small and tends to agglomerated. But if their enough
concentration, this can effectively act as a capping agent in the synthesis (Angasa et al., 2020).
It also needs SEM for farther confirmation.

57



2.0

Pure-ZnO

R e e 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
2.0 2.0
c)
1.64
S'1.2+
s
@
o
< 0.84
0.44
0.0 - . . .
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
100 1.0
e) —=— Pure-ZnO
o iz
S —v—L171 —t
< durk 0.6
c604 Indur 6+
g6 5
= S) In dark
= SHN —
2 0.4
S 401 ’ —&— Pure-ZnO
@ —— L1722
o 02 —h— | 2:71
201 ' —v—L1:Z1
0 r r r 0.0 T r r
220 0 20 40 60 80 -20 0 20 40 60 80
Time (min) Time (min)
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Photocatalytic Activity of all INZO, 3NZO, 5NZO, and 7NZO catalyst is done shown in
Figure 24 (a-f) and the comparison depend up on the effect of Ni concentration in ZnO lattice
are evaluated. It is observed that the 5NZO sample exhibits the highest photocatalytic activity
(79.73 %), compared to the pure-ZnO, 1INZO, 3NZO, and 7NZO samples (33.1 %, 72.48 %,
74.12 % and 78.01 %, respectively), during 80 minute reaction time. This may be due to
narrowed band gap, creation of electron trap level which prevents recombination, and lowered
electron transfer resistance (Gnanamozhi et al., 2020) as compared to 1 % and 3 % of Ni, and
due to lower distortion of ZnO lattice as compared to 7 % Ni doped ZnO (Gnanamozhi et al.,
2020; Zhao et al., 2011). The photocatalyst was able to improve photogenerated carriers and

light absorption by lowering the band gap of 5 percent Ni doped ZnO nanoparticles.
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Figure 24 Photocatalytic Activity of a) INZO, b) 3NZO, ¢) 5NZO, d) 7NZO degradation on
the effect of Ni concentration ) percentage degradation, f) C¢/C, of the degradation.

Photocatalytic Activity of all 5NZO, 2MZ0O, 1NMZO, 3NMZO, 5NMZ0O, 5NMZ0O, and
9NZMO are done as shown in Figure 25 (a-h) and the comparison of all samples as which
catalyst have the highest photocatalytic activates due to different effects are evaluated. The
rate of degradation usually depends on the stability, morphology, surface area, band gap,
charge transferring resistance, photo elimination and crystalline structure of the photo-catalyst
(Milenova et al., 2013). When 2 % Mn is doped on ZnO, the degradation efficiency increased
from 69 % to 76.6 %. Moreover, when ZnO is co-doped with Mn and Ni- like INMZO,
3NMZO, 5NMZ0, 7NMZ0O, and 9NMZO, degradation efficiency highly increased to 84.5 %,
92.8 %, 99.5 %, 97.3 %, and 92.3 % respectively. Hence, the 5SNMZO catalyst exhibits the
enhanced separation rate of electron-hole pairs; these in turn effectively degrade 99.5 % of
MB dye within 60 min under visible light. It is seen that Mn/Ni dual-doped ZnO NP has a
modified crystal structure, improved surface area, the band gap is tuned to the visible region,
and the recombination is highly reduced, and hence generated more active sites on the
photocatalyst surface. As to comparing the previous work to current in Table (9), the
photocatalytic degradation of the current work is higher than the previous and S. abyssinica
leaf contribution is very high. Even if degrading the methylene blue dyes with in the short

period of time as compared to the previous.
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Table 9 comparing the current photocatalytic degradation with previous works

No Nanocata Biogenic source dyes Efficien Time Reference
lysts cy (%) (min)

1 Cu- Vernonia MB 60 % 100 (Okeke et al., 2020)
ZnO amygdalina

2 Ag- ZnO Pedalium murex L. MB 924% 150 (Nagasundari, Muthu,
Kaviyarasu, Al Farraj, &
Alkufeidy, 2021)
Ag-ZnO Capparis MB 87 % 100 (Farooq et al., 2022)

3

4 Ag- ZnO Sida rhombifolia MB 57% 200 (Babu & Antony, 2019)

5 Ag- ZnO Pomegranate peel MB 70% 60 (Kaviya & Prasad, 2015)

6 Ag/ZnO Padinagymnospora MB 98.7% 150 (Rajaboopathi &
Thambidurai, 2018)

7  Mn/Mg- Ocimum tenuiflorum MB 78 % 60 (Subbiah, Muthukumaran,

ZnO & Raja, 2020)

8 Mn/Mg - Centella asiatica MB 941% 80 (Subbiah, Muthukumaran,
ZnO & Raja, 2019)

9 ZnO - MB 331% 80 The present work

10 ZnO Stephania abyssinica MB 725% 80 The present work

11  Mn-ZnO Stephania abyssinica MB 76.6% 80 The present work
12 Ni-ZnO Stephania abyssinica MB 79.7% 80 The present work

13 Mn/Ni-  Stephania abyssinica MB 995% 80 The present work
ZnO
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4.12.1. Photodegradation Kinetics

Langmuir Hinshelwood Kinetic equations were utilized to determine the Kkinetics of
photodegradation. InC = —Kt + InC, (7)
Rearranging Eq. 7 gives

InColC =kt (8)
Where Co and C are the initial dye concentration (mg L™) and the dye concentration (mg L™)
at time t, and k is the pseudo-first-order reaction rate constant (min™), The initial concentration
(C,) and the ratio of dye concentration at time t (C) were plotted versus time.

The slopes were used to determine the degradation rate constants. Figure 26 (a, b) displays the
curve fitting of pure-ZnO, L1:Z1, L2:Z1, and L1:Z2 degradation by the pseudo-kinetic
equation and the rate constants (k) of those of those samples, and Table 10 shows the Percent
Degradation Efficiency (PDE) and kinetic rate constant (k) and correlation coefficients (R?).
When we compared the degradation efficiency and degradation rate constant of pure-ZnO with
different leaf concentrations, the Z1:L1 has degradation efficiency (72.5 %) and high
degradation rate constant (16.9 x 10 min™) due to suitable particle Size and high surface area.
The Figure 26 (c, d) shows the kinetic study of pure-ZnO, 1INZO, 3NZO, 5NZO and 7NZO
degradation using pseudo-first-order kinetic plot and the rate constants (k) of those of those
samples, and Table 11 revels due to the doping of Ni, the 5NZO had the greatest degradation
efficiency (79.73 %) and highest degradation rate constant (21.46 x 10° min™). The Figure
27(e, ) shows the kinetic study of pure-ZnO, L1:Z1, 5NZO, 2MZ0O, 1INMZO, 3NMZO,
5NMZO and 9NZMO degradation using pseudo-first-order kinetic plot and the rate constants
(k) of those of those samples, and Table 12 revels due to the doping of Mn and Ni, the
5NMZO had the greatest degradation efficiency (99.5 %), highest degradation rate constant
(65.27 x 10° min™), and correlation coefficients (99.7 %). In comparison to other samples,
this is owing to optimum Ni doping, a sufficient bandgap, a lower charge carrier
recombination rate, and effective separation of photo-excited electron-hole pairs and oxygen
vacancies (Reddy et al., 2020).
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Figure 26 the Kkinetics study of a) pure-ZnO, L1:Z1, L2:Z1, and L1:Z2 degradation on the
effect of leaf extract ¢) pure-ZnO, INZO, 3NZO, 5NZO, 7NZO degradation on the effect of
Ni concentration e) pure-ZnO, L1:Z1, 5NZ0O, 2MZ0O, INMZ0O, 3NMZ0O, 5NMZO and
9NZMO degradation using pseudo-first-order kinetic plot, and (b, d, f) the rate constants of

those catalysts
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Table 10 the percentage degradation efficiency, kinetic rate constant, and correlation

coefficients of pure-ZnO sample, and with different leaf concentrations

Pure-ZnO
PDE % 33.12 67.41 69.73 72.54
K(min™) 4.9x10° 14.9 x 107 15.6 x 10 16.9 x 10°
R 0.995 0.994 0.995 0.994

Table 11 the percentage degradation efficiency, Kinetic rate constant, and correlation

coefficients of pure-ZnO sample, and with different Ni-doping concentrations

PDE % 33.1 72.48 74.12 79.73 78.01
K(min™) 49x10° 16.94x10°  19.48x10° 21.46x10°  20.82 x 10-3
R 0.995 0.994 0.973 0.990 0.982

Table 12 the percentage degradation efficiency, kinetic rate constant, and correlation

coefficients of Mn/Ni doped ZnO samples

YA\ VA®) S\VA®) INMZO 3NMZO  5NMZO 7NMZO 9NMZO

PDE% 76.63 79.73 84.51 92.81 99.53 97.34 92.30
K 17.55 21.46 25.32 30.63 65.27 48.94 33.17
(minY)  x103 x 107 x 107 x 107 x 107 x 107 x 107
R? 0.988 0.990 0.984 0.991 0.997 0.989 0.996

4.12.2. The pH Effect

The pH of the dye solution plays a vital role in photocatalytic decomposition
reactions. In the present study, the 5SNMZO catalyst test solution was analyzed for both acidic
and alkaline pH by adding appropriate amounts of NaOH and HCL solutions. The MB
degrading experiment was carried out in acidic media with a pH of 3 and 5, in a neutral with
pH of 7 and in basic media with a pH of 9 and 11. As the pH of MB dye solution is increase,
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the photocatalytic degrading efficiency of the catalyst increases gradually from acidic to basic
as seen in Figure 27. This is because the redox potential of the MB dye is changed due to pH
variation and resulted in the interatomic attraction force in between them which increases the
catalytic activities (Jyothi & Ravichandran, 2020), the degrading efficiency of the 5SNMZO
catalyst is higher in basic media. However, in acidic environments, the MB degradation
efficiency dropped, which could be connected to the positively charged surface of the catalyst,
this is due to the same charge which resulting in a columbic repulsive force between the
catalyst and the dye molecules and therefore the catalyst adsorption capacity is minimal
(Krishnakumar & Imae, 2014).
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Figure 27 Effect of pH on degradation of Methylene blue at fixed 0.025 mg of 5NMZO
catalyst and 10 ppm of MB solution

4.12.3. Effect of Catalytic Dosage on Degradation of MB

In order to evaluate the effect of catalyst dosage on photo degradation of MB, we have
performed the experiment by varying the catalyst loading of 5SNMZO from 0.1 to 0.5 g/L
while other conditions like pH and MB dye concentration remain unchanged as conducted in
photocatalytic activity. Figure 28 shows MB percent degradation as a function of catalyst
loading where degradation efficiency increases with increasing catalyst dosage from 0.1 to 0.4
g L1 and then decreases when the catalytic dosage reach at 0.5 g/L. The increase in photo
degradation of catalyst dosage from 0.1 to 0.4 g/L and maximum degradation efficiency at 0.4

g/L could be attributed due the availability of more active sites and penetration of light, which
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could ultimately enhance the photocatalytic activity. At 0.5 g/L, photocatalytic activity is
decreased when we compared with 0.4 g/L of catalyst. This may be due to an increase in the
turbidity and cloudy or inhibits of the solution and nanoparticle aggregation, which could
impede light penetration and lower the active sites of the catalyst (Raha et al., 2021). So, if
there is no enough penetration of light, the charge separation between electron and hole will be

decrease and the degradation efficiency is decreased.
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Figure 28 Effect of 5SNMZO Catalytic dosage on degradation of Methylene blue at pH 7 and
10 ppm of MB solution

4.12.4. Reusability of Catalyst on Photocatalyst

The photocatalysts long-term stability and recyclability are critical for MB dye degradation as
well as large-scale industrial application. The reuse experiment was used to assess the stability
of the synthesized photocatalyst. As a result, the reusability of a produced 5NMZO
nanocomposite thin film was tested for the degradation of MB dye under visible light
illumination for five consecutive cycles, with the findings displayed in Figure 29. After each
photocatalytic experiment, the catalyst was washed with distilled water and ethanol and
collected in a silica crucible, and dried in an oven at 150 °C for 2 h (Magdalane et al., 2017).
The obtained dry catalyst sample was subjected to 5 cycles of photocatalysts by maintaining
the optimum condition pH 9, 25 mg L™* of catalyst dose, and 10 ppm (mg L) of dye solution
for the degradation of MB dye under solar radiation. The reusability of the prepared catalyst
was efficient up to 5 cycles, and there is small and marginal decrease in photocatalytic
efficiency where the percent degradation drops by 5 % at the 5™ cycle. This may be because of
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a decrease of active sites on catalytic surface and loss of catalyst during the recovery process
(Karimi-Shamsabadi, Behpour, Babaheidari, & Saberi, 2017). The manufactured 5SNMZO
Nano catalyst for photocatalyst is very stable and reusable, based on these findings. Besides,
XRD pattern obtained for the recycled photocatalyst showed stability of the characteristic
crystallographic planes found in 5SNMZO before use and after reuse, and it shows 5SNMZO

catalyst are more stable or no phase/crystallinity change until reused to five cycle.
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Figure 29 (a) Reusability test SNMZO catalyst for photocatalytic degradation of Methylene
blue under Visible light irradiation (b), XRD pattern obtained for the recycled 5SNMZO

catalyst

4.12.5 Mechanism of Photodegradation

The possible working mechanism of Ni/Mn co-doped ZnO proposed as following in figure 30.
Because ZnO has a high energy bandgap (3.2 eV), direct excitation of electrons from the
valance band (VB) to the conduction band (CB) in the presence of visible light is not easily
possible. When Ni and Mn ions are added to the lattice, the energy band gap of ZnO is
decreased to 2.62 eV. That is due to the development of impurity levels below CB in the
bandgap, where electrons can migrate from VB of ZnO to these energy levels. If the energy of
photon-induced, the electron-hole pair in the VB is separated and the induced electron travel
to Ni and Mn, which can easily transfer the electron to conduction band and operate as an
electron buffer, preventing the recombination of electron-hole pairs. The electrons in

conduction band reacted with oxygen scavenged from the atmosphere by a catalyst to form
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super oxide radicals (-°O,) and hydroxide radicals (°OH), both of which are extremely

responsive to breakdown methylene blues dyes from aqueous solutions. The holes in the

catalyst's conduction band reacted with water to produce highly oxidative oxygen species

known as °OH radicals. The methylene blue dyes were oxidized by the °OH and holes,

resulting in CO;, H,O, and non-toxic by-products. This could explain the greater

photocatalytic activity of Ni—-Mn co-doped ZnO NPs compared to naked ZnO NPs. The

reaction of photocatalytic abilities could be best delineated by the following equations:
ZnO(e"cg) + 0, - Zn0+ 07,

h*yg + H,0 - OH + H*

h*yg + H,0 - H,0, + 2H*

H,0, + e~ - OH + OH~™

07,4+ 2H* + e~ - H,0,

H,0, + e —- OH + OH™

0™,/ OH' + Methylene Blue - C,0 + H,0 + Intermediates

Figure 30 the photo catalysis mechanisms of Ni/Mn co-doped ZnO/leaf extract

9)
(10)
(11)
(12)
(13)

(14)
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

The (Mn, Ni) Co-doped ZnO nanostructures using S. abyssinica leaf was synthesized by co-
precipitation method. The variation of leaf extract and dopants was done and their names were
assigned as ZnO, L1:Z1, L2:Z1, L1:Z2, 1INZO, 3NZO, 5NZO, 7NZO, 2MZO, 1NMZO,
3NMZO, 5NMZ0O, 7NMZO, and 9NMZO. The composite catalyst was characterized by
different techniques. The XRD results confirmed that ZnO is crystalline hexagonal structure
with no other impurities peaks and crystalline sizes varied from 36.17 to 17.32 nm due to leaf
extract and the dopant concentration, and the change in intensities and phase shift due to leaf
concentration and Ni/Mi dopants. The thermal properties indicated the co-doping of Ni/Mn on
ZnO increases the thermal stability of ZnO. The FT-IR indicated the expected functional
groups were well bonded. The morphology indicated that the presence of leaf extract prevents
aggregation and controls particle size. The TEM confirmed the particle size and shape which
was known in SEM. The HRTEM indicates the d-spacing was well matched with spacing
between (002) crystal planes. The presence of Ni’* and Mn?* from XPS indicated that the Ni**
ion and Mn®* have been able to successfully incorporate into the ZnO lattice. Due to doping of
Ni/Mn, the tuned band gap tuned from 3.2 eV to 2.62 eV at the 5SNMZO catalyst indicated the
material was well candidates to ward visible light. The decreased in PL intensity indicated the
decreased in recombination rate. The low charge transfer resistance in 5SNMZO indicated the
charge was easy to transfer. The 99.5 % degradation shows 5SNMZO catalyst exhibits highest
photocatalytic activities. Those may be due to is due to the low recombination, lower electron
transfer resistance, high absorption of visible light, low agglomeration, and high surface area.
The highest photocatalytic activity at pH 11 indicates the interatomic attraction force in
between negatively charged 5SNMZO catalyst and the positively charged MB which to be
adsorbed to the surface of the catalyst. The increased in photo degradation efficiency at 0.4
g/L could be attributed to the availability of more active sites and easiness to penetration of
light. The reusability of the prepared catalyst up to 5 cycles indicates the catalyst was stable

and efficient.
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5.2. Recommendations

It can be recommended that many works are used to enhance the photocatalytic performance

of ZnO in practical application. The following recommendation can be applied to make the

research work completed.

1.

The effect of other parameters should be studied in the degradation of different organic
and inorganic pollutants.

Further characterization like photocurrent is needed to confirm the photoluminescence.
It is possible to use for other organic dyes degradation, like methylene orange, Congo
red, Naphthol Yellow, etc.

li is possible to use for various applications such as in acoustic devices, solar cells ,
piezoelectric devices, medicines, transistors, textiles, rubber products, light emitting
diodes, laser diodes, food packaging.

It is also nice to use in chemical and biosensors and as an antibacterial, antifungal

agent
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