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Abstract

Nanomaterial-based catalytic conversion of hazardous organic pollutants into benign
substances is an attractive method for wastewater treatment. In this study, metal oxide-based
nanomaterials (CuO, ZnO, CuO-ZnO, and rGO-ZnO/CuO) were prepared by a microwave-
assisted method using plant extracts and low toxicity level reagent for wastewater remediation
and antibacterial activities. In this regard, CuO nanoparticles were synthesized by a
microwave-assisted method using Cordia africana Lam. leaf extracts. Also, CuO-ZnO
nanocomposites (NCs) were synthesized by using an extract of Verbascum sinaiticum Benth
plant. Similarly, rGO-ZnO/CuO nanocomposites (NCs) were synthesized via a simple,
microwave (MW)-assisted method. X-ray diffraction analysis (XRD), spectroscopic (UV-visible,
Fourier Transform-infrared spectroscopy, and photoluminescence), microscope (scanning
electron microscope, transmission electron microscope), and electrochemical methods were
used to explore the crystallinity, optical characteristics, morphology, composition, and
electrochemical properties of the synthesized nanomaterials, respectively. The X-ray diffraction
analysis and scanning electron microscope/energy dispersive spectroscopy analyses indicated
the formation of nanocrystals of monoclinic CuO phase having a cluster of spherical-shaped
morphology using Cordia africana Lam. extract, plate-like CuO-ZnO NCs using the extract of
Verbascum sinaiticum Benth, rod-shaped rGO-ZnO/CuO and flower-like rGO-ZnO/CuO using
PEG-200. Compared to pristine ZnO, all nanocomposites (i.e., plate-like CuO-ZnO, rod-shaped
rGO-ZnO/Cu0, and flower-like rGO-ZnO/CuQ) have showed enhanced visible light harvesting
capability and suppressed rate of electron-hole recombination. The performance of the as-
synthesized nanomaterials was tested against catalytic reduction of 4-nitrophenol,
photocatalytic degradation of methylene blue, and disinfection of E. coli, S. aureus, P.
aeruginosa, and S. pyogenes bacterial strains. According to the result, the reduction of 4-
nitrophenol to 4-aminophenol was achieved with ratio constants of 75.8 min'ig? (Cu0), 5.9
min-g? (plate-like CuO-ZnO), and 11.7 min"tg? (rod-shaped rGO-ZnO/CuO). Similarly, 82%,
90%, and 86% photocatalytic degradation of methylene blue initial concentration were
achieved within 105 min using plate-like CuO-ZnO, rod-shaped rGO-ZnO/CuO, and flower-like
rGO-ZnO/CuO nanocomposites, respectively. Among the prepared nanomaterials, CuO (using
Cordia africana Lam) and CuO-ZnO (using PEG-200) showed antibacterial activities against
all four bacterial strains (E. coli, S. aureus, P. aeruginosa, S. pyogenes) with an approximate
inhibition zone (mm) of (20.5, 10.0, 22.0, 24.8, respectively) for CuO and (13.8, 11.0, 18.5, 24.0,
respectively) for CuO-ZnO at 37.5 ug/mL concentration. Modification of ZnO with CuO and
rGO showed enhanced photocatalytic activities due to the improved visible light absorption and
suppressed electron-hole (e/h*y recombination. Therefore, nanomaterials prepared using low
toxicity level reagents including CuO nanoparticles (Cordia africana Lam.), CuO-ZnO NCs
(Verbascum sinaiticum Benth), and rGO-ZnO/CuO NCs (PEG-200) could be a desirable
catalyst for the elimination of organic pollutants for the remediation of wastewater.

Keywords: Cordia africana Lam., Verbascum sinaiticum Benth., antibacterial, p-n

heterojunctions, photocatalysis, catalytic reduction.
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CHAPTER ONE

1. INTRODUCTION

1.1. Background of Study

Environment pollution is an undesirable change in the physical, chemical, or biological
characteristics of the environment including air, water, and solids that causes harmful effects on
various forms of life and property (Singer, 1970). The rate and quantity of the pollutants
discharged into the environment (like industrial effluents, domestic pollutants, etc.) have
become beyond the ecosystem's capability to degrade or convert them into nontoxic or
environmentally benign substances (Wick & Chatzinotas, 2019). Particularly, surface and
ground sources of freshwater are vulnerable to pollution due to the continuous increase in
organic, inorganic, and biological pollutants from industrial effluents and domestic sewage
discharged into the environment. Pesticides, synthetic organic dyes, and aromatic derivatives
like methylene blue, methyl orange, rhodamine B, and toxic heavy metal ions of (Cr, As, Cd,
Pb, Hg, etc.) are a few examples of pollutants. They cause health-related problems such as
cancer, dermatitis, respiratory diseases, allergic reactions in eye, skin irritation, mucus
membrane irritation, blood disorder, liver and kidney damage, poisoning the central nervous
system, and others (Boruah et al., 2018; Ramanathan et al., 2019)

Furthermore, the emergence of multidrug-resistant human pathogenic microbes to one or several
antibiotics is also a matter of great concern (Rai et al., 2012). Common human pathogens include
Bacillus subtilis (B. subtilis), Bacillus megaterium (B. megaterium), Staphylococcus aureus (S.
aureus), Sarcina lutea, Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa),
and Klebsiella pneumonia (K. pneumonia). In light of this, there is an urgent need to develop or
search for new antimicrobial agents by easy, rapid, and eco-friendly route having broad-
spectrum antimicrobial activity (Ingle et al., 2014; Rai et al., 2012).

In the context of Ethiopia, rivers and streams are the main sources of water for industries,

drinking, and irrigation. Preliminary studies showed that untreated effluents from industries,

sewage from domestic households, and different agricultural activities are among the major

sources of surface and groundwater contamination (Ademe, 2014; D. Dadi et al., 2017).
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Potential pollution sources of water pollutants from different industries in Ethiopia include clay
& glass, food, paper & pulp, textile, tannery, and leather industries, etc. (Ademe, 2014;
Gebrekidan et al., 2009; Gitet et al., 2013).

Over the years, varieties of conventional techniques have been employed to remove organic
pollutants from water (Ajmal et al., 2014; Younas et al., 2021). These include (i) physical:
sedimentation, filtration, (ii) chemical: flocculation and coagulation, ozonation, chemical
precipitation, adsorption, and (iii) biological: bioremediation, aerobic treatment, and anaerobic
treatment methods (A. Saravanan et al., 2021). Most of these techniques are often very costly
or involve the accumulation of concentrated sludge and create a disposal problem, or generate
toxic products as a byproduct (Y. Huang et al., 2019). Persistent organic pollutants are among
the challenging ones to remove using conventional techniques (Ajmal et al., 2014). In line with
this, the emergence of multidrug-resistant bacteria has also become a big concern worldwide.
Thus, it is important to look for a method that could effectively remediate polluted water
following environmentally benign and economical methods. In recent years, researchers are
developing nanomaterial-based adsorbents, catalysts, and antibacterial agents to treat the rapidly
increasing pollutant loads introduced to water and multidrug-resistant pathogens (Santhosh et
al., 2016; Yagoob, Parveen, et al., 2020).

Nanomaterials are the cornerstones of material science and are the core of the emerging
nanotechnology field. Their distinctive and tailorable size-dependent properties (over the scale
of 1-100 nm), make them attractive for various emerging applications (Nasrollahzadeh, Sajadi,
et al., 2019). The physical (structural, electronic, optical, and magnetic) and chemical (e.g.,
catalytic) properties of materials improve significantly when their size is reduced to the
nanoscale regime (i.e., 1-100 nm). Thus, owing to their distinctive tunable size-dependent
properties, nanomaterials have promising potential in the development of sustainable solutions
for critical challenges in energy and environmental issues (Deganello, 2017). During the past
decade, nanotechnology has made rapid advances in catalytic fuel production, energy
conversion, and remediation of polluted waters. Among these, the application of nanomaterials

for wastewater treatment is an active area of research.

Compared to bulk materials, nanomaterials display higher rate/efficiency of adsorption,
catalytic reduction, photocatalytic degradation, and bacterial disinfection. Nanomaterials-based
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catalysts possess numerous advantages in the applications of photocatalysis and catalytic
reduction, and bacterial disinfection (Nosaka & Nosaka, 2017; Ong et al., 2018). For this reason,
nanomaterials are viable candidates to convert hazardous water pollutants into environmentally
benign ones. Particularly, photocatalysis has a promising significance owing to its capacity for
solar light utilization, green virtues, and effectiveness in the degradation of organic pollutants
in the water (Ajmal et al., 2014; Anwer et al., 2019; Gadipelly & Mannepalli, 2019). Similarly,
the catalytic transformation of pollutants into biodegradable or economically valuable low-
toxicity level chemicals using nanomaterials is also a highly desirable approach. In such
reactions, nanomaterials-based catalysts provide a sustainable way of transforming organic
compounds in an environmentally benign manner in aqueous media (Gadipelly & Mannepalli,
2019). Furthermore, there has been a growing interest in the application of nanomaterials as
antibacterial agents for the remediation of polluted water against multidrug-resistant human
pathogenic microbes (Rai et al.,, 2012). The application of nanomaterials in wastewater

remediation has therefore become increasingly important.

A variety of nanomaterials have been employed as catalysts and antimicrobial agents over the
past few decades. These include metals, metal oxides, metal oxide-based nanocomposites
(NCs), and others. Metal oxide-based nanomaterials are the potential catalyst due to their
remarkable properties and advantages such as high natural abundance, high chemical stability,
tunable bandgap/band edge positions, and excellent thermal/electrical conductivity (Bano et al.,
2020; M. M. Khan et al., 2015; Ray & Pal, 2017; Sherly et al., 2016). Some of the oxides that
have played a key role in enhancing catalytic activities include ZnO, TiO,, WO3, CuO, Cu20,
Fe>Os3, and others (Danish et al., 2021; Velempini et al., 2021). Among these oxides, ZnO has
been extensively studied for catalytic and antibacterial activities. Affordability, high binding
energy, abundant availability, non-toxicity, high electron-hole mobility, as well as ease of
preparation are some of the features that make ZnO a highly relevant material for photocatalysis
(Pirhashemi et al., 2018; Ullah et al., 2021). However, the practical applications of pristine ZnO
for photocatalysis were limited due to the high rate of e/h* recombination, the wide bandgap
for visible light activation, and the photocorrosion in aqueous media (Ong et al., 2018;
Pirhashemi et al., 2018). Therefore, modifying ZnO to enhance its photocatalytic activities is

important.



Reports show that several ZnO performance-enhancing strategies have been developed, such as
doping (Kumari et al., 2019), coupling two semiconductors/composite formation (Paydar et al.,
2021; Pirhashemi et al., 2018; Taufique et al., 2018), designing new morphology (Thakur &
Mandal, 2020), and others (Fei et al., 2019). Studies have shown that coupling two or more
semiconductors with appropriate band edges exhibits a synergistic effect that reduces e-/h+
recombination enhancing photocatalysis (Sherly et al., 2016). In this regard, coupling ZnO with
narrow bandgap oxides such as CuO, Cuz0, Fe:0s, and others results in ZnO-based
nanocomposites. As a p-type semiconductor, CuO is an attractive candidate for producing ZnO-
based p-n heterojunctions. CuO is a narrow bandgap (1.2-2.4 eV) p-type semiconductor with
good optical, thermal, electrical, and catalytic properties (Oru¢ & Altindal, 2017; Sagadevan &
Murugasen, 2015; Sahooli & Sabbaghi, 2013; Son et al., 2009). It is a relatively low-cost,
nontoxic, and environmentally benign oxide. In addition, it has anti-inflammatory and biocide
(antifungal, anti-viral, and anti-bacterial) activities (R. Dadi et al., 2019; Varier et al., 2020).
The resulting nanocomposites increase the range of solar spectrum absorbed to the visible region
and also improve charge separation. In addition, using carbonaceous nanomaterials (graphene,
carbon nanotube, g-CsNs, etc.) as catalyst support increases the adsorptivity, reduces
photocorrosion, and improves the dispersibility of the resulting NCs in aqueous media
(Kumaresan et al., 2020; X. Li et al., 2018).

The photocatalytic activity of nanomaterials is highly morphology dependent. Owing to their
morphology, 1D nanostructures exhibit attractive features that make them potential candidates
for photocatalytic applications (G. Zhang & Sun, 2017). In particular, ZnO nanorods are known
for having high surface area and aspect ratio, fast charge transfer, high photosensitivity, better
charge separation, and efficient confinements on electrons and photons (Aspoukeh et al., 2022;
Ramos et al., 2022; Zhou et al., 2013). Recently, nanostructures comprised of ZnO, rGO, and
CuO components with varieties of morphologies were reported for catalytic applications. These
include, flower-like for photocatalytic degradation of RhB and 4-chlorophenol (Kumaresan et
al., 2020), needle-like for photocatalytic oxidation of flue gas (Man et al., 2020), flower-rod-
like heterostructures for 4-nitroaniline catalytic reduction (Tantubay et al., 2020), and others
(Firoozi & Hosseini-Sarvari, 2021). Generally, the synthesis methods reported in most cases
involve the co-deposition of both ZnO and CuO on rGO or GO sheets. Among the synthesis
methods reported are solid-state (Kumaresan et al., 2020), hydrothermal (Firoozi & Hosseini-
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Sarvari, 2021; Maity et al., 2018; Man et al., 2020; Tantubay et al., 2020; C. Wang et al., 2014),
wet chemical/ refluxing (Jyoti & Varma, 2019), and other methods (Asgar et al., 2020; Jyoti et
al., 2018). Inherent to the attractive features of nanorods, reports on the synthesis of rod-shaped
rGO-ZnO/CuO for catalytic application are rare. Hence, designing an effective technique to
synthesize a rod-like rGO-ZnO/CuO nanostructure is highly desirable to exploit the maximum

benefit from its catalytic applications.

To benefit from the full potential of nanomaterials, their fabrication strategies need to be simple,
fast, economical, and eco-friendly. However, most of the conventional techniques suffer from
at least one of the limitations due to the high energy demand, sophisticated instruments involved,
and use of toxic and hazardous chemicals that have adverse effects on the environment, human
life, and on biological applications of the materials (Annathurai et al., 2019; M. Khan et al.,
2015; Yulizar et al., 2018). Among the various methods of preparing ZnO-based NCs, a
microwave-assisted method offers many advantages over conventional heating methods, such
as fast reactions, uniform particle size distribution, high yield, and highly pure nanomaterials
(Sharifi et al., 2021). Reports have shown that different precursors and other reagents can be
utilized for the synthesis of ZnO-based nanostructured materials (NMs). Particularly, the choice
of proper reagents determines the morphology and properties of the resulting nanomaterials
(Mukherji et al., 2019). A green chemistry approach, however, encourages the use of cheap,
eco-friendly reagents, and waste-free methods that reduce or eliminate chemical waste
(Paristiowati et al., 2019). In this regard, using low toxicity and cheap chemicals like sucrose,
PEG, ascorbic acid, and biomolecules from plant extracts complies with the principles of green

chemistry (Erythropel et al., 2018).

These days, the use of phytochemicals found in plant extracts as alternatives to toxic synthetic
chemicals for nanomaterials synthesis has received growing interest (Hussain et al., 2016;
Nasrollahzadeh, Atarod, et al., 2019; Pal et al., 2019). Plant extracts provide biomolecules that
are safe, green, low-cost, and naturally available.(Adil et al., 2015; S. G. Ali et al., 2021).In the
synthesis of nanostructured materials, the biomolecules found in the plant extracts play a crucial
role as reducing agents, stabilizing agents, or both; which in turn affect the properties and
morphologies of the resulting nanomaterials (M. Khan et al., 2018; Marslin et al., 2018). In this

regard, plant extract-based nanomaterials preparation is one of the promising green routes to



overcome the limitations of the physicochemical methods. Plant extract contains both primary
and secondary metabolites such as polyphenolic compounds contain a large number of hydroxyl
groups that help in the reduction of metal ions and stabilization of the NPs as they form (Basnet
et al., 2018; Kar et al., 2018) According to the literature data, the aqueous extract of Cordia
africana Lam. (CAL) and Verbascum sinaiticum Benth. (VSB) leaves contain phytochemicals
that have significant reducing properties, such as polyphenols, tannins, and saponins making
them a promising candidate for nanoparticle synthesis (Geyid et al., 2005; Mergia et al., 2016).
The leaves of Cordia africana Lam. (local name waddessa/wanza) belongs to the family of
Boraginaceae, and the leaves of Verbascum Sinaiticum Benth. (local name gurra-harree/yahiya
joro) belongs to the family of Scrophulariaceae. Both CAL and VSB are medicinal plants and
are abundantly available for use in nanoparticle synthesis.

Considering all the above-indicated ideas the current work aims to synthesize ZnO-based
nanocomposite by a green approach using CuO and rGO as ZnO modifiers, utilizing plant
extracts and PEG as low-toxicity level reagents, and with the help of efficient, low-cost, simple,
and rapid MW-assisted method. Spectroscopy (UV-Vis, FTIR, PL), XRD, microscopy (SEM,
TEM), XPS, electrochemical, and other methods were employed to study the optical,
crystallinity, morphological, textural, compositional, and electrochemical properties. Further,
the performance of the samples was evaluated by employing photocatalytic degradation of MB,
catalytic reduction of 4-NP, and antibacterial activities against E. coli, S. aureus, P. aeruginosa,
and S. pyogenes bacterial strains. Hence, the finding of this study will add important values to
the existing knowledge and literatures. Specifically, on the (i) design of simple and green
protocol to synthesis rod-shaped and flower-like NCs composed of rGO, ZnO, and CuO in the
presence of PEG; (ii) use of CAL and VSB extracts to synthesis CuO NPs, ZnO NPs, and CuO-
ZnO NCs; and (iii) performance evaluations of these materials against 4-NP reduction, MB

degradation and antibacterial activities.



1.2. Statement of the Problem

Water is one of the most important resources responsible for the survival of life on our planet
(Westall & Brack, 2018). Among the available water on earth, only 3 % is freshwater, of which
about 68.7 % exist as glaciers and icecaps, 30 % as groundwater, and only about 0.3 % is surface
freshwater which includes lakes, swamps, and rivers (Thatai et al., 2018). In recent years, the
rapid growth of pollutant loads introduced to water due to human activities has become a global
concern. In particular, the continuous increase in pollutants discharged into the environment
from industrial effluents and domestic sewages is threatening the quality of freshwater (Boruah
et al., 2018; Ramanathan et al., 2019; Younas et al., 2021). Specifically, soluble organic dyes
and their breakdown products released from industries like textiles (Carmen & Daniel, 2012;
Sivaram et al., 2018), paper and pulp (llyas et al., 2019; Mandeep et al., 2019), pharmaceuticals,
and tanneries (Kanu, ljeoma and Achie, 2011) are toxic, carcinogenic, or mutagenic to life forms
(Mandeep et al., 2019; Sivaram et al., 2018). Therefore, the removal of these pollutants before
discharging the effluents into the environment is highly important. Furthermore, persistent
organic pollutants such as dyes are among the challenging ones to remove using conventional
techniques (Ajmal et al., 2014).

Some of the existing conventional techniques employed for wastewater remediation include, (i)
physical treatment methods such as activated carbon, adsorption, reverse o0smosis,
ultrafiltration, coagulation and flocculation, and membrane process are used to remove the dyes
from water, but they transfer the contaminants from one medium to another, resulting in
secondary pollution and also further treatment is required to regenerate the adsorbent and
replacement of the membranes, which can be costly (Ajmal et al., 2014; Devendran &
Swaminathan, 2019; Verma, 2021); (ii) chemical treatment methods, such as chlorination,
ozonation, precipitation, neutralization, ultraviolet (UV) light treatment, and chemical oxidation
processes for removing a wide range of contaminants, but they may also generate secondary
waste products that need to be disposed of properly and also may form harmful by-products
(Devendran & Swaminathan, 2019; Reddy et al., 2003; Verma, 2021); (iii) biological treatment
methods, such as microbiological decomposition, enzymatic decomposition, biodegradation,
anaerobic digestion, aerobic treatment, and flocculation, but inefficient for synthetic dyes and

require a stable source of microorganisms, medium temp and pH, and require further bacterial
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disinfection steps (Devendran & Swaminathan, 2019; Verma, 2021). Current wastewater
treatment methods make use of the combination of physical, chemical and biological processes,
and operations to remove insoluble particles and soluble contaminants from polluted water
(Crini & Lichtfouse, 2019). Nevertheless, researchers are still struggling to find methods that
are eco-friendly, low-cost, effective, and free of generating secondary contaminants. However,
low efficiency, high cost, slow process, disposal problems, or generation of secondary

contaminants are among limitations of the existing techniques.

Human pathogenic microorganisms are another main factor posing a severe threat to the well-
being of humans. Human pathogenic bacteria like E. coli, S. aureus, P. aeruginosa, and S.
pyogenes are among the most prevalent causes of water-borne diseases. Recently, the emergence
of multidrug-resistant human pathogenic microbes to one or several antibiotics is a matter of
great concern (Rai et al., 2012). In light of this, there is an urgent need to develop or search for
new antimicrobial agents by easy, rapid, and eco-friendly routes having broad-spectrum

antimicrobial activity.

In this regard, the development of nanomaterials-based catalysts and antibacterial agents for
complete mineralization or transform into low toxicity level /biodegradable and effective
bacterial disinfection is an alternative to conventional methods. Nanocatalysts are particularly
useful for treating organic water pollutants via complete degradation, transforming them into
ecofriendly or industrially useful chemicals. Similarly, NPs have shown antimicrobial activity
against the most frequently encountered clinically important multidrug-resistant human
pathogens such as P. aeruginosa, E.coli, and S.aureus (S. G. Ali et al., 2021; R. Dadi et al.,
2019; Thatikayala & Min, 2021). To this end, ZnO-based NMs constitute a potential candidate

for their unique features and versatilities.

So far, several modifications were made to improve the performance of the ZnO. To the best of
our knowledge, the synthesis of CuO-ZnO NCs using VSB and CAL extracts and the synthesis
of rod-shaped rGO-ZnO/CuO NCs using PEG for catalytic and antibacterial applications were
not reported. Therefore, in this study, CuO-ZnO NCs were synthesized using VSB and CAL
extracts. Also, rod-shaped rGO-ZnO/CuO NCs were synthesized using PEG. CuO and rGO
were used to modify the properties of ZnO, such that CuO was used to modify visible light
activation and charge separation for CuO is a p-type and narrow bandgap semiconductor; and
8



graphene (rGO) was used as catalyst support to modify the adsorption capacity, stability,
recoverability, and other properties of the ZnO-based nanocomposites for rGO has high
adsorbing capacity, high capacity of avoiding agglomeration, and 2D sheet like morphology.
The resulting NMs were used in the photocatalytic degradation of MB, catalytic reduction of 4-

NP, and antibacterial agents. MB and 4-NP were used as test pollutants.
1.3. Objectives
1.3.1. General Objective

The general objective of this study was to synthesize and characterize ZnO-based nanomaterials
by a green approach for the application of catalytic and antibacterial activities.

1.3.2. Specific Objectives

The specific objectives of this study were:

e To synthesize metal oxide nanomaterials: ZnO, CuO, and CuO-ZnO using Cordia
africana and Verbascum sinaiticum Benth extracts.

e To synthesize rGO-ZnO/CuO NCs using PEG-200.

e To characterize synthesized nanomaterial using XRD, UV-Vis, FTIR, PL, SEM/EDS,
TEM, XPS, BET, and electrochemical (EIS and Mott-Schottky) methods.

e To carry out the preliminary performance test for best performing material selection.

e To evaluate the performance of the selected composite nanomaterials against
photocatalytic degradation of methylene blue dye.

e To evaluate the performance of the selected nanomaterials against catalytic reduction of
4-nitrophenols.

e To evaluate the antimicrobial activity of the selected nanomaterials against E. coli, S.
aureus, P. aeruginosa, and S. pyogenes bacterial strains.

e To evaluate the recoverability of the selected nanomaterials for photocatalytic

degradation of MB and catalytic reduction of 4-nitrophenols



1.4. Significance of the Study

Among the metal oxide-based nanomaterials, ZnO-based nanomaterials are widely used for
catalytic and antibacterial activities. Since synthesis of CuO-ZnO NCs using VSB and CAL
extracts as well as synthesis of rod-shaped rGO-ZnO/CuO NCs using PEG for catalytic and
antibacterial applications were not reported before, the finding of this study may play a
significant role in promoting green methods of nanomaterials synthesis for varieties of
application. Particularly, it may provide deeper insight on how ZnO-based nanomaterials could
be fabricated employing the green chemistry protocols for catalytic and antibacterial
applications. Thus, the finding may benefit researchers in the field, science community, people
in the academia, and it may contribute to the research gap in the literature. Since the study
employed simple, fast, ecofriendly, low-cost materials and scalable methods for material
synthesis, it may provide valuable information for those who work on: (i) green method of
materials synthesis, (ii) the catalytic transformation of organic pollutants, and (iii) bacterial
disinfections. Also, the finding may serve as an input for organizations/sectors working on

infectious disease control and polluted water remediation
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CHAPTER TWO

2. LITERATURE REVIEW

2.1. Metal Oxide-Based Nanocomposites

In recent years, metal oxide nanostructures have received increasing importance in the field of
materials science due to their unique features such as high natural abundance, high chemical
stability, tunable bandgap/band edge positions, and excellent thermal/electrical conductivity
(Bano et al.,, 2020; M. M. Khan et al., 2015; Ray & Pal, 2017; Sherly et al., 2016).
Nanostructured metal oxides display superiority to their bulk counterparts in size/shape-
dependent physicochemical and functional properties, chemical and thermal stability, and a
wide range of practical applications (Das & Srivastava, 2018; Vivekanandhan, 2019). As a result
of these remarkable properties and advantages, metal oxide-based nanomaterials have been
studied in depth for applications in sensors, catalysis, superconductors, electronics, energy
production and storage, medicine, and other medical fields (W. Chen et al., 2018; Kwon et al.,
2018; Nunes et al., 2019; Raizada et al., 2021; K. R. Singh et al., 2021). Some of the metal
oxides with versatile applications include TiO., ZnO, SnO, CuO, Cu.0O, NiO, Al203, WOs3,
Nb20s, and so on.

Since the materials used for the practical application in a specific field are required to possess
certain qualities such as a high surface area, high stability, good recoverability, and appropriate
bandgap/band edge potentials; obtaining a single component metal oxide nanostructured
material fulfilling all the requirements is challenging. To meet the requirements of a specific
application, varieties of modification strategies have been devised through the modification of
characteristics such as composition, morphology, electrical and optical properties, surface
properties, and others employing techniques such as doping, defect engineering, morphology
optimization, composite formation, or coupling with materials like noble metals, carbon
nanostructures, and other semiconductors (Djurisic et al., 2014; Mathalai Sundaram et al., 2019;
Paydar et al., 2021; Pirhashemi et al., 2018; Taufique et al., 2018; Thakur & Mandal, 2020).

One of these modifications is nanocomposite materials, which are characterized by remarkable
properties. Nanocomposite materials are composed of at least one component or phase of
11



nanoscale dimensions. They possess properties that are not typically observed in single
individual components such as optical, electrical, magnetic, adsorptivity, catalytic, chemical,
and so on, which can be tuned by controlling composition, stoichiometry, and experimental
conditions during composite synthesis (Camargo et al., 2009). So far, a variety of
nanocomposites have been developed utilizing compositing components such as metals, metal
oxides, and others. In a given NCs, however, effective coupling requires a compatible energy
band configuration, less lattice inconformity, and well-matched conductivity between the
components of the NCs (Pirhashemi et al., 2018). In particular, nanocomposites containing two

or more metal oxides have drawn significant attention because of their synergistic properties.

ZnO is one of these oxides that has been extensively studied because of its impressive properties.
Wide bandgap (3.37 eV), abundant availability, high binding energy, non-toxicity, a wide range
of morphologies, good isoelectric point (pH 9-9.5), several facile preparation routes, as well as
other desirable electro-optical characteristics are some of the features that make ZnO a highly
relevant material for photocatalysis and antibacterial applications (Akir et al., 2016; Ong et al.,
2018; Pirhashemi et al., 2018; Tanase et al., 2021; Thakur & Mandal, 2020; Ullah et al., 2021).
ZnO nanomaterials have versatile applications in photodiodes (Chavez-Urbiola et al., 2019),
solar cells (Rahman et al., 2019), photocatalysis (Pirhashemi et al., 2018), sensors and UV-
filtering (Subbiah et al., 2018), biomedical fields (Rajeshkumar et al., 2019), antibacterial (S.
G. Ali et al., 2021), and others. However, pristine ZnO nanostructures have limitations for
photocatalytic applications due to the high rate of e/h* recombination, the wide bandgap for the
activation by visible light, and the photocorrosion in aqueous media (Ong et al., 2018;

Pirhashemi et al., 2018). Therefore, modifying ZnO NPs is important for catalytic applications.

Various types of materials have been coupled with ZnO nanostructures to improve their
performance in catalytic, antimicrobial, and other applications. Studies have demonstrated that
heterojunctions of ZnO (a wide band gap semiconductor) with narrow band gap semiconductors
such as CuO, Cux0, Fe;0s, Bi0s3, BiOIl, g-C3sN4, Ag20, and Agl exhibited enhanced
photocatalytic activity when compared to pristine ZnO (Pirhashemi et al., 2018). Coupling with
suitable materials improves the rate of the electrical charge transfer leading to enhanced
photocatalytic performance. According to Romeiro et al., rGO-ZnO NCs films exhibit improved

electrocatalytic performance for oxygen evolution than ZnO films in water splitting (Romeiro
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etal., 2017). As a result, the electrochemical impedance spectroscopy (EIS) experiment showed
a decrease in impedance charge transfer resistances in comparison with ZnO. Furthermore, by
adding suitable support materials to ZnO, the adsorption properties can be significantly
enhanced. Lei et al. synthesized hierarchical porous microspheres of ZnO-Al,O3 that removed
Congo red dye with an efficiency of about two times higher than that of pristine ZnO due to the
improved adsorption capacity of the ZnO-Al.O3 (C. Lei, Pi, Xu, et al., 2017). Similarly, other
ZnO characteristics such as bandgap, stability, charge separation, and others could be improved
by forming nanocomposites (Sherly et al., 2016).

As compared to coupling n-type to n-type semiconductors, coupling n-type with p-type
semiconductors leads to p-n heterojunction having better charge separation. In p-n
heterojunction, the built-in electric potential in the interface offers the advantages of reduced
rate of recombination and fast transfer of photogenerated charge carrier (Pirhashemi et al., 2018;
L. Zhu et al., 2018). As a consequence, a wide range of ZnO-based p-n heterojunction
photocatalytic materials has shown enhanced performance owing to improved visible light
response and minimal recombination rates (Ding et al., 2018; Taufique et al., 2018; M. Zhang
etal., 2018; Y. H. Zhang et al., 2018). Some of the p-type semiconductors reported for catalytic
applications are NiO, CuO, Cu,0, MnO, Ag20, Co3z04, M0S;, (BiOX, X=Cl, Br, and 1), etc. For
the attractive features of CuO stated in the introduction section, coupling ZnO with CuO could
improve the charge separation, lower the band gap, suppresses recombination rate, and other.
Since, both the CB and VB band edge positions of CuO lie above the corresponding CB and VB
band edge positions of ZnO, CuO is compatible with ZnO for CuO/ZnO heterojunction
formation that allows the transfer of charge carriers (Annathurai et al., 2019; Mageshwari et al.,
2015). Studies have shown that coupling ZnO with low bandgap p-type semiconductor CuO
greatly improved visible light absorption capacity, suppressed e/h* recombination rates, and
improved the degree of photostability in aqueous media (C. Liu et al., 2019; Sahu, Bisht, et al.,
2020; Yendrapati Taraka et al., 2019).

2.2. Photocatalysis

Among the various advanced oxidation processes for treating wastewater, photocatalysis using

semiconductor nanoparticles has received considerable attention in recent years. A photocatalyst
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is a material that is capable of absorbing light, producing electron—hole pairs that enable
chemical transformations of the reaction participants and regenerate its chemical composition
after each cycle of such interactions (M. M. Khan et al., 2015). Heterogeneous photocatalysis
has applications in various areas like environmental remediation, fuel production, disinfection,
and antifogging (Danish et al., 2021; Nakata & Fujishima, 2012; C. Zhang et al., 2019).

The performance of heterogeneous photocatalysts depends on both features of the photocatalyst
and operational parameters. Some of the important features of a photocatalyst that determine
performance are surface area, morphology, exposed facet, crystal defects, stability, and
appropriate bandgap/band-edge positions (Asadzadeh-Khaneghah & Habibi-Yangjeh, 2020;
Galani & Panda, 2019). Particularly, materials with a high specific surface area like microporous
(pore<2 nm) and mesoporous (pore 2-50 nm) structures or sieves and honeycomb-like structures

are promising candidates in the field of catalysis.

Furthermore, the main operational parameters that govern the reaction Kinetics are the mass of
the catalyst, the light wavelength, the radiant flux, the initial concentration of reactants
(pollutants), the pH of the medium, and temperature as shown in Figure 1 (Akpan & Hameed,
2009; Herrmann, 2010; A. Kumar, 2017; Lin et al., 2014). As can be seen from the Figure,
increasing the light intensity, temperature, mass of catalyst, and initial dye concentration
increase the rate of photocatalytic reaction until the optimum is reached (Herrmann, 2010; Lin
et al., 2014). The photon energy also affects photocatalysis, i.e., only light with photon energy
greater than the bandgap of the catalyst can generate charge carriers. The influence of pH on
photodegradation depends on the nature of the surface of the catalyst affecting the adsorption of
dye molecules onto the catalyst (Akpan & Hameed, 2009). Holes are considered as the major
oxidation species at low pH, while hydroxide radicals are the predominant oxidation species at
neutral and high pH levels. Hence, optimization of both affecting features and operational
parameters with the appropriate choice of material is needed to achieve enhanced photocatalytic

performance.
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Figure 1. Influence of the different physical parameters which govern the Kkinetics of
photocatalysis: reaction rate r; (A) mass of catalyst m; (B) wavelength A; (C) initial

concentration c of reactant; (D) temperature T; (E) radiant flux @ (Herrmann, 2010).
2.2.1. Photocatalysis Mechanism

When the light of appropriate energy is absorbed by the photocatalyst, the exciton or
electron/hole (e7/h*) pairs form, with electrons in the conduction band and holes in the valence
band as shown in Figure 2. Depending on the environment and band edge positions relative to
the redox potential of the adsorbed species, each of the charge carriers may follow various
routes. Electrons induce a reduction in the conduction band while holes induce oxidation in the
valance band, or both holes and electrons may recombine. Thus, the charge carriers give rise to
the generation of reactive oxygen species (ROS) such as superoxide anion radicals (037),
hydroxyl radicals ("OH), singlet oxygen species ('O2), and peroxide molecules (H,0,) (Nosaka
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& Nosaka, 2017; Ong et al., 2018). ROS have a high tendency of oxidizing organic pollutants
into less toxic substances or mineralize them into CO2, H20 and others as shown in Figure 2.

Organic
pollutant

— : Degraded

products

‘OH

H,0

Photocatalyst

Figure 2. Mechanism of photocatalytic dye degradation (H. wa Yu et al., 2019)

Once the e/h* pairs are generated, some of the possible mechanisms of the formation of ROS
and degradation of organic pollutants are given as follows based on the previous works (Shinde
etal., 2017).

(i). Electrons in the conduction band transfer to the adsorbed species (e.g., oxygen, dichromate

ion) and induce reduction reaction Egn. (1-3).
e” +0, > 03" (D
e” +H,0, > "OH+ OH~ (2)
6e” + Cr,02~ + 14H* - 2Cr3* + 7H,0  (3)

(i). Holes in the valence band oxidize adsorbed species (H20, OH", pollutants (RH), etc.) Eqn.
(4-6).

h* + OH™ > 'OH 4)

h* + H,0 » °"OH + H* (5)
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h* +RH >R + H* (6)

(iii). Recombination reaction occurs if charge carriers recombine resulting in heat or light Eqn.

(7).
h* + e~ - heat or light (7)

Once these highly reactive species are formed ("OH, 057, R"), they initiate further reactions

and consequently degrade pollutants into CO, and H20 or less toxic compounds Eqn. (8-17).

05 + « OH —» HOO® (8)
05~ + H,0 - HOO* + OH™ 9
05" + H* - HOO® (10)
05" +H,0, »+«0OH + OH™ + O, (11)
HOO® + e~ — HO; (12)
HOO* + H* + e~ - H,0, (13)
HOO" + H,0 - H,0, + ‘OH (14)
HOO* + HOO® - H,0, + 0, (15)
‘OH+RH - R* + H,0 (16)
R* — Intermed/final Degrad. Prod. (17)

catalyst + hv
.~ RH 3 Intermediate(s)

— CO, + H,0 + inorganic products (from heteroatoms)
( "OH, 05, HOO*, and H,0,) are reactive oxygen species.

To propose the possible photocatalytic mechanism, a trapping experiment should be done using

different scavengers to explore the involvement of active species in the experiment. These active
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species include electrons (e7), holes (h*), superoxide radical anions (05~) and hydroxyl radicals
( "OH) (Kumaresan et al., 2020). Thus, the most frequently used compounds (scavengers) are:
(1) benzoquinone, triphenylphosphine, acrylamide or azide ion, etc. for 05", (ii) isopropanol,
benzoic acid, methanol, tert-butyl alcohol, etc. for "OH, and (iii) formic acid, ammonium

oxalate, potassium iodide, etc. for h*.
2.2.2. Photocatalytic Applications of ZnO NPs

Owing to its unique features, ZnO is one of the appropriate candidates for photocatalytic
applications for polluted water remediation (Pirhashemi et al., 2018; Sahu & Kar, 2019; Vahdat
Vasei et al., 2019). Varieties of ZnO nanostructures have been studied for photocatalytic
applications over the past decades (C. Lei, Pi, Jiang, et al., 2017; Ong et al., 2018; S. Wang et
al., 2018). These include nanosphere (S. M. Saleh, 2019), nanorods (T. J. Liu et al., 2013; X.
Zhang et al., 2014), hexagonal plate-like (Mclaren et al., 2009), flower-like (Mao et al., 2019),
and others are some of the ZnO nanostructures employed for organic dye degradation by
photocatalysis method. As discussed in the previous sections, photocatalytic performance of
ZnO nanoparticles is greatly affected by the features of the nanoparticles. These include size,
crystal quality, morphology, defect level, and optoelectronic properties (Asadzadeh-Khaneghah
& Habibi-Yangjeh, 2020; Galani & Panda, 2019; Hezam et al., 2017; Mao et al., 2019; Wong
et al., 2019). Variations in these attributes can be used to tune ZnO nanostructures'

photocatalytic performance.

To consider nanomaterials for photocatalytic applications, it is crucial to understand that the
particle size and shape of nanomaterials can significantly affect the material's properties and
performances. Mclaren et.al. demonstrated the effects of particle size and shape of ZnO
nanocrystals on photocatalytic activity (Mclaren et al., 2009). The result indicated that for a ZnO
nanocrystal, the hexagonal plate-like nanocrystals showed five times higher catalytic activities
than the rodshaped crystals due to the presence of the more surface active (001) and (00-1) polar
faces on the plate-like crystals compared to the nonpolar surfaces of the rod-shaped crystals.
Similarly, among NPs, nanowires, and nano-thin film structures of ZnO, the NPs have shown
the highest photocatalytic performances which can be attributed to the largest specific surface

area of the NPs whereas the nano-thin film structures have the least of the three (Ong et al.,
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2018). On top of this, ZnO nanostructures of the same shape but different aspect ratios may
show different photocatalytic performances. Zhang et al, reported that the photocatalytic
performance of ZnO nanorods increases with increasing aspect ratio, where the higher aspect
ratio nanorods exhibit a high level of surface defects (X. Zhang et al., 2014).

Since the photocatalytic activity of the nanomaterials is highly morphology dependent, it is
important to develop ZnO NPs having morphologies and surface characteristics that offer
efficient performance to exploit the distinctive features of ZnO (Bathla et al., 2019; Mardikar et
al., 2020; Yagoob, Noor, et al., 2020). Among the ZnO morphologies, one-dimensional
nanostructure exhibits attractive features that make ZnO-based materials the potential candidate
for photocatalytic applications. Liu et al. studied the photocatalytic activities of nanorods,
truncated hexagonal cones, and multilayered disks of ZnO nanocrystals against methyl orange
under UV irradiation (T. J. Liu et al., 2013). According to the result, the degradation rate using
rod-shaped ZnO nanocrystals was found to be 99.8%, while degradation rates using truncated

hexagonal cones and multilayer disks were found to be 75% and 23 %, respectively.

In photocatalytic applications, assembling 1D or 2D nanostructures into 3D hierarchical
structures offers additional benefits over simple nanostructures (e.g., NPs, nanorods,
nanosheets, etc.) (Arsha Kusumam et al., 2016; Mao et al., 2019). Hierarchical structures
prevent agglomeration; improve reactant diffusion and kinetics, enhance charge separation and
capacity of light-harvesting, high adsorption capacity, high recyclability, and so on (C. Lei, Pi,
Jiang, et al., 2017; S. Wang et al., 2018). Wang et.al. reported that ZnO microspheres with
hierarchically porous structures exhibit superior photocatalytic properties against Rhodamine B
(RhB) degradation owing to their larger surface area, larger charge separation, and higher
transfer efficiencies compared to nanostructures of lower dimensions (S. Wang et al., 2018). In
addition, Lei et.al. demonstrated that hierarchical structures provide a greater degree of organic
pollutant removal efficiency through adsorption (C. Lei, Pi, Jiang, et al., 2017). In a similar
study, the work of Y. Mao et.al. revealed that the flower-like hierarchical structure of ZnO
micro/nanostructures exhibited a 97.34% RhB degradation efficiency under UV irradiation with
a reaction rate constant of 0.06081 min~2, while other morphologies of ZnO showed lower
reaction rates: nanospheres (0.02491 min™t), hexagonal disks (0.03051 min™?), and hexagonal

bilayer disk-like structures (0.02879 min™t) (Mao et al., 2019). Several other studies have also
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confirmed that hierarchical ZnO micro/nanostructures are more efficient for photocatalysis
(Arsha Kusumam et al., 2016; N. Zhang & Chu, 2019).

The presence of defects also greatly affects the wavelength range of absorbed light and the
efficiency of the ZnO photocatalyst (Hezam et al., 2017). Particularly, oxygen vacancy defects
act as self-dopants, improving the efficiency of the catalyst. Wang et.al. showed that increasing
the concentration of oxygen vacancies in ZnO crystal results in lowering the bandgap, which in
turn increases the visible light absorption leading to efficient photocatalytic degradation of 2,4-
dichlorophenol using visible light (J. Wang et al., 2012). According to Hezam and co-workers'
report, the oxygen vacancies enhance the performance of ZnO photocatalyst in such a way that
(1) the higher concentration of vacancies lower the bandgap leading to more photon absorption,
(if) the oxygen vacancies temporarily trap the electrons lowering the rate of electron-hole
recombination, and (iii) facilitate the transfer of trapped electrons to the adsorbed oxygen,
resulting in superoxide ions formation (Hezam et al., 2017). The literature report on the use of

ZnO nanostructures as photocatalysts for water remediation is summarized in Table 1.

20



Table 1.The summary of the photocatalytic activities of ZnO nanostructures

Method Morphology  Dye Light Performance Ref.
Hydrothermal  flower-like MO simulated 100% in 60 (Qu et al.,
and ultrasonic ~ microstructure sunlight  min 2020)
Hydrothermal  flower-like MB uv 97% in 20 (Y. Wang
microspheres min etal., 2016)
Hydrothermally nanoflowers MB solar 97% in 10 (Hezam et
min al., 2017)
Hydrothermal  flower-like RhB simulated 100% in 40 (S.Wang et
microsphere sunlight  min al., 2018)
Solvothermal flower-like RhB uv 97.34% in 60 (Mao et al.,
min 2019)
Green spherical MO, uv - (Davar et
MB, al., 2015)
MR
Reflux flower-like palm uv 96.0 in 120 (Wong et
oil mill min al., 2019)
effluent
MW-assisted spherical MB uv 78%in4h (Kajbafvala
etal., 2012)

2.2.3. Photocatalytic Applications of ZnO-CuO NCs

Studies have demonstrated that CuO/ZnO NCs display a remarkable improvement in
photocatalytic performance due to an increase in absorption in the visible light range, majority
charge carrier mobility, stability, reusability, and charge separation efficiency compared to ZnO
alone or CuO alone (Annathurai et al., 2019; C. Liu et al., 2019; Sahu, Bisht, et al., 2020;
Sathishkumar et al., 2011; Senthil Kumar et al., 2017; Yendrapati Taraka et al., 2019). In
general, the heterojunction formed between CuO and ZnO enhances charge carriers' separation
and transfer which can prolong the lifetime of the photogenerated charge carriers (Yang et al.,

2010; J. Zhang et al., 2008). As mentioned in the previous sections for ZnO, the performance of
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CuO/Zn0O nanocomposites varies with the variation in the morphology, particle size, content

(molar ratio) of CuO, surface properties, and others.

The change in the optical properties of the nanomaterials may change the wavelength of the
light absorbed which greatly affects the photocatalytic performance. Zhu et al. synthesized
ZnO/CuO NCs with an improved visible light harvesting capacity compared to the pristine ZnO
leading to more charge carriers generation under visible light irradiation (L. Zhu et al., 2018).
The report also indicated that ZnO/CuO is twice as effective as pristine ZnO at removing phenol.
Similarly, Prabhu et al. reported that CuO/ZnO nanocomposite has an enhanced photocatalytic
reduction of CO2 to CH3OH compared to pristine ZnO under visible light irradiation (Prabhu et
al., 2019). The enhancement was attributed to the increased charge separation due to the p-n
heterojunction, which reduced the rate of e/h* pair recombination.

Similarly, the performance of CuO/ZnO NCs varies with the variation in the morphology,
particle size, content (molar ratio) of CuO, surface properties, and others as shown in Table 2.
The content (or molar ratio) of CuO affects the performance of the CuO/ZnO NCs. The optimum
ratio of the highest-performing composite depends on the morphology and synthesis methods
used. Sherly et al. reported that CuO/ZnO with ZnO:CuO molar ratios of 2:1 showed a
maximum degradation (82%) of 2,4-dichlorophenol compared to 1:1 and 1:2 under visible-light
irradiation (Sherly et al., 2015). However, the optical bandgap reported shows decreasing with
an increase in the CuO molar ratio in the sample (i.e., 2.98, 2.91, and 2.89 eV for 1:1, 2:1, and
1:2, respectively). This implies that tuning bandgap alone would not guarantee a high-efficiency
CuO/ZnO photocatalyst. On the other hand, hierarchical CuO/ZnO p-n heterojunction
synthesized by hydrothermal method with varying CuO content showed photocatalytic activity
for methanol formation in the order of ZnO:CuO molar ratios of 100:400 > 100:50>100:20 >
100:10> ZnO (Yendrapati Taraka et al., 2019). The enhanced activity of the composite over the
pristine ZnO has been attributed to the decreased rate of charge carriers’ recombination inferring
the PL results. According to the previous studies, the decreased performance of CuO-ZnO with
increased CuO content beyond the optimum value could be explained by the increased
agglomeration of CuO that masks surface photoactive sites or enhance the rate of e/h*
recombination (S. G. Babu et al., 2019).
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Table 2. The summary of the photocatalytic activities of CuO-ZnO heterostructures

Method Morphology CuO Dye Light Performance Ref.
%
Solution- spherical, 50 MB uv 97.93% in 105 (Rajith
combustion hexagonal min Kumar et al.,
2020)
Green rod/spindle/ 50 MB  Vis 95.6% in 120 (Ullah et al.,
particles min 2021)
Green spherical 0.2 MB uv 99% in 60 min (Thatikayala
& Min, 2021)
Hydrothermal  flower-like 33 MB  solar  100% in 30 (Mardikar et
min al., 2020)
Hydrothermal  flower-like 24 MB uv- 89% in 5h (Taufique et
Vis al., 2018)
Precipitation sheet-like 5 MB  Vis 96.57% in 25 (Bharathi et
min al., 2019)
Hydrothermal  urchin-like - MB uv 100% in 40 (Fang et al.,
min 2018)
Refluxed nanorods - CR, Vis 99% in 50 (Senthil
RhB min, 100% in Kumar et al.,
25 min 2017)
Hydrothermal  flower-like - pheno Vis 78% in 180 (L.Zhuetal,
I min 2018)
MW-assisted flower-like - MB solar 100 in 80 min (Oliveira et
hydrothermal al., 2020)

The particle size and morphology of the CuO/ZnO and individual oxides in the composite can

also affect the performance of the NCs photocatalyst. It is well known that the performance of
NMs is highly morphology-dependent (Bathla et al., 2019; Senthil Kumar et al., 2017). Ullah

et.al reported that CuO-ZnO nanorods have shown the highest photocatalytic efficiency

compared to the spindles-like and sphere-like nanoparticles against MB under visible light
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irradiation (Ullah et al., 2021). 0D/3D CuO/ZnO heterostructure obtained by deposition of CuO
NPs on flower-like ZnO surface showed higher photocatalytic degradation of phenol than those
of the pristine ZnO and CuO under visible-light irradiation due to improved visible-light
harvesting and effective charge separation (L. Zhu et al., 2018). Moreover, decreasing the size
increases the surface area and thus photocatalytic performance. However, agglomeration of NPs
and recovery problems limit the overall performance of very small NPs photocatalysts (Raj Pant
etal., 2013). In such cases, fastening the NPs on suitable support materials improves the stability
and recovery of the photocatalyst for reuse purposes. The summary of the photocatalytic

activities of CuO-ZnO NCs was given in Table 2.

The schematic of the electron-hole separation under the influence of the internal electric field

of a p—n heterojunction photocatalyst under light irradiation is illustrated in Figure 3.
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Figure 3. Schematic illustration of the electron-hole separation under the influence of the
internal electric field of a p—n heterojunction photocatalyst under light irradiation (Low et al.,
2017).

2.2.4. Photocatalytic Applications of ZnO-CuO-rGO

To further improve the stability, pollutant adsorptivity, and recoverability of the catalyst,
employing solid catalyst supports has shown a significant improvement in the overall
photocatalytic performance of NCs (Srikanth et al., 2017). The catalyst support materials need

to possess certain qualities like (i) strong attachment to the photocatalysts with enhanced or

24



without change in performance and surface area, (ii) large surface area with a strong affinity for
reactants or pollutants adsorption, and (iii) high stability against degradation in the process
(Srikanth et al., 2017). Various solid support materials such as carbon nanotube, graphene,
zeolite, and silica possess the required characteristics to be used for the nanostructured
photocatalysts (Chandrasekaran et al., 2018; X. Liu et al., 2013; Qi et al., 2019; Y. Wang et al.,
2020). These support materials increase the stability of the attached nanomaterials by avoiding
agglomeration and improve the photocatalytic performance by enhancing the active surface area
of the nanostructured photocatalysts. Furthermore, the photocatalysts can be recovered using

filtration techniques for further application.

Among the support materials, graphene possesses unique electronic, thermal, chemical,
mechanical, and surface properties (X. Li et al., 2018; Zhen & Zhu, 2017). An rGO has
properties closer to that of pristine graphene. Some of the attractive properties of graphene are
its large specific surface area, good electrical conductivity, excellent charge carrier mobility,
and so on. Modification of metal oxides with rGO helps the catalyst stay dispersed in the
aqueous solution preventing agglomeration and improving recoverability (Herring et al., 2012;
Raj Pant et al., 2013). Besides, its heterogeneous nanosheet surface is a favorable site for the
nucleation and growth of NPs (Herring et al., 2012; Meti et al., 2018; Ojha et al., 2017).

Metal oxide decorated rGO has applications in various areas including photocatalysis,
electronics, energy storage, bio and chemical sensing, light harvesting, H> storage, etc. (Ansari
et al., 2015). Compared to ZnO nanostructures alone, rGO-based nanocomposites have shown
enhanced performance for organic pollutant degradation and antimicrobial activity (Kalantari
Bolaghi et al., 2019; Raj Pant et al., 2013; Ramanathan et al., 2019), toxic metal ions reduction
(X. Liu et al., 2012), disinfection, and CO> reduction (X. Li et al., 2013). Performance
improvements have been attributed to the enhanced electron-acceptor/transport properties of
rGO and the enhanced adsorption capacity of ZnO/rGO (X. Li et al., 2018). The adsorption
capability increases with the rGO loading ratio. However, rGO loading beyond the optimum
dosage could decrease the photocatalytic performance due to high photoabsorbing and scattering

phenomena (Dou et al., 2015).

Kumaresan and coworkers prepared a flower-like shaped CuO/ZnO NCs deposited on an rGO
sheet prepared by the solid-state method that has shown enhanced photocatalytic activities
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against the decomposition of RhB and 4- chlorophenol under visible light irradiation
(Kumaresan et al., 2020). It has been shown that modification of ZnO (E¢=3.1 eV) with a visible
light sensitive CuO and good electron acceptor rGO enhanced photocatalytic performance of
CuO/ZnO/rGO (Eg=2.8 eV) under visible light irradiation. According to the report, the
improvements are mainly attributed to the presence of graphene, which serves as an electron
collector and transporter to prolong the lifetime of the photo-generated charge carriers and due
to the CuO-ZnO p-n heterojunction. Similarly, Raj Pant et al reported that Ag/ZnO/rGO NCs
showed an enhanced photocatalytic activity with efficient recoverability for cyclic use (Raj Pant
et al., 2013). The performance of Ag/ZnO/rGO increases with the content of rGO until the
optimum is reached (Dou et al., 2015).

2.3. Catalytic Reduction

In addition to photocatalytic degradation of organic water pollutants, the nanomaterials-based
catalytic transformation of pollutants into biodegradable or economically valuable low-toxicity
level chemicals is also a highly desirable approach. These days, the transformation of organic
compounds into the desired product efficiently in an environmentally benign manner is a major
challenge. Most of the large-scale productions of organic compounds involve volatile organic
solvents. In an aqueous media, this reaction occurs slowly and is not efficient for large-scale
production (Satish Kumar et al., 2019). Therefore, the design and development of a sustainable

and efficient way of transformation organic water pollutants are of great interest.

Nitroaromatics is one of the widely exploited compounds in the production of amino-aromatics,
which serves as a potential intermediate toward the synthesis of other compounds (K. Zhang et
al., 2019). While nitroaromatic compounds like 4-NP are toxic, its reduced form 4-aminophenol
has a low toxicity level and has application in a variety of industries for the synthesis of drugs,
dyes, and others. Thus, a transformation of 4-NP into 4-aminophenol (4-AP) in the presence of
a catalyst and NaBHa as a reducing agent in an aqueous medium is highly desirable (Mandlimath
& Gopal, 2011). The reduction of 4-NP into 4-AP has been practiced for years using
conventional methods, which have limitations like the formation of aniline as a side product,
longer duration, and extensive methodology involving usage of hydrogen gas at high

temperature and pressure, etc. (Mandlimath & Gopal, 2011). Direct hydrogenation of 4-NP
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using NaBHj4 as a reducing agent in an aqueous medium is a greener method than others, but
the reaction is slow due to the sluggish self-hydrolysis of NaBH4 (Mandlimath & Gopal, 2011).
Noble metals and metal oxide nanostructures have been used as a catalyst to accelerate the
reduction of nitro-aromatics in the presence of reducing agents like NaBHa. In this regard, the
use of different metal oxide-based catalysts significantly improved the reduction reaction of 4-
NP into 4-AP (Adyani & Soleimani, 2019; Atarod et al., 2015; A. T. Babu & Antony, 2019;
Shamsuddin & Raja Nordin, 2019).

Owing to their distinctive properties, nanostructured catalysts of metals (Pd, Pt, Ag, Ru, Rh, and
Au) provide a sustainable way for the transformation of organic compounds in an
environmentally benign manner in an aqueous medium (Gadipelly & Mannepalli, 2019;
Nasrollahzadeh et al., 2020; Salas Orozco et al., 2019). However, the high cost and high chance
of agglomeration of the bare metallic nanoparticles during reactions are serious problems that
limited their large-scale application as a catalyst. One of the ways to overcome agglomeration
limitations is by coupling metallic nanoparticles with suitable support material. Recently, there
are increasing interest in using non-noble metal oxide semiconductor catalysts as a low-cost

alternative to precious metals-based catalysts for the reduction of 4-NP (Wu et al., 2017).

ZnO is investigated extensively as a catalyst and support for several organic transformations.
For instance, ZnO NPs have been used in the transformation of organic compounds like direct
oxidative esterification of alcohols (Galani et al., 2018), hydrogenation of aromatic nitro
compound to the corresponding amine (Galani et al., 2018), synthesis of coumarins and their
derivatives (B. V. Kumar et al., 2011), synthesis of 2,3-disubstituted benzofurans (Safaei-Ghomi
& Ghasemzadeh, 2017), synthesis of di-spiroindolizidine bisoxindoles (Satish Kumar et al.,
2019), among others. As far as reduction of 4-NP to 4-AP is concerned, no reports have been
found that use pristine ZnO NPs. It was usually noble metals or other p-type semiconductor
metal oxides coupled with ZnO NPs in the reduction of 4-NP. Meanwhile, CuO NPs and
catalysts have demonstrated the ability to catalyze the reduction of 4-NP alone or with other
metals or metal oxides (Che et al., 2015; Chowdhury et al., 2020; Sahu et al., 2019; Shamsuddin
& Raja Nordin, 2019).

The catalytic reduction mechanism for the conversion of 4-NP into 4-AP involves adsorption
and transfer of electrons and protons as shown in Scheme 1. When both reactants are adsorbed
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on the surface of the catalyst in aqueous media, electron transfer from BH, to nitro-aromatic

leading to the production of amino-aromatic (K. Zhang et al., 2019).
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Scheme 1. Schematic mechanism of conversion of 4-NP into 4-AP by borohydride in the
presence of CuO nanosheets as catalysts (Sahu et al., 2019).

2.4. Antibacterial Activities

Pollution of water with pathogenic microbes poses a severe threat to public health. Recently,
the emergence of multidrug-resistant human pathogenic microbes to one or several antibiotics
is a matter of great concern (Rai et al., 2012). In light of this, there is an urgent need to develop
or search for new antimicrobial agents by easy, rapid, and eco-friendly routes having broad-
spectrum antimicrobial activity. To this end, NMs of transition metals and metal oxides have
been identified in a wide range of catalytic transformations (Chng et al., 2013). Metal NPs like
noble metals-based catalysts (Pd, Pt, and Au) have become an integral part of the catalytic
transformations (Galani et al., 2018). In addition, studies have shown that metal oxide-based
nanomaterials also possess remarkable antibacterial activities. Some of the common metal
oxide-based nanomaterials are ZnO (Chemingui et al., 2019), CuO(Zarei et al., 2020), CuO-
ZnO (Nagendra et al., 2019; Rajith Kumar et al., 2020), CuO-GO (Ahmadi et al., 2021), ZnO-
MnO2-Cu>O(Hoseinpour & Ghaemi, 2018), CdO-ZnO-MgO (Revathi & Karthik, 2018), and
others (Markovi¢ et al., 2020; Ramya et al., 2019).

The antimicrobial activity of the nanomaterials depends on factors like size, stability,
concentrations added, and degree of contact of the NPs with bacteria (Parham et al., 2019). ZnO
NPs have shown good antimicrobial activities. The performance of ZnO NPs as antimicrobial

agents can be influenced by several factors, like their morphology, particle size, exposure time,
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concentration, pH, control of the reaction parameters during its preparation, and others (Parham
et al., 2019; Siddiqi et al., 2018). For instance, ZnO NPs prepared by solution combustion
synthesis method using plant extracts display greater antimicrobial activities compared to
synthetic chemical fuels (Prashanth et al., 2019). Similarly, the antimicrobial activity of ZnO
NPs decreases with the increasing annealing temperature (Azizi et al., 2016). Generally, smaller
particle-sized NPs display a greater surface-to-volume ratio. Consequently, the greater surface-
to-volume enhances interaction with different components of the microbes leading to better
antimicrobial activity (Salas Orozco et al., 2019; Siddigi et al., 2018). Likewise, different
morphologies of ZnO have shown different performances in disinfecting microbes (Raghupathi
et al., 2011). For instance, flower-like morphology ZnO nanostructures have shown enhanced
antibacterial activity over nanostructures with petal-like morphology against S. aureus, K.
pneumonia, and E. coli (L. K. Babu et al., 2019).

In addition to ZnO nanostructures alone, ZnO-CuO nanocomposites possess excellent
antibacterial properties that could be used as an efficient material for bacteria-free water systems
(Lozhkomoev et al., 2019; Malwal & Gopinath, 2017; Saravanakkumar et al., 2018; Widiarti et
al., 2017). The composite of 25% CuO-ZnO showed enhanced antibacterial activity against S.
aureus and E. coli compared to the ZnO NPs or CuO NPs alone (Widiarti et al., 2017). The
enhanced activity was attributed due to the increased surface area and lower bandgap of the
CuO-ZnO nanocomposites which improved the light absorption and adsorption properties.
Similarly, it has also been reported that CuO-ZnO composite nanofibers exhibited significant
antibacterial activity against S. aureus and E.coli through the release of Cu?* and Zn?* ions and
the generation of ROS (Malwal & Gopinath, 2017). These ROS generate due to the interaction
of CuO-ZnO nanofibers or their metal ions with cellular membranes leading to the leakage of
intracellular materials and thus the killing of bacteria. Further study by Lozhkomoev et.al.
showed that CuO-ZnO nanocomposites have shown higher antibacterial activity against E. coli
and S. aureus due to the synergistic effect between CuO and ZnO in the nanocomposite
(Lozhkomoev et al., 2019). The possible reason for the higher antibacterial activity of the
composite compared to the mono-metal oxides could be due to the release of metal ions and the
higher zeta potential of the nanocomposite which interacts electrostatically with bacterial cell
wall resulting in membrane permeability change that ultimately destroys the bacteria
(Lozhkomoev et al., 2019).
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Plausible mechanisms of antimicrobial action

Antibacterial activity is the action whereby the NPs kill or inhibit the growth of the bacteria.
Several mechanisms for their mode of action have been suggested for the antibacterial activity
of NPs. To achieve antimicrobial action, the nanoparticles need to make contact with the
bacterial cells (i.e. interactions between the bacteria surface and NPs) which can be facilitated
through electrostatic attraction, van der Waals forces, hydrophobic interactions, and hydrogen
bonding (Varier et al., 2020). Then, the NPs or the generated species (metal ions, ROS) cross
into the cell membrane by diffusion which leads to the inhibition of bacterial growth or damage
to cell membranes and other components of the cell. The most frequently proposed mechanisms
of antimicrobial action of the nanoparticles include (i) oxidative stress by ROS (generated by
photoactivation or nanomaterial-membrane interactions), (ii) release of metal ions (interact with
the negatively charged cell), (iii) adsorption of small size NPs to the bacteria cell wall which
would destroy the cell (leads to the leakage of cell contents), (iV) NPs that can enter the cell
membrane damage vital bacterial enzyme (Azizi et al., 2016; R. Dadi et al., 2019; Gold et al.,
2018; Varier et al., 2020). The pictorial mechanism of antimicrobial activity using NPs is
depicted in Figure 4 (Shaikh et al., 2019).
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Figure 4. Possible antimicrobial mechanisms of various NPs (Shaikh et al., 2019).
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2.5. ZnO and CuO-based Nanomaterials Synthesis Methods

Over the past years, diverse morphologies, sizes, dimensions, and properties of metal oxide
nanostructures have been synthesized through physical, chemical, and biological routes (Ahmed
etal., 2017; Fakhari etal., 2019; T. Guo et al., 2015). Among metal oxides, varieties of synthesis
methods have been reported for the synthesis of CuO, ZnO, and their composites including
precipitation (Velayi & Norouzbeigi, 2019), sol-gel (Vo et al., 2020), solvothermal (Podrojkova
etal., 2021; L. Xu et al., 2017), electrospinning (Fan et al., 2020), solution combustion (Witoon
et al., 2013), photodeposition (J. Zhang et al., 2019), microwave-assisted (Pardakhty et al.,
2018), electrochemical (Nur et al., 2018), thermal decomposition (R. Saravanan et al., 2013),
and spray pyrolysis (Saravanakkumar et al., 2018). Since coupling rGO with metal oxide
nanoparticles improves the stabilities and dispersibility of the resultant materials preventing
aggregation, different methods have been reported for the synthesis of rGO decorated with CuO
and ZnO. In this regard, one-step or two-step methods like hydrothermal (Tantubay et al., 2020),
solid-state methods (Kumaresan et al., 2020), co-precipitation—hydrothermal (Man et al., 2020),

and wet chemical-refluxing (Jyoti & Varma, 2019) methods have been reported.

The properties of the synthesized nanomaterials are significantly affected by the synthesis route
followed and several experimental factors such as pH, reducing agents and stabilizing agents,
calcination, annealing temperatures, nature of precursors, and concentration of precursors
(Agarwal et al., 2019; Arsha Kusumam et al., 2016; Avct et al.,, 2019). Under similar
experimental conditions, variation in one of these parameters affects the properties and
performance of the resulting nanostructure. For instance, the effect of precursor concentration
of Zn?* ions on the morphology of the resulting nanostructure was reported by Avci and co-
workers, where flower-like and rod-like ZnO were obtained under MW-assisted hydrothermal
synthesis methods using different [Zn?*], 0.02 M for a flower-like structure and 0.04 M for a
rod-like structure (Avci et al., 2019). Similarly, the use of different reagents and experimental
conditions could also lead to materials with different morphologies. Arsha et.al. prepared rice-
like short ZnO nanorods using a solvothermal method with polyvinylpyrrolidone as a capping
agent, flower-like ZnO structures using cetyltrimethylammonium bromide-assisted
hydrothermal synthesis, and hexagonal pyramid using direct heating of zinc nitrate hexahydrate
precursor (Arsha Kusumam et al., 2016). In addition, Ullah et.al. synthesized CuO-ZnO NCs
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having nanorods, spindles-like, and sphere-like nanoparticles using waste extract of cauliflower,
potato peels, and pea peels, respectively (Ullah et al., 2021). As a possible explanation, the
different nature of the reagent used might have caused the variation in morphology.
Furthermore, varying the synthesis parameters like time and temperature of the reaction greatly

affects the morphology of the resulting product (Agarwal et al., 2019).

In addition to the methods used, the choice of the reagents greatly affects the yield and properties
of the resulting nanostructures. These days, researchers are working on processes that involve a
green approach to nanomaterials synthesis complying with the green chemistry principles.
These include the use of low toxicity level reagents with simple, fast, and low power consuming
techniques like a microwave (MW) assisted methods (Paristiowati et al., 2019; Sharifi et al.,
2021).

2.5.1. Green Synthesis Method

In order to benefit from the full potential of nanomaterials, their fabrication strategies need to
be simple, fast, economical, and eco-friendly. However, most of the conventional techniques
suffer from at least one of the limitations due to the high energy demand, sophisticated
instruments involved, and the use of toxic and hazardous chemicals that have adverse effects on
the environment and human health (Annathurai et al., 2019; M. Khan et al., 2015; Yulizar et al.,
2018). Consequently, there is a need for green synthesis routes that can alleviate these
limitations fully or partially. A green chemistry approach encourages the use of cheap,
environmentally benign chemical substances and waste-free methods that eliminate chemical
waste-(Paristiowati et al., 2019).-That means synthetic methods should be designed to use and
generate substances with very low or no toxicity to humans and the environment as much as
possible—(Paristiowati et al., 2019). Among the biological methods, phytochemicals-based
synthetic technique received special attention for it employs simple procedures, eco-friendly
and easily available raw materials, and scalable methods (Annathurai et al., 2019; M. Khan et
al., 2015; Prashanth et al., 2019). In addition, phytochemical-based synthesis of NPs avoids the
need for high pressure, high energy, high temperature, and toxic chemicals (Nasrollahzadeh,
Sajjadi, et al., 2019).
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Phytochemicals-based nanomaterials synthesis makes use of extracts from different parts of a
plant (e.g. leaves, stems, fruit peels, seeds, roots, and flowers). Plant extracts are promising
alternatives to the harsh chemicals usually used for reduction and stabilization (Nasrollahzadeh,
Atarod, et al., 2019). Plant extracts contain varieties of phytochemicals that serve as both
reducing and stabilizing agents. These phytochemicals include both primary metabolites such
as amino acids, carbohydrates, and secondary metabolites such as alkaloids, phenolic
compounds (phenolic acids, lignans, tannins, flavonoids), terpenoid compounds (limanoids,
carotenoids), etc. (Basnet et al., 2018; Venu et al.,, 2019). Among these, polyphenolic
compounds contain a large number of readily oxidizable hydroxyl groups. This property of
polyphenols and other phytochemicals helps in the reduction of metal ions into metals and GO
into rGO, and also forms a complex with metal ions that can easily be hydrolyzed to metal
hydroxides (Liao et al., 2011). Furthermore, due to their functional groups and structures,
phytochemicals stabilize the nanostructured particles as they form and thus increase the
dispersibility of the NPs (Basnet et al., 2018; Kar et al., 2018). In most cases, the phytochemicals
promote the formation of smaller particles compared to other methods under the same reaction
conditions (Mohammadi-Aloucheh et al., 2018a). Over the years, extracts obtained from various
plants have been utilized for the synthesis of NPs of metals (X. Zhang et al., 2014), metal oxides
(Siripireddy & Mandal, 2017), metal oxide nanocomposites (Mohammadi-Aloucheh et al.,
2018a), and reduction of graphene oxide (GO) into rGO (M. Khan et al.,, 2015). ZnO
(Nasturtium officinale) (Bayrami et al., 2019), CuO (Stachys Lavandulifolia) (Veisi et al., 2021),
Ag/Fes04/RGO (Punica Granatum) (Adyani & Soleimani, 2019), ZnO/CuO (Mentha
longifolia) (Mohammadi-Aloucheh et al., 2018a), Cr.03/ZnO (Eichhornia crassipes) (Zelekew
et al., 2021), Pd/RGO/Fe304 (Withania coagulans) (Atarod et al., 2016), CuFe204 (Morus alba
L.) (Cahyanaetal., 2021), Au/CuO/ZnO (Verbena officinalis) (Dobrucka et al., 2021) and others
are among the nanomaterials synthesized using plant extracts for varieties of applications. The
resulting NPs are usually eco-friendly, less expensive, and free of chemical contaminants for
medical and biological applications (Hussain et al., 2016).

Recent literature data show that the interest of researchers in the green method of nanomaterials
synthesis is growing, one of which is the biological synthesis method. As shown in Figure 5, the
number of publications that involve the synthesis of nanostructures using green sources is

growing over the past years. Over the past decades, varieties of nanomaterials consisting of

33



oxides of Cu, Zn, or their composite have been fabricated by a phytochemical-assisted green
method due to the easiness of oxide formation, and abundant availability. The resulting oxides
and composites have wide applications in photocatalysis, catalytic reduction of organic dyes,
antimicrobials, and others. Some of the nanomaterials of ZnO, CuO, and CuO-ZnO-based

obtained using plant extracts were given in Table 3.

1000
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Figure 5. Progress in the synthesis of nanostructures using green sources (Nasrollahzadeh,
Sajjadi, et al., 2019).

In phytochemical-based synthesis, the concentration of the extract, nature of plant extracts,
nature of precursors, experimental parameters (temperature, time pH, etc.), and the protocol
followed affect the quality, morphology, size, surface microstructure, and other properties of
the NMs produced which in turn influence their applications (Basnet et al., 2018; Husen & Igbal,
2019). In most cases, higher concentrations of the plant extract favor the formation of smaller
NPs. Different structures of NPs of various morphologies, sizes, and defects have been reported
with extracts from different plants due to the variation in phytochemical constituents and
concentration the plants contain (Basnet et al., 2018; Stan et al., 2015). For instance, Logaranjan
et al. used the Aloe vera gel as a shape-directing agent for the growth of Ag NPs under MW

irradiation (Logaranjan et al., 2016). On the other hand, employing extracts from different plants
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may have different reaction sites for adsorption, and consequently variable performance. In
general, extracts containing phytochemicals with a large number of reducing and stabilizing
functional groups play a significant role in the synthesis of different NMs including ZnO
(Siripireddy & Mandal, 2017), rGO (X. Zhu et al., 2017), CuO/ZnO (Mohammadi-Aloucheh et
al., 2018a), ZnO/rGO (Ramanathan et al., 2019), and others.

Table 3. CuO and ZnO-based nanomaterials synthesized using various plant extracts.

Nanomaterials Plants used Application Morphology Ref.

Zn0O/CuO Theobroma spherical, (Yulizar et al., 2018)
cacao rice like

ZnO/CuO Mentha antibacterial spherical (Mohammadi-
longifolia Aloucheh et al., 2018a)

CuO Stachys reduction spherical (Veisi et al., 2021)
lavandulifolia

CuO-ZnO Vaccinium antibacterial spherical (Mohammadi-
arctostaphylos Aloucheh et al., 2018b)
L

CuO-ZnO Melissa reduction spherical (Bordbar et al., 2018)
Officinalis L.

Cu0O-ZnO Ginkgo biloba  photocatalytic, globular (Thatikayala & Min,

antibacterial 2021)
CuO/GO sugar cane juice antioxidant urchin-like (Bhattacharjee et al.,

nanospheres  2020)
ZnO lemon juice and antimicrobial, spherical (Prashanth et al., 2019)

citric acid antioxidant

The mechanism underlying plant-mediated synthesis of NPs depends on the phytochemicals
constituents, their concentrations in the plant extract, and the synthesis route followed (Can,
2020; Nasrollahzadeh, Atarod, et al., 2019; P. Singh et al., 2016). Reports on the plausible
mechanisms proposed for the phytochemical-based synthesis of metal oxides NPs show

variations. For instance, when aqueous solution of zinc salt is mixed with the plant extract,
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reactions occur between Zn(lIl) ions and the most active and abundant phytochemicals in the
extract (Basnet et al., 2018). Two of the proposed mechanisms of reactions reported using
different plants as the source of the phytochemicals are illustrated in Schemes 2-4 (Ambika &
Sundrarajan, 2015; Sutradhar & Saha, 2016; Yuvakkumar et al., 2014).

(i) Zinc ion forms a complex with phytochemicals through donation of 7 electrons from oxygen-
containing functional groups in a ligand which is followed by the formation of Zn(OH)2 under
hydrolysis reaction (Ahmed et al., 2017; Ogunyemi et al., 2019). Then after, Zn(OH)2 converts
to ZnO NPs upon heat treatment (calcination). Typical examples are shown in Schemes 2 and 3
for the formation of ZnO NPs using phytochemical extracted from Vitex negundo (Ambika &

Sundrarajan, 2015) and Nephelium lappaceum L. (Yuvakkumar et al., 2014).

OH

Zn(NO;).6H,0

450 °C
Zn0 ~€—— 27n(OH), ~

nanoparticles calcination

Scheme 2. Possible mechanism of ZnO NPs formation using Vitex negundo extract (Ambika &
Sundrarajan, 2015).
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(b)

*t Zn(NOy),

0] calcination

+  ZnO +NO, * 0,
nanoparticles

Scheme 3. Possible mechanism of ZnO NPs formation using Nephelium lappaceum L. extract
(Yuvakkumar et al., 2014).

(if) Phytochemicals reduce zinc ions to Zn(0) NPs, and then Zn(0) converts to ZnO upon
calcination (Sutradhar & Saha, 2016). Representative examples of this reaction mechanism have
been proposed for the formation of ZnO NPs using L-ascorbic acid obtained from tomato extract
as depicted in Scheme 4, where zinc ions reduce to Zn(0) (Sutradhar & Saha, 2016).
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Scheme 4. Mechanism of formation of ZnO NPs using tomato extract (Sutradhar & Saha, 2016).

Combining biological synthesis methods with other techniques such as the MW irradiation
synthesis method that proceed at a faster rate at relatively low temperatures could reduce the
time required for the NPs synthesis (Joseph & Mathew, 2015).

2.5.2. Microwave-assisted Synthesis

MW-assisted nanomaterial synthesis is a wet-chemical approach that makes use of MW
electromagnetic radiation where materials absorb MW radiation and convert it into heat. In M\W-
assisted nanomaterials synthesis heating is triggered by dipole polarization and/or ionic
conduction mechanisms as depicted in Figure 6. When MW irradiation is applied to the sample,
the dipoles try to align themselves in the direction of the applied electric field. Dipoles in the
oscillating electric field lose energy in the form of heat through molecular friction and dielectric
loss (dielectric heating) (T. A. Saleh et al., 2017).
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Figure 6. Two main heating mechanisms under MW irradiation: (A) dipolar polarization; (B)
ionic conduction mechanism (T. A. Saleh et al., 2017).

Reports suggest that MW-assisted nanomaterials synthesis techniques possess several attractive
features compared to conventional methods (Delsouz Khaki et al., 2018; Duan et al., 2015; Isik
et al., 2019; Thakur & Karak, 2015). Among these qualities, (i) it provides a rapid uniform
heating process throughout the whole sample, (ii) it is energy-efficient, (iii) it promotes small
particle size and narrow particle size distribution, and (iv) it provides higher yields within very

short reaction times, and (v) better control over the size and shape by tuning reaction parameters.

Varieties of metal NPs, metal oxide NPs, and metal oxide-based nanomaterials have been
synthesized by MW-assisted synthesis methods such as TiO» (Kato et al., 2019), Ag, Cu, CuO,
and SnO (Dhlugosz & Banach, 2020), ZnO (Arellano-Cortaza et al., 2021; Thamima &
Karuppuchamy, 2015), ZnO-NiO and ZnO-SnO; (Rajeswari et al., 2018), TiO2-rGO (X. Liu et
al., 2011), rGO-BiVOs4 (Yanetal., 2013), Ag/ZnO-TiO2 (L. Lietal., 2014), CuO (Bhattacharjee
& Ahmaruzzaman, 2018; Hashimi et al., 2020; Theophil Anand et al., 2019), Ag (K. Ali et al.,
2015), CdO—-NiO-ZnO (Karthik et al., 2018), ZnO-rGO (Jana & Gregory, 2020), and CuO/rGO
(Yin et al., 2019). Different morphologies, crystallinity, and structures have been fabricated
utilizing different synthesis protocols. Parameters including MW power, temperature, sample
mass, pH, and nature of reagents are factors affecting the MW-assisted synthesis of NPs (T. A.
Saleh et al., 2017).
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Generally, using reagents that are good absorbers of MW requires less overall energy for NPs
synthesis due to selective dielectric heating (Duan et al., 2015). For example reduction of GO
to rGO by MW-assisted method enhances the rate of reduction due to the good MW irradiation
absorbing nature of GO (Herring et al., 2012). Similarly, the time of irradiation depends on the
MW power input and sample mass, which determine the reaction temperature. M. Hasanpoor et
al. fabricated ZnO nanostructures having flower-shaped, needle-shaped, and spherical
morphologies at different power, time of irradiation, and precursors (Thamima &
Karuppuchamy, 2015). Similarly, M. Arellano-Cortaza et al. synthesized ZnO nanoparticles of
different morphologies (semi-spherical shape, rod-like, and disk-like) through a simple MW-
assisted method at different pH values of the reaction mixture for the photocatalytic application
(Arellano-Cortaza et al., 2021). In addition, Bhattacharjee et al. also reported that CuO
nanoleaves were obtained by MW-assisted method using glutamic acid as a complexing/capping
agent for use as a catalyst for the reduction and degradation of hazardous organic compounds
(Bhattacharjee & Ahmaruzzaman, 2018). Furthermore, ZnO-NiO NCs having nanorod and
nanotube-shaped morphologies synthesized by MW-assisted method were also reported for use
in photocatalytic degradation of RhB under UV irradiation (Rajeswari et al., 2018). K. Karthik
et al. also reported the fabrication of CdO-NiO-ZnO nanosheets by MW-assisted method for
photocatalytic and antibacterial activities (Karthik et al., 2018).

The use of MW-assisted synthesis in the presence of plant extracts significantly increases the
yield of NPs (Yallappa et al., 2013). In addition, MW irradiation accelerates the synthesis of
biogenic-based NPs making the method environmentally friendly, economical, and quick. For
instance, K. Ali et al. biosynthesized Ag NPs using Eucalyptus globulus extract under MW
irradiation for 30 s (K. Ali et al., 2015). Also, the properties and morphologies of the
nanostructures obtained under MW heating differ from that obtained under conventional
heating. Using Pedalium Murex plant extract as the bio-reducing agent, Babitha et al.
synthesized ZnO NPs (crystallites size = 12.52 nm, and E¢=3.42 eV) under MW heating, and
ZnO nanosheets (crystallites size = 18.48 nm, and E¢=3.23 eV) under modified sol-gel methods
(Babitha et al., 2018). According to this report, ZnO NPs with smaller particle sizes showed

higher photocatalytic performance against MB degradation than ZnO nanosheets.
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1. Chemicals and Reagents

All the chemicals and reagents used were analytical grade. copper (Il) acetate monohydrate
(Cu(CH3COQO),. H20), (99%, UNI-CHEM), sodium hydroxide (NaOH), (98%, Loba), zinc (I1)
acetate dihydrate ((Zn(CH3COO)..2H20), (99%, UNI-CHEM), copper (1) nitrate trihydrate
(Cu(NOs3)2.3H20), (99%, UNI-CHEM), sodium borohydride (NaBHsa), (95%, SRL), methylene
blue (C16H18CIN3S.3H20), (PJ), sulfuric acid (H2SO4), (Loba, 98%), Graphite powder (C),
(Blulux, 99.5%), orthophosphoric acid (HzPOas), (Loba, 75%), potassium permanganate
(KMnOg), (alpha, 99.5%), ascorbic acid (CsHgOs), (SRL, 99%), polyethylene glycol 200
(Loba), hydrochloric acid (HCI), (35.4%, Loba), hydrogen peroxide (H202), (Fine chemicals,
30%) were used.

3.2. Apparatus and Instruments

The apparatuses used throughout the experiment includes glassware (beakers, Erlenmeyer
flasks, volumetric flasks, funnel), centrifuge tube, mortar and pestle, measuring cylinder,
thermometer, etc. similarly, the instruments used include microwave oven, air drying oven,

muffle furnace, centrifuge, hot plate, pH-meter, electroanalytical balance, electric grinder, etc.
3.3. Plant Extract Preparation

The leaves of Cordia africana Lam. and Verbascum Sinaiticum Benth. were collected from
Adama Science and Technology University campus and its surroundings, Adama, Ethiopia. In
the preparation of solutions and for washing activities, deionized water (DW) was utilized

throughout the experiment.

The leaves of Cordia africana Lam. (Figure 7A) were washed thoroughly several times with tap
water and DW sequentially to remove dust particles from the surface of the plant and then
allowed to air dry. Then, the dried leaves were ground using a grinder. 20 g leaf powder and
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200 mL DW were mixed in a 1000 mL conical flask and stirred for 20 min. Then, the mixture
was heated up to boiling (~95 °C) and allowed to boil for 10 min under stirring. After cooling
to room temperature, stirring continued for 20 min, and then filtered to obtain an extract using
Whatman No. 1 filter paper. The resulting extract was stored at about 4°C for further use (Basnet
etal., 2018).

Verbascum sinaiticum Benth. plant (Figure 7B) extract was prepared under similar experimental
conditions by mixing 10 g powder of Verbascum sinaiticum Benth. and 100 mL of DW. The
extracts were labeled as CAL for Cordia africana Lam. extract and VSB for Verbascum

sinaiticum Benth extract.

Figure 7. Photographs of plants leave (A) CAL and (B) VSB.

3.4. Synthesis of Nanomaterials

3.4.1. Synthesis of CuO and ZnO NPs using Plant Extracts

CuO NPs were prepared by MW-assisted method using Cordia africana (CAL) and Verbascum

sinaiticum Benth (VSB) extracts (Shaalan et al., 2016). In a typical procedure, 100 mL of

0.310 M aqueous solution of Cu(CH3COO)..H20O was transferred to a 1000 mL beaker

containing and stirred for 20 min. Then, 10 mL of the extract was added to the
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Cu(CHsCOO0)2.H20 solution under stirring. To adjust the pH NaOH (20 wt%) aqueous solution
was added drop-wise while stirring. After 20 min of stirring, the mixture was placed into a
domestic microwave (MW) oven with a maximum power of 1000 W, and only 50% power
output was used for 9 min. The brown precipitates were collected and washed with DW and
ethanol sequentially. Finally, the residue was dried at 80 °C for 12 h, and then at 100 °C for 2 h.
The dried powder was ground using a mortar and pestle. Other CuO samples were also prepared
by using 30 mL and 50 mL extract in similar fashion. CuO obtained using CAL was labeled as
CuO(L-X) and that of VSB was labeled as CuO(B-X (where X represents the mL of extract

used). The flow chart of the synthesis of the CuO NPs using extracts was shown in Figure 8.

Similarly, ZnO NPs were prepared by repeating the procedures and extract volumes used for
CuO NPs synthesis replacing Zn(CH3COO)2:2H.O (100 mL of 0.310 M) for
Cu(CH3COO)2:H20. The ZnO sample obtained using CAL was labeled as ZnO(L-X) and that
of VSB was labeled as ZnO(B-X) (where X represents the mL of extract used). Finally, the
resultant CuO NPs and ZnO NPs were employed for the reduction of 4-NPs, and the best-
performing NPs were identified for further characterization and analysis.

extract

Stirring

NaOH @ —

Stirring

V20 mi ' Stirring \ 20 min
min
MW irradiation
Copper acetate 9 min
solution
Cooling
. Drying
. = — (——
Brown powde 12h @ 80 °C
(CuO NPs ) 2h @ 100°C  Filtration

Figure 8. Flow chart for the synthesis of CuO NPs by MW method using CAL and VSB extracts.
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3.4.2. Synthesis of CuO-ZnO NCs using Plant Extracts

CuO-ZnO NCs were synthesized by MW-assisted method using Zn(CH3COO),.2H>0 and
Cu(CH3COO0)2-H20 metal precursor with CAL and VSB following the reported procedures
with some modifications in the amount of precursors used (Mohammadi-Aloucheh et al.,
2018b). Typically, 5.0 g Zn(CH3COO),-2H,0 and 1.25 g Cu(CH3COO),.H20 were dissolved
in 100 mL DW and heated at 75 °C under stirring. While it is being stirred, 50 mL extract was
slowly added to the solution. NaOH (20 wt%) was used for adjusting the pH to 10 and then
stirred for 20 min. Subsequently, the mixture was irradiated using a household oven (1000 W,
Comet) for 10 minutes at 50% power output. After washing with DW and ethanol, the brown
precipitate obtained was dried at 80 °C for 12 h. A pestle was used to hand-crush the resultant
solid. Eventually, calcination of the powder was conducted at 500 °C for 3 h using muffle
furnace. The resulting product was a 20 wt% CuO content sample. For comparison, other CuO-
ZnO samples with CuO contents of 10%, 30%, and 50% by wt% were prepared using the
solution containing (0.257 M, 0.194 M, and 0.139 M) zinc (Il) acetate dihydrate and (0.033 M,
0.095 M, and 0.150 M) copper (1) acetate monohydrate, respectively. To each of these mixtures,
50 mL extract was added. The remaining procedures were similar to that of the 20 wt% CuO.
In addition, pristine ZnO and pristine CuO NPs were also prepared using 100 mL of 0.290 M
Zn(CH3C00)2.2H,0 and 100 mL of 0.290 M Cu(CHsCOO)2-H20, respectively.

The CuO-ZnO sample with ‘X’ wt% CuO obtained using CAL was labeled as CuO-ZnO(L)-
X% and that of VSB was labeled as CuO-ZnO(B)-X%, where ‘X’=10, 20, 30, and 50. Similarly,
pristine ZnO and CuO obtained using CAL were labeled as ZnO(L) and CuO(L), while those
obtained using VSB were labeled as ZnO(B) and CuO(B). Each of the synthesized samples was
tested for photocatalytic degradation of MB and the best-performing sample was used in the
subsequent analysis. An overview of CuO-ZnO NCs synthesis using VSB was shown in Figure

9 concisely.
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Figure 9. Schematic diagram of MW-assisted CuO-ZnO NCs synthesis using VSB.
3.4.3. Synthesis of GO and rGO
Synthesis of GO

GO was synthesized using an improved Hammer’s method according to the following
procedures (Zaaba et al., 2017). Briefly, 1 g of graphite powder was added to a 160 mL mixture
of H2SO4 and H3PO4 (volume ratio 9:1) in the ice bath under magnetic stirring. After 30 min of
stirring, 6 g of KMnO4 was slowly added to the mixture keeping the temperature below 10 °C
using the ice bath. After that, the whole content was stirred for 12 h at a temperature between
35 to 40 °C. To the resulting mixture, 100 mL DW was added slowly under stirring to start
oxidation. DW should be added slowly for the reaction is extremely exothermic accompanied
by gas evolution/effervescence; the slow addition produces more oxidized graphene avoids
destructive oxidation (Luo et al., 2019). Then, an additional 100 mL of DW was added instantly
to oxidize the graphite left unoxidized. Eventually, 5 mL H>O> was added to the mix and stirred
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for 10 min which resulted in a yellowish solution. The yellow suspension was cooled to room
temperature and left standing for 12 h. The supernatant was decanted and the residue was
washed repeatedly with DW and finally with ethanol. The resulting brown residue was dried at
60 °C for 12h.

Synthesis of rGO

Ascorbic acid was used to reduce graphene oxide according to the procedure described
elsewhere with some modifications in quantities of the reagents used (De Silva et al., 2018). GO
dispersion (0.2 mg/ml) was prepared in DW and ethanol mix (with 8:2 volume fraction
H>0O/CH3CH20H) utilizing ultrasonication for 1 h. To the resulting 400 mL dispersion, 1.2 g of
ascorbic acid was added and stirred for 20 minutes. The pH of the medium was adjusted to 10
by NH3 aqueous solution. Next, the mixture was subjected to MW-irradiation for 15 minutes at
50% of the 1,000-watt output power oven. Subsequently, the black suspension was left to stand
still for 6 h to settle the rGO. To purify the resulting product, the residue was filtered and washed
well with DW repeatedly until the filtrate pH reaches 7, and then with ethanol. Lastly, the residue
was dried at 80 °C overnight. The schematic diagram was shown in Figure 10.
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Figure 10. Schematic diagram of MW-assisted reduction of GO to rGO using ascorbic acid

(numbers (1) and (2) indicate the sequence of addition).
3.4.4. Synthesis of rGO-ZnO/CuO NCs using PEG

To synthesize rGO-ZnO/CuO NCs, the following procedure was adopted. First, 80 mg rGO was
dispersed in a 150 mL mixture of DW and ethanol in a 2:8 ratio under sonication for 30 min. To
this dispersion, 50 mL of 0.225 M Zn(CH3COO),.2H,0O was added and then stirred for 20 min
at 70 °C. Then, the pH was adjusted to 10 by NaOH (20 wt%) (Prakash et al., 2013). The
resulting greyish-white suspension was put in the microwave oven and irradiated for 10 min at
50% of the 1000-watt output power oven. After cooling to room temperature, the content was
stirred for 20 min at 70 °C. To this suspension, 12 mL (Cu(NOs)2.3H.0) (0.225 M) and then 10
mL polyethylene glycol (PEG-200) were added drop by drop sequentially. The pH was adjusted
to 10 by NaOH (20 wt%). The resulting greyish solution was further MW irradiated for 10 min.

Finally, the resultant precipitate was washed with DW and, then with ethanol. The residue was
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dried at 80 °C for 6h and then at 200 °C for 2h in the oven. The resulting product was labeled as
rGO-ZnO/CuO(P). For comparison, CuO-ZnO NCs and ZnO NPs were prepared. Hence, the
same route was followed as that of rGO-ZnO/CuO (P) except (i) without the step for the addition
of rGO (to prepare CuO-Zn0) and (ii) without the step for the of rGO and without adding
Cu(NO3)2.3H20 (to prepare Zn0O). The products obtained were labeled as CuO-ZnO(P) for CuO-
ZnO and ZnO(P) for pristine ZnO. Following a procedure different from that of rGO-
ZnO/CuO(P) synthesis, rGO-ZnO/CuO(P2) was prepared. Typically, a mixture of 80 mg rGO
(sonicated in 150 mL water-ethanol mix), 50 mL of 0.225 M Zn(CH3COQ),.2H,0, 12 mL
(Cu(NO3)2.3H20) (0.225 M), and 10 mL PEG-200 in a beaker was stirred for 20 min at 70 °C.
Then, the pH was adjusted to 10 by NaOH (20 wt%). The resulting suspension was put in the
MW oven and irradiated for 20 min at 50% of the 1000-watt output power oven. Finally, the
resultant precipitate was washed with DW and, then with ethanol. The residue was dried at 80
OC for 6h and then at 200 °C for 2h in the oven. The product was labeled as rGO-ZnO/CuO(P2).

The schematic overview of the rGO-ZnO/CuO(P) synthesis was given in Figure 11.

(1) Zn?* (aq) (2) NaOH (aq)
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mew @ ¢

Drying Washing Stirring
= = _.
80 °C/6h 20 min

LFa 200 °C/2h MW irradiation,
rGO-ZnO/CuO NCs 10 min

Stirring

70 °C

Figure 11. Schematic diagram of MW-assisted synthesis of rGO-ZnO/CuO using PEG (numbers
(1), (2), and (3) indicate the sequence of addition).
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3.5. Photocatalytic Studies

In this experiment, we used a 150-watt double-ended halogen lamp (Philips) immersed in the
center of the borosilicate double-walled immersion well photoreactor. The reactor was
surrounded by a circulating water jacket to cool the lamp. The photoreactor was suspended in
the beaker containing MB aqueous solution and catalyst. The beaker was covered externally
with aluminum foil to reflect the light to the reactant mixture and to prevent penetration of
ambient light. The whole setup was kept in the cupboard. The photographic images of the

components and the setup of the assembly were shown in Figure 12.

The photocatalytic efficiency of the samples (binary and ternary) was evaluated against MB
degradation. The reaction suspension was prepared by mixing 120 mL MB (10 ppm) and 20 mg
catalyst. To assure homogenous dispersion of the catalyst and dye molecules, a 30 minutes
sonication was employed. Then, it was irradiated by visible light while being magnetically
stirred continuously. Every 15 minutes, 4 mL sample was taken and centrifuged to separate the
catalysts from the liquid before the absorbance measurement. After the photocatalytic

degradation of MB, the absorbance of each sample was measured.

To investigate the main active species involved in photocatalytic degradation of MB using rGO-
ZnO/CuO NCs, the trapping experiments were conducted. In the experiment, the scavengers
used were ethylenediaminetetraacetic acid disodium (EDTA-2Na), isopropanol (IPA), and
AgNO:s to scavenge photogenerated holes (h*), hydroxyl radicals ("OH), and superoxide radicals
('O27), respectively. In the experiments, Immol of each scavenger were added to the 120 mL
MB (10 ppm) and 20 mg catalyst mixture before sonication. Then, the above procedures for

photocatalysis were repeated.

In this work, the performance was evaluated in terms of removal efficiency and reaction kinetics.
The percentage of photocatalytic degradation (D%) was evaluated using Eqn. 18. The kinetics
of the reaction was analyzed using pseudo-first and pseudo-second order equations (Eqn. 19 and
20). The rate constant of the photocatalysis was determined using the best fitting equation from
the plots of In(C¢/Co) vs t (Egn. 19, for pseudo first order) and (1/Cy) vs t (Eqn. 20, for pseudo-

second order) reactions (F. Liu et al., 2019).
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where K represents the rate constant, Co, and C; are the dye (pollutant) concentrations before (or

at time=0 min) and after illumination (or at time=t min), respectively.

Figure 12. Photographic images of photocatalysis setup (A) empty reactor, (B) reactor with
sample, and (C) reactor with sample and during light irradiation.

3.6. Catalytic Reduction Studies

Separate procedures were used for the catalytic reduction of 4-NP. These are: (i) reduction using
the pristine metal oxides (CuO and ZnO) synthesized using CAL and VSB extracts (in sections
3.3.1), (ii) catalytic reduction using nanocomposites prepared using CAL, VSB, and PEG (in
sections 3.3.2 and 3.3.4).

(i) To evaluate the catalytic performance of the metal oxide NPs, a 4-NP reduction reaction was
conducted. Typically, 20 mg NaBHs and 100 mL 4-NP (20 ppm) aqueous solutions were
transferred to a conical flask. After 2 min shaking, 5 mg of catalyst was added to the NaBH4 and

4-NP mixture. The progress of the 4-NP reduction was monitored by a UV-vis

50



spectrophotometer (SM-1600) at a wavelength of around 405 nm at room temperature. From
the resulting mixture, 3 mL was taken out every 3 min and transferred to the cuvette for the
absorbance measurement. The kinetic analysis was conducted using a pseudo-first-order
equation (Egn. 19) and pseudo-second order (Eqgn. 20), where C, and C; correspond to the

concentration of 4-NP at times 0 and t, respectively.

(if) To evaluate the catalytic performance of the nanocomposites prepared using CAL, VSB,
and PEG, 4-NP was used as a model pollutant along with NaBHj as a reductant. Typically, 40
mg catalyst sample and 40 mg NaBH4 were mixed with 100 mL of 20 ppm 4-NP in a 250 mL
beaker. The progress of the reaction was followed by measuring changes in absorbance of 4-NP
at Amax=400 nm using a UV-vis spectrophotometer (Zelekew & Kuo, 2017). Every 3 min, a 3
mL sample of the mixture was withdrawn and its absorbance spectrum was then measured. And

finally, Eqn. 19 and Eqn. 20 were used to analyze the rate of reduction.
3.7. Catalyst Recovery and Reusability

Stability is one of the important factors to consider when it comes to the reusability of the
catalyst. To this end, the recyclability of the catalysts was evaluated against the photocatalytic
degradation of MB and catalytic reduction of 4-NP on repeated use for up to four successive
runs. Catalyst recovery was performed at the end of each cycle, by centrifuging the reactant
mixture at 3000 rpm for 15 min to separate catalyst particles from the supernatant effluent, and
then washed using DW and ethanol three times each. Finally, the residue was dried at 60 °C

overnight and then reused in the next run (Mathalai Sundaram et al., 2019).
3.8. Antibacterial Activities Study

The antibacterial properties of the synthesized nanoparticles were evaluated by the agar disk-
diffusion technique according to the standard procedures developed by the Clinical and
Laboratory Standards Institute (Balouiri et al., 2016; Chemingui et al., 2019). The In vitro
antibacterial activities of the CuO(L-10), ZnO(B), CuO-ZnO(B)-20%, ZnO(P) CuO-ZnO(P),
and rGO-ZnO/CuO(P) were evaluated against clinically important human pathogens, namely,
Escherichia coli (E. coli, American type cell culture or ATCC 25922), Staphylococcus aureus
(S. aureus, ATCC 25923), Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853), and
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Streptococcus pyogenes (S. pyogenes ATCC19615) collected from Ethiopian Public Health
Institute (EPHI).

The medium was prepared from molten nutrients and Mueller—Hinton agar. Ceftriaxone and
dimethyl sulfoxide (DMSQO) were used as positive and negative controls, respectively. The
different concentrations of the nanomaterials were prepared using DMSO as a solvent.
Accordingly, 100 mg catalyst was dispersed in 50 mL DMSO yielding stock solution of (2
mg/ml) concentration. Four different concentrations of 37.5, 75, 150, and 300 pg/mL were
prepared by diluting using DMSO as a solvent. The antibacterial activity studies were conducted

in collaboration with microbiologists.

First, agar plates were inoculated with a standardized inoculum of the test microorganism
(E.coli, S. aureus, P. aeruginosa, and S. pyogenes). The bacteria were cultured in the Muller-
Hinton broth at 37°C for 24 h in a bacteriological incubator. Then the filter paper discs (about
6 mm in diameter) were soaked in 1 mL solution of each test concentration. Then after, the
soaked filter paper discs containing the test nanoparticle at the desired concentration were placed
on the agar surface. The plates were incubated under suitable conditions (37 °C for 36 h)
(Balouiri et al., 2016). Finally, the diameters of inhibition growth zones due to the diffusion of
the antimicrobial agent into the agar were measured. The overview of procedures of the

antibacterial activity was given in Figure 13.

bacteria Paper disk after
,\‘ soaked in the NPs
solution
— 24h O -/Incubation O
O
£ ) O | o
Culturing | o g — )
Nutrient (agar) Tnoculum - 36 h

Figure 13. Schematic overview of the major steps for the antibacterial activities.
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3.9. Characterization Techniques

3.9.1. X-ray Diffraction

The crystal structure and phase of the obtained nanomaterial samples were probed by an X-ray
diffraction (XRD) instrument (Shimadzu, XRD-7000S) with Cu Ko radiation (A=1.5406 A)
sources. The XRD patterns of the samples were scanned in the 20 ranging from 10 to 80 degrees
at scan rates of 3 or 4 degrees per minute. The samples were used in powder form (100-150 mg).

The crystallites size of the sample was calculated using the Scherrer equation (Eqgn. 21):

Sl
~ BcosH

(21)

where: D = crystallite size, A = the wavelength of the X-ray source applied, = full width at half
maxima (FWHM), 6 = the Bragg angle, and k = the shape constant = 0.9.

3.9.2. UV-Vis Spectroscopy

UV-Visible absorbance spectra of the nanomaterials were measured using a UV-Vis
spectrophotometer (JASCO V-670). The samples were prepared by mixing 3 mg of each sample
with 20 mL of ethanol to prepare 0.15 g/mL suspension under sonication for 15 min. The
samples characterized are (i) CuO(L-10); (ii) ZnO(B), CuO-ZnO(B)-20%; (iii) CuO(P), ZnO(P),
CuO-ZnO(P), rGO-ZnO/CuO(P)and rGO-ZnO/CuO(P2). The progress of all photocatalytic
degradation of MB and catalytic reduction of 4-NP were measured by a double-beam UV-Vis
spectrophotometer (Azzota: SM-1600).

Using the absorbance spectrum, the bandgap of samples was calculated by applying Tauc’s
formula (Eqn. 22)

(ahv)" = C(hv — E,) (22)

where a, h, v, Eg, n, and, C were the absorption coefficient, Planck’s constant, light frequency,
bandgap energy, the power factor of the transition mode (2 for direct, 0.5 for indirect), and

constant related to the material, respectively.
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3.9.3. Fourier Transform-Infrared Spectroscopy

To identify the functional groups of the synthesized materials or that of the attached groups,
FTIR spectra of the samples were recorded using Spectrum 65 FT-IR (PerkinElmer) in the range
4000-400 cm™. The samples for measurement were prepared by mixing the powder of the
samples with KBr forming a homogenous paste and then the resulting paste was molded into

pellets.
3.9.4. Photoluminescence

The emission spectra were measured by a fluorescence spectrophotometer (Agilent Cary Eclipse
Fluorescence Spectrophotometer). The suspension was prepared by dissolving 3 mg synthesized
samples in 15 mL methanol and sonicated for 15 minutes for homogeneous dispersion. From
the resulting suspension, 3 mL was put in the quartz cuvette and then emission spectra were

recorded at different excitation wavelengths.
3.9.5. Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy

The surface morphologies and elemental composition of the prepared samples were
characterized using different types of energy-dispersive spectroscopy hyphenated with scanning

electron microscopes (SEM-EDS).

(i). CuO sample synthesized using CAL (i.e. CuO(L-10)) was characterized by scanning
electron microscope (SEM, COXEM-30). The fine powder form of the sample was placed on
the carbon tape and then the SEM images and EDS spectrum were recorded.

(ii) The surface morphology, EDS elemental mapping, and EDS spectra of other samples
Zn0O(B), CuO(B), Cu0-Zn0O(B)-20%, ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-
ZnO/CuO(P2) were measured by scanning electron microscope (JOEL, JCM-6000PIus) and
field emission scanning electron microscope (HITACHI, S-4800). The samples for SEM image
measurement were prepared by dispersing the powder in DW (2 mg sample powder in 20 mL
DW) and sonicating for 15 min. A few drops of the resulting suspension were placed on the
glass slide and allowed to air dry. Then the slides were used for the SEM and EDS

measurements.

54



3.9.6. Transmission Electron Microscopy (HRTEM) with Energy-Dispersive X-ray
Spectroscopy

The surface morphology and elemental mapping were measured by Transmission electron
microscopy (TEM) FEI (Tecnai G2 F30). TEM analysis was employed for CuO-ZnO(B)-20%,
rGO-ZnO/CuO(P), rGO, and GO samples. Samples for TEM analysis were prepared by
applying the suspension of the sample on a copper grid and then allowed to dry.

3.9.7. X-Ray Photoelectron Spectroscopy

The elemental composition on the surface was collected using X-Ray Photoelectron
Spectroscopy (XPS, Thermo Scientific, Al Ka (hv = 1350 eV)). XPS analysis was conducted
for CuO-ZnO(B)-20% nanocomposite. The powder of each sample was mixed with DW (2 mg
powder in 20 mL DW) and sonicated for 15 min. A few drops of the resulting suspension were

placed on the glass slide and air-dried. Then the slide was used for the XPS measurements.
3.9.8. Surface Area Analysis

To identify the surface area and pore size distribution, standard BET (Brunauer-Emmett-Teller)
surface area analysis and BJH (Barrett-Joyner-Halenda) pore size and volume analysis with N2
adsorption-desorption isotherms at 77 K were employed using Micromeritics ASAP 2420
(V2.09 J) instrument. ZnO(B), CuO(B), and CuO-ZnO(B)-20% samples were analyzed using
this technique.

3.9.9. Electrochemical Studies

The electrochemical measurements were conducted using the Ivium Technologies system with
an lviumSoft and used a standard three-electrode cell with Ag/AgCl reference electrode
(saturated), platinum wire counter electrode, and FTO coated with the catalyst sample as
working electrode. 0.1 M Na>SO4 was used as an electrolyte. Mott-Schottky analyses were
conducted over the range of -1.0 V to 1.5 V at a frequency of 1000 Hz. Similarly,
electrochemical impedance spectroscopy (EIS) was carried out by applying a sine wave with an

amplitude of 5 mV over the frequency region ranging from 100 kHz to 0.01 Hz.
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1. Identification of the best Performing MO-based Nanomaterials Obtained

using CAL and VSB for Further Analysis and Characterization.

Nanomaterials of CuO, ZnO, and CuO-ZnO were synthesized using extracts from Cordia
africana Lam and Verbascum sinaiticum Benth. The synthesized materials were evaluated
against 4-NP reduction and MB photocatalytic degradation. Based on the rate of reaction and
efficiency, the nanomaterials with the best performance were identified. The identified materials
were characterized for further analysis. Accordingly, the performance of single oxides (CuO
and ZnO NPs) was tested for the reduction of 4-NP. On the other hand, the performance of CuO-
ZnO NCs was tested against photocatalytic degradation of MB. The details of the analysis were

discussed in sections 4.1A and B.
A. Mono-component oxides: ZnO and CuO NPs

To identify the optimum quantity of the extracts to produce the best-performing nanomaterials
following the stated protocols, the CuO and ZnO NPs samples were obtained using CAL and
VSB extracts of different volumes, i.e. CuO(L-10, 30, 50); ZnO(L-10, 30, 50), CuO(B-10,
30,50), and ZnO(B-10, 30, 50). In this regard, preliminary performance evaluation was
employed and the material that has the highest performance against the catalytic reduction of 4-
NP in the presence of NaBH4 was identified. The reaction rate constants of the synthesized
materials using both CAL and VSB were compared as shown in Figure 14A. According to the
result, CuO synthesized using 10 mL or CuO(L-10) showed the highest rate of reduction against
the 4-NP. Similarly, other CuO NPs obtained using CAL (30 mL and 50 mL) and VSB (10, 30
and 50 mL) also showed a relatively good performance with reduction rate lower than that of
CuO obtained using 10 mL CAL. Whereas all ZnO samples obtained using both extracts showed
negligible performance. Thus, we proceed with CuO(L-10) for further characterization and
analysis of the effects of other parameters on the performance. The analysis was carried out

56



using 5 mg catalyst, 20 mg NaBH4, and 100 mL of 20 ppm 4-NP. The rates of reduction reaction

of the tested samples were given in Table 4.
B. Binary component: CuO-ZnO NCs

Similar to that of the mono-component oxides, CuO-ZnO NCs were synthesized using Cordia
africana Lam and Verbascum sinaiticum Benth extracts. To identify the optimum wt% of CuO
in the CuO-ZnO NCs for photocatalytic applications, CuO-ZnO NCs samples were synthesized
using CAL and VSB extracts. Hence, different wt% of CuO samples with CAL, i.e CuO-
ZnO(L)-X%-x% (X=10, 20, 30, 50) and VSB, i.e., CuO-ZnO(B)-X% (X=10, 20, 30, 50) were
synthesized. To identify the best-performing nanocomposite, the synthesized materials were
tested against MB photocatalytic degradation. In this regard, photocatalytic degradation of MB
was performed using 20 mg catalyst and 120 mL of a 10 ppm MB aqueous solution. The rate
constant of degradation was displayed in Figure 14B. According to the result, all CuO-ZnO
samples obtained using both CAL and VSB extracts showed photocatalytic activities. Among
the CuO-ZnO samples, the one with 20 wt% CuO content synthesized using VSB (CuO-
Zn0O(B)-20%) showed the highest performance. Therefore, CuO-ZnO(B)-20% was used in the
subsequent characterization and performance analysis. The detailed rates of photocatalytic

reaction were given in Table 5.
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Figure 14. Plot of In(Ci/Co) vs t (min)) for catalysts obtained using CAL and VSB: (A) for 4-
NP reduction kinetics using CuO and ZnO catalysts, (B) for photocatalytic degradation kinetics
using CuO-ZnO catalysts.

Table 4. Rate of 4-NP reduction by CuO and ZnO NPs obtained using VSB extracts.

Extract Catalyst Rate constant, min!
CAL CuO(L-10) 0.13577
CuO(L-30) 0.06017
CuO(L-50) 0.03842
VSB CuO(B-10) 0.01808
CuO(B-30) 0.02155
CuO(B-50) 0.043
CAL ZnO(L-10) 0.00211
ZnO(L-30) 0.00259
ZnO(L-50) 0.00456
VSB ZnO(B-10) 0.00296
ZnO(B-30) 0.00407
ZnO(B-50) 0.00498
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Table 5. Rate of photocatalytic degradation of MB using CuO-ZnO NCs obtained using CAL
and VSB extracts.

Extract  Photocatalyst Rate constant, min-1

VSB ZnO(B) 0.00272
CuO-Zn0O(B)-10% 0.01118
CuO-ZnO(B)-20%  0.017
CuO-ZnO(B)-30%  0.01443
CuO-ZnO(B)-50%  0.01392

CAL CuO-Zn0O(L)-10% 0.00998
CuO-Zn0O(L)-20% 0.01007
CuO-ZnO(L)-30%  0.00872

4.2. Characterization of the Synthesized Nanomaterials

4.2.1. XRD Analysis

To investigate the crystallinity and phases of the synthesized materials, the XRD technique was
employed. The XRD pattern of the CuO(L-10) samples obtained using CAL extract was
displayed in Figure 15. The noticeable peaks positioned at 20 values of 32.44, 35.46, 38.68,
48.7, 53.50, 58.0, 61.49, 66.14, and 74.89 degrees correspond to (110), (002), (111), (20-2),
(020), (202), (11-3), (31-1), and (004) crystal planes, respectively. These values agree with the
monoclinic CuO phase (Card number # 00-048-1548). The absence of peaks matching Cu(OH):
and Cu20 in the pattern with the appearance of all peaks corresponding to the monoclinic CuO
phase signifies the formation of pristine crystalline CuO by the MW-assisted synthesis method.
The average crystallite size of the CuO NPs calculated for the highest peaks at 35.46° and 38.68°
was around 9 nm. The resolved sharp peaks with a crystallite size of about 9 nm suggest the

formation of the nanocrystalline CuO (Ahamed et al., 2014).
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Figure 15. XRD patterns of CuO(L-10).

Furthermore, the XRD patterns of calcined samples: CuO(B), ZnO(B), and CuO-ZnO(B)-20%
were displayed in Figure 16. As displayed in the Figure, the XRD pattern of the ZnO(B) sample
at 20 values of (31.79, 34.45, 36.26, 47.58, 56.6, 62.88, 66.4, 67.98, and 69.11), are indexed as
(100), (002), (101), (102), (110), (103), (200), (112), and (201), respectively, corresponding to
the hexagonal ZnO phase (card no. 00-036-1451). Similarly, the diffraction peaks of the CuO(B)
sample obtained at 260 values of (32.48, 35.62, 38.78, 48.94, 53.5, 58.29, 61.7, 65.9, 66.4, 68.08,
and 72.46) indexed as (110), (11-1), (111), (20-2), (020), (202), (11-3), (022), (31-1), (220), and
(311) planes, respectively, were assigned to the monoclinic CuO phase (card no. 00-048-1548).
Moreover, the diffraction peaks of CuO-ZnO(B)-20% were observed at 20 values of (31.76,
34.4,36.28, 47.58, 56.62, 62.84, 66.36, 67.98, and 69.14) matched with the ZnO phase and those
at 20 values of (35.54, 38.72, 48.74, 53.42, 58.33, 61.6) matched with the CuO phase,
confirming the formation of CuO-ZnO NCs. The diffraction patterns of the composite do not
contain peaks other than CuO and ZnO, indicating the prepared sample is free of impurities

(Taufique et al., 2018). The average crystallites were determined using Scherrer’s formula (Eqn.
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21) for the first three intense peaks (100), (002), and (101) for ZnO; (11-1), (111), and (20-2)
for CuO; and (100), (002), and (101) for the CuO-ZnO NCs, respectively (Witoon et al., 2013).
The calculated average crystallites sizes were 22 nm, 14 nm, and 18 nm for ZnO(B), CuO(B),
and CuO-ZnO(B)-20% samples, respectively. The values obtained indicated that the
synthesized samples have crystallites in the nano-size range. Because of the possibility that
photocatalysts could be improved by reducing the crystallites size, the nano-size range
crystallites of the synthesized CuO-ZnO(B)-20% samples make the materials an attractive

photocatalyst candidate (Kirankumar & Sumathi, 2020).

(101)

¢ ZnO # 00-036 -1451
¢ CuO # 00-048-1548

(102)
(103)

g o(111)
(20-2)
«(020)

(110)
*(202)
E.{11-3)

H 3

Cuo A LJL.A.../\./WUW

UL Jgoj' M

20 30 60 70 80

Intensity (a.u)

40
20 (degree)

Figure 16. XRD patterns of ZnO(B), CuO(B), and CuO-ZnO(B)-20% samples.

Similarly, Figure 17 shows the characteristic XRD peak of graphite (Gr), graphene oxide (GO),
and reduced graphene oxide (rGO) displayed at 20 of 26.4°, 9.9°, and 24.4° with the
corresponding interlayer distance of about 0.3368 nm, 0.8906 nm, and 0.3640 nm, respectively.
The relatively wider interlayer distance of GO could be attributed to the presence of carboxyl,
hydroxyl, and epoxide groups introduced by the oxidation of the graphite (Alam et al., 2017;
Kalantari Bolaghi et al., 2019; Thakur & Karak, 2012). Whereas the reduction of GO to rGO
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resulted in a decreased interlayer distance to about 0.3640 nm which is closer to that of the bulk
graphite suggesting the reduction of the hydroxyl, carboxyl, and epoxide functional groups. This
value is consistent with the previously reported value (Thakur & Karak, 2012). The
disappearance of the peak at 20 of 9.9° and the appearance of a new peak at 20 of 24.4° for rGO
indicates the reduction of the oxygen-containing functional groups of GO. Besides, the closer
spacing between rGO layers to that of graphite layers could be ascribed to the effective reduction
and restacking of graphene layers due to the strong m-n interaction (Alam et al., 2017; Thakur
& Karak, 2012). The strong and sharp peak at 20 = 26.4° of pristine graphite with the
corresponding spacing of 0.3368 is consistent with previous reports (M. Khan et al., 2015).
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Figure 17. XRD patterns of graphite powder (Gr), graphene oxide (GO), and reduced graphene
oxide (rGO) samples.

The XRD patterns of the samples synthesized using PEG: ZnO(P), CuO-ZnO(P), and rGO-
ZnO/CuO(P) were displayed in Figure 18. The diffraction patterns of rGO-ZnO/CuO(P)
appeared at 20 of (31.76, 34.42, 36.26, 47.56, 56.62, 62.88, and 67.98) which could be assigned
to the planes (100), (002), (101), (102), (110), (103), and (112) of hexagonal ZnO phases
according to JCPDS card (36-1451), respectively. The diffraction patterns of rGO-
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ZnO/CuO(P2) were almost similar to that of rGO-ZnO/CuO(P). Most of the diffraction peaks
arising from CuO were weak and masked by strong peaks from the ZnO phase related to the
relatively smaller CuO content. Hence, the weak diffraction peaks appeared at 26 of (35.54,
38.90, 58.26, and 61.52) assigned to planes ((11-1), (200), (202), and (11-3)) belonging to the
monoclinic CuO phases according to JCPDS card (36-1451), respectively. Distinct peaks related
to the rGO were not seen in the pattern of rGO-ZnO/CuO which might be due to the low
crystallinity and small amount of rGO producing low intensity (Kalantari Bolaghi et al., 2019;
Omar et al., 2014).
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Figure 18. XRD patterns of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P) and rGO-ZnO/CuO(P2)

samples
4.2.2. UV-Vis Spectroscopic Analysis

The UV-Vis spectra of nanomaterials can provide information about the size, band gap, and
other interactions between the excited electrons and light. In this regard, the UV-Vis absorption
spectra of CuO(L-10), ZnO(B), and CuO-ZnO(B)-20% were given in Figure 19A and C.
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CuO(L-10) showed absorbance over a wide range of wavelength (UV and visible range) with
absorbance maximum, Amax=388 nm (Figure 19A). Similarly, both ZnO(B) and CuO-ZnO(B)-
20% samples absorbed strongly in the UV region (Amax=374 nm) which is consistent with
previous works (Islam et al., 2019; L. Zhu et al., 2018). Portions of the absorption spectrum fall
in the visible range with the tail reaching 800 nm, which could be attributed to the light scattering
in the colloidal suspension (Islam et al., 2019). Comparatively, the CuO-ZnO(B)-20% sample
showed a broader absorption spectrum over the range between 250 and 800 nm. In comparison
to pristine ZnO NPs, the presence of CuO is responsible for a broader optical response in the
visible region, indicating enhanced visible light absorption of CuO-ZnO(B)-20% (Sathishkumar
et al., 2011). In addition, the bandgap of both CuO(L-10), ZnO(B), and CuO-ZnO(B)-20%
samples were estimated using Tauc’s formula (Eqn. 22)(Momeni, 2015; Saravanakkumar et al.,
2018). The direct bandgap energy of the samples was obtained from the curves fitting of
(ahv)? vs hv as depicted in Figure 19B and D (X. Lei et al., 2019) by extrapolating the slope
of the linear region to the x-axis intersection (i.e., at (ahv)? = 0). Accordingly, the results were
approximately found to be 2.24 eV for CuO (L-10), 3.01 eV for ZnO(B) and 2.74 eV for CuO-
ZnO(B)-20% (Figure 19B and D). The result revealed that the bandgap of the CuO-ZnO(B)-
20% is lower than the ZnO(B) NPs. The low bandgap and improved efficiency of visible light-
harvesting capacity makes CuO-ZnO(B)-20% suitable candidate for photocatalytic application
(J. Yuetal., 2015).
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Figure 19. UV-Vis absorbance spectra: (A) CuO(L-10), (C) ZnO(B) and CuO-ZnO(B)-20%;
Tauc’s plot: (B) CuO(L-10), (D) ZnO(B) and CuO-ZnO(B)-20%.

Similarly, the UV-Vis absorbance spectra of the samples of GO and rGO synthesized were
presented in Figure 20. The Figure shows the UV-Vis absorption spectrum of the synthesized
GO and rGO suspension in ethanol and photographs of their powder as well as the corresponding
aqueous suspensions. A strong absorption band at 235 nm and a weak shoulder at 303 nm were
observed for GO. The intense band at 235 nm could be assigned to the n-m* transitions of
aromatic C=C bonds, and the weaker shoulder around 303 nm could be due to the n-rm*
transitions of C=0 bonds (Arias et al., 2020). Upon reduction of GO, the shoulder peak at 303
nm disappeared, and that at 235 nm was red-shifted to the broader peak at around 265 nm
attributed to the aromatic C=C m—n* transition indicating the restoration of the aromatic

structure electronic conjugation (Mahendran et al., 2020). The results for both GO and rGO are
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in close agreement with the values reported elsewhere (Johra et al., 2014; Momeni et al., 2018).
The tail of the rGO spectrum in the visible region is significantly higher than that of the GO
indicating the recovery of the sp-electronic conjugation of the graphene (Rabchinskii et al.,
2018). Therefore, the shift in the 235 nm peak to the 265 nm and the color change from brown
to deep black suspension in water confirms the reduction of GO (Mahendran et al., 2020;
Rabchinskii et al., 2018).

235 nm
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300 400 500 600
Wavelength: (nm)

Figure 20. UV-Visible absorbance spectra of GO and rGO.

The UV-Vis absorption spectra and the corresponding Tauc’s plots of ZnO(P), CuO-ZnO(P),
rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2) samples were illustrated in Figure 21. All samples
showed a strong absorption band in the UV region (Amax=367 nm) which is consistent with the
absorbance of ZnO nanoparticles reported elsewhere (Figure 21A) (D. K. Singh et al., 2013).
As can be seen from the Figure, CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2)
displayed a significant portion of their absorption spectra in the visible range compared to the
ZnO sample, indicating the smaller energy bandgap compared to ZnO(P) (Islam et al., 2019).
An estimated bandgap was obtained using Tauc’s formula was 3.14 eV for ZnO(P), 2.91 eV for
CuO-ZnO(P), 2.48 eV for rGO-ZnO/CuO(P), and 2.32 eV for rGO-ZnO/CuO(P2) (Figure 21B).
Therefore, modifying ZnO NPs with CuO and rGO resulted in a low bandgap with an improved
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visible light harvesting capacity of rGO-ZnO/CuO(P) which makes it a potential candidate for
a visible light-based photocatalytic degradation of pollutant dyes (Sathishkumar et al., 2011; J.
Yuetal., 2015).
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Figure 21. UV-Vis absorbance spectra and Tauc’s plot of ZnO(P), CuO-ZnO(P), rGO-
ZnO/CuO(P), and rGO-ZnO/CuO(P2).

4.2.3. FTIR Analysis

The FTIR spectral analysis of materials provides the functional groups of the materials.
Particularly, in the case of metal oxide nanomaterials, the FTIR spectra can be used to identify
the metal-oxygen bond and the type of molecules adsorbed to the nanomaterial surface. In
addition, the analysis can be used to predict whether the reagents used in the synthesis are
completely removed or not during the washing process. In this regard, the FTIR analysis of the
synthesized materials using (i) extracts of CAL and VSB: CuO(L-10), ZnO(B), CuO-ZnO(B)-
20%, CuO(B); (ii) GO and rGO; and (iii) PEG: ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), rGO-
ZnO/CuO(P2).

The FTIR spectra of the aqueous extract of CAL and the CuO NPs synthesized using CAL
extract were shown in Figure 22. Several characteristic bands were shown in the spectra of both
the CAL extract and CuO NPs synthesized using the extract CuO(L-10). In both spectra (Figure
22), the bands at 3400, and 2920 cm™ correspond to the O—H, and C-H functional groups
stretching vibrational frequencies, respectively. Similarly, the bands at 1603 and 1300 to 1000
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cm™ (CAL extract) belong to the stretching vibrations of the C=C aromatic ring and C— OH
(Nasrollahzadeh, Sajadi, & Maham, 2015). The sharp peaks that appeared at 1555 and 1393 cm"
1 CuO(L-10) could be attributed to the carboxylate C-O stretching vibrations (asymmetric and
symmetric). The bands arising due to the vibrational frequencies of the metal-oxygen (M-O)
bond generally appear in the region below 1000 cm™. Hence, the peaks positioned at 497 and
591 cm™ belong to characteristic vibrations of the Cu—O bond, revealing CuO NPs formation
(Buazar et al., 2019). No infrared active modes from Cu2O were detected indicating that under
the conditions stated in the synthesis method, only the CuO phase was selectively produced. A
comparison of the spectrum of the extract with that of CuO(L-10) shows that the molecules of
the extract are found adsorbed on the surface of the CuO NPs. Furthermore, the FTIR results

indicated the formation of the CuO phase supporting the XRD result.
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Figure 22. FTIR spectra of (a) CAL extract and (b) CuO(L-10).

In the case of materials synthesized using VSB extract (CuO(B), ZnO(B), CuO-ZnO(B)-20%),
the FTIR was given in Figure 23. Since the M-O stretching vibrations of metal oxides usually
appear in the ranges between 400 and 600 cm™ of the FTIR spectrum, the characteristic intense
peaks observed in the range 400-510 cm™ belong to the Cu—O and Zn-O vibrations of CuO(B)
and ZnO(B) samples respectively (Harish et al., 2017). The CuO(B) sample displayed a band at
435 cm™ (Figure 23) corresponding to the Cu-O stretching band, whereas the ZnO sample
showed a stronger intense peak at around 415 cm™ and a weak band at 475 cm™ (Figure 23)
corresponding to Zn-O stretching. Also, the CuO-ZnO(B)-20% sample showed a much more
intense peak at around 415 cm™, similar to the Zn-O vibration band of the ZnO sample. The
peak from Cu-O vibration was not visible due to the low CuO composition of the CuO-ZnO
(Govindasamy et al., 2021). Comparatively, peaks from adsorbed moisture or CO, are very

weak.
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Figure 23. FTIR spectra of ZnO(B), CuO(B), and CuO-ZnO(B)-20% nanomaterials obtained
using VSB.

Similarly, the FTIR spectra of GO and rGO samples were given in Figure 24. The FTIR
spectrum of GO displayed characteristic peaks at about 3400, 1732, and 1622 cm
corresponding to the stretching vibrations of O-H, C=0, and C=C functional groups,
respectively (Alam et al., 2017). The broad band that appeared around 3400 cm™ is attributed
to the overlapping bands from the O-H stretching vibration of alcohol, carboxylic acid, and
adsorbed water molecules (Rabchinskii et al., 2018). In addition, the band at 1048 cm™* can be
assigned to the bending vibrations of the hydroxyl functional groups. In the case of rGO,
distinctive vibration modes were observed at 3429, 2922, 2852, and 1636 cm™ belonging to
stretching vibrations of O-H stretching mode arising from the adsorbed water molecules or
alcohol functional groups, asymmetric stretching modes of the —CH> group, symmetric
stretching modes of the —CH> group, and aromatic C-C stretching, respectively (Alam et al.,
2017; Emiru & Ayele, 2017; Majumdar et al., 2017). The FTIR spectra of both GO and rGO
obtained are consistent with the literature reports (Emiru & Ayele, 2017). The C-H stretching
bands for GO are weak relative to that for rGO indicating that there are more dangling C-H
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functional groups in rGO than in GO as expected. Thus, the much lower intensity of the C=0
bands in the rGO and the stronger peaks of the C-H stretching bands indicate the reduction of
the oxygen-containing functional groups of GO (Alam et al., 2017).
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Figure 24. FTIR spectra of GO and rGO.

Further, the FTIR spectra of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2)
were measured over the range of 400-4000 cm™ as shown in Figure 25. The bands at 3422 and
1300 cm™ correspond to the O-H groups stretching and bending vibrational frequencies,
respectively. Similarly, the bands at 1628 cm™ could be attributed to the stretching vibrations of
the C=0 bond (Priyadharsan et al., 2018). The source of the O-H and C=0 functional groups
could be due to the adsorbed H2O and CO2 molecules during sample preparation. The M-O
stretching vibrations of metal oxides usually appear in the ranges between 400 and 600 cm™ of
the FTIR spectrum. In light of this, the peaks in the range 400-510 cm™ could belong to the Cu—
O and Zn-0 vibrations of CuO and ZnO, respectively (Harish et al., 2017). The ZnO(P) sample
showed a peak at around 480 and 410 cm* corresponding to Zn-O vibrations (Islam et al., 2019).
Similarly, the CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2) samples showed peaks
between 410 and 490 cm™ belonging to the Cu-O and Zn-O vibration band (Islam et al., 2019;
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Renuka et al., 2017). The peaks from rGO vibration were not visible due to the low rGO

composition of the rGO-ZnO/CuO samples (Govindasamy et al., 2021).
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Figure 25. FTIR spectra of ZnO(P), CuO-ZnO(P), and rGO-ZnO/CuO(P) nanomaterials.
4.2.4. Photoluminescence Studies

Photoluminescence (PL) characterizations were carried out to investigate the effect of the
components on the rate of the photogenerated charge carriers’ recombination and the defect
level of the materials. Hence, PL analysis of the materials employed for photocatalysis was
conducted. The materials used for photocatalysis are those that are synthesized using VSB
extracts: ZnO(B), and CuO-ZnO(B)-20% and PEG: ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P),
and rGO-ZnO/CuO(P2). The PL spectra of ZnO(B) and CuO-ZnO(B) suspension in methanol
were displayed in Figure 26A. When the samples are excited at 340 nm, the PL spectra showed
a strong emission band around 388 nm and a relatively weaker emission band around 463 nm
including a shoulder band around 418 nm. The strong narrow emission band around 388 nm
was attributed to the exciton recombination corresponding to the near band edge (L. Xu et al.,
2017). Whereas the other peaks that appeared around 418 nm and 463 nm could be originated
from deep-level defects (Lavin et al., 2019). Since PL emission is induced when the

photogenerated e/h* recombine, the relatively lower PL intensity of the CuO-ZnO(B)-20%
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compared to ZnO(B) indicated the decreased radiative recombination rate in the composite
which could be attributed to the better e”/h* separation and prolonged exciton lifetime (L. Xu et
al., 2017). Thus, coupling CuO and ZnO revealed decreased rate of exciton recombination with

improved visible light absorption (C. Chen et al., 2020).
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Figure 26. Photoluminescence spectra of ZnO(B) and CuO-ZnO(B)-20%, (B) ZnO, CuO-ZnO,
and rGO-ZnO/CuO nanomaterials obtained using PEG.

Concerning ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2), the room
temperature PL spectra were shown in Figure 26B. At an excitation wavelength of 340 nm, the
PL spectra of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2) samples
showed an emission band similar to that of the ZnO(B) and CuO-ZnO(B)-20% with a strong
emission band at around 383 nm originating from the near band edge of ZnO and relatively
weaker emission bands at 462 and 496 nm originating from the deep-level defects (Lavin et al.,
2019; L. Xu et al., 2017). As is displayed in Figure 26B, the emission intensity from pristine
ZnO, i.e. ZnO(P), is higher than that of the composite both from the near band edge and from
the defect levels, which could be attributed to the better e/h* separation and decreased defect
level in the CuO-ZnO and rGO-ZnO/CuO NCs (Park et al., 2015; L. Xu et al., 2017). Therefore,
modifying ZnO with CuO and rGO indicated the decreased recombination rate with improved
visible light absorption could make the resulting modified nanomaterials a potential candidate
for photocatalysis (C. Chen et al., 2020).

73



4.2.5. Morphological Analysis

The morphology of the synthesized nanomaterials was studied by using SEM and TEM images.
The SEM image and EDS spectrum of the CuO NPs synthesized by MW-assisted method using
CAL extract was illustrated in Figure 27. The SEM image indicated a uniformly distributed
cluster of spherical-shaped morphology (Figure 27A). The image taken showed that some
particles having spherical-shaped morphology are found in the clusters (Figure 27B).
Furthermore, its EDS spectrum given in Figure 27C confirmed that the sample is composed of

only Cu and O elements, supporting the XRD analysis.
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Figure 27. SEM images of CuO(L-10) synthesized with CAL extract (A) and its EDS
spectrum(B).

The SEM images of the ZnO(B), CuO(B), and CuO-ZnO(B)-20% samples prepared using VSB
extract were given in Figure 28A-C. The micrograms indicated that ZnO and CuQO were found
in a cluster of spherical-like NPs, while CuO-ZnO(B)-20% were found in a plate-like
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morphology with noticeable pores. Further analysis using FESEM (Figure 28D-F) supports the
SEM results.

Figure 28. SEM images: (A, B) ZnO(B), (C,D) CuO(B), and (E,F) CuO-ZnO(B)-20%.,

The typical high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image (Figure 29A) and corresponding energy-dispersive X-ray spectroscopy (EDS)
mappings of CuO-ZnO(B)-20% (Figure 29B-E) with EDS spectrum (Figure 29F) demonstrated
the homogeneous distribution of Zn, Cu, and O elements throughout the CuO-ZnO(B)-20%
sample (X. Lei et al., 2019). The morphology and crystal structure of the CuO-ZnO(B)-20%
sample was further evaluated by TEM analysis, as depicted in Figure 29G. The result illustrated
that the prepared CuO-ZnO(B)-20% possess plate-like nanostructures, supporting the SEM
analysis. Following examination by HRTEM, the lattice fringes for CuO-ZnO(B)-20% were
observed (Figure 29H). From the analysis, 0.26 nm interplanar spacing between the (002) planes
of hexagonal ZnO (card no 000-036-1451), and 0.27 nm spacing between the (110) plane of
monoclinic CuO (card no 00-048-1548) were observed. This result is very consistent with the
literature reports and XRD analysis (J. Li et al., 2020; J. Zhang et al., 2019).
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Figure 29. STEM image, EDS mappings/spectrum, and TEM images of CuO-ZnO(B)-20%
samples: (A) HAADF-STEM image, (B) EDS layered mappings, EDS elemental mappings: (C)
oxygen, (D) zinc, (E) copper, (F) EDS spectrum, (G) TEM image and (H) HRTEM lattice

fringes.

In the case of nanomaterials prepared using PEG, the SEM images of ZnO(P), CuO-ZnO(P),
rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2) samples were shown in Figure 30. Pristine ZnO

(Figure 30A and B) samples are composed of hexagonal rod-like shaped nanoparticles with an
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average diameter of 65 nm and different lengths. The SEM image of CuO-ZnO(P) samples
(Figures 30C and D) displayed one-dimensional heterostructures (ribbon-like and short rod-like
nanostructures). Similar to that of ZnO(P), rGO-ZnO/CuO(P) samples exhibited random arrays
of rod-shaped morphology (Figures 30E and F). The high-magnification SEM micrographs
(Figure 30F) showed that the whiskers or ribbon-like structures were uniformly distributed on
the rod-like nanostructures. The NRs appear to be cylindrical with a few hexagonal shapes. The
rod-shaped crystals fall in the nanoscale regime with an average diameter of 70 nm. Whereas
varying the procedure of synthesis from two-step irradiation to a one-step resulted in a flower-
like morphology rGO-ZnO/CuO(P2) (Figure 30F). The flower is an assembly of trigonal-shaped
nanoplates/sheets.
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Figure 30. SEM images of (A,B) ZnO(P), (C,D) CuO-ZnO(P), (E,F) rGO-ZnO/CuO(P), and
(G,H) rGO-Zn0O/CuO(P2) samples with different resolution.
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In addition, the EDS spectrum of the rGO-ZnO/CuO(P) and rGO-ZnO/CuO(P2) depicted in
Figure 31A and G, respectively showed that the samples were composed of C, O, Cu, and Zn
elements, confirming the presence of the expected elements in the samples. Furthermore, the
EDS mapping analysis illustrated that Cu, Zn, C, and O elements were homogeneously
distributed throughout the rGO-ZnO/CuO(P)(B-F) and rGO-ZnO/Cu0O(P2) (H-L) samples.

EDS Layered Image 1

7 5 A

Zn Lal_ 2

Figure 31. EDS spectra, EDS layered image, and elemental mappings (A-F) rGO-ZnO/CuO(P)
and (G-L) rGO-ZnO/CuO(P2); elemental mappings: carbon (C&I), oxygen (D&J), copper
(E&K), and zinc (F&L).
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The homogenous distribution of elemental C throughout the composite sample could imply that
the rGO sheets were integrated with the composite (Y. Wang et al., 2020). In addition, the
absence of traces of other elements in the EDS spectra signifies the purity of the rGO-ZnO/CuO
samples supporting the XRD data (A. Kumar et al., 2017).

The morphologies and structures of GO and rGO were investigated by TEM image analysis.
TEM images of GO and rGO at different magnifications were depicted in Figure 32. A lower-
resolution TEM image of GO shows multilayer flake-like structures (Figure 32A). A closer look
at the thin transparent layers on the peripheries, however, reveals exfoliated GO sheets (Figure
32B) (Aziz et al., 2014). In the case of rGO, sheet-like morphologies were observed (Figures
32C and D). The lower resolution image (Figure 32C) consists of a thick dark region indicating
overlapped sheets, and a transparent region with wrinkles corresponding to a thin graphene sheet
(monolayer and few-layer) (Lee et al., 2019; J. Wang et al., 2017). The wrinkled appearances in
the TEM image are the inherent properties of rGO. Wrinkles appear to be caused by coupling
between folds of a graphene sheet through n-x interactions to attain thermodynamic stability (H.
M. Ju et al., 2010). The results of the TEM image analysis of rGO support the XRD and UV-
Vis analysis. Furthermore, the obtained result is consistent with previous reports (Amir Faiz et
al., 2020; H. Liu et al., 2018).
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Figure 32. TEM images of GO (A, B) and rGO (C, D)

Figure 33 illustrates TEM images of rGO-ZnO/CuO(P) samples with rod-like morphologies,
consistent with the SEM image. It is composed of particles that range from 230 nm to 780 nm
in length and 30 nm to 96 nm in diameter. As shown in Figure 33, the microstructure exhibited
lattice fringes, showing high crystallinity (Galani & Panda, 2019). The calculated inter-planar
spacings were found to be 0.191 nm and 0.196 nm corresponding to the hexagonal ZnO (102)
and monoclinic CuO (-112) planes, respectively. In both cases, the results agree with literature
values [JCPDS 361451] for ZnO and [JCPDS 481548] for CuO.
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Figure 33. TEM images of rGO-ZnO/CuO(P) (A, B) and HRTEM (C).
4.2.6. XPS Analysis

XPS study was utilized for the survey of oxidation states and compositions of the CuO-ZnO(B)-
20% nanocomposite samples surface. The XPS spectrum of the CuO-ZnO(B)-20% sample was
displayed in Figure 34. The peaks observed in the full survey spectrum displayed in Figure 34A
indicated the presence of O, Cu, and Zn species. As shown in Figure 34B, XPS peaks at 1021.26
and 1044.78 eV were assigned to the Zn energy levels designated as 2ps2 and 2p1., respectively
(X. Zhang et al., 2019). Similarly, the peaks centered at 933.18 and 952.88 eV were related to
the 2psi2 and 2p1s2 levels of Cu, respectively (Figure 34C) (C. Chen et al., 2020). Satellite peaks
appeared at the upper energy sides, 943 eV for Cu 2p3/2 and 961 eV for Cu 2p1/2 (Figure 34C)
confirming the existence of Cu in the Cu®" state, i.e., CuO (Z. Zhang & Wang, 2012).
Furthermore, the peak located at 530.18 eV is attributed to the O 1s from the lattice oxygen (O*
) bound to metals, and the shoulder peak at 531.67 corresponds to the oxygen (O?) in the
oxygen-deficient region indicating the presence of oxygen vacancy (Ov). Hence, the XPS study
revealed the presence of CuO and ZnO in the CuO-ZnO(B)-20% sample, which is consistent
with results from XRD, HRTEM, and EDS elemental mapping studies.

82



Zn 2p3/2
102168 eV

Zn 2pd/2
>
)

Zn2p

ZnO/CuQ

Zn 2pl/2

Intensity (a.u.)
Intensity(a.u.)

Zn KMM

M T v T v T v T v L ¥ 1 " 1 i L i 1 " 1 i 1 i 1
1200 1000 800 600 400 200 0 1050 1045 1040 1035 1030 1025 1020

Binding Energy (eV) Binding Energy (eV)

C (;“ 2{’3" 2 D 530.18
- s
Cu 2p <
=3
2+ o
4 Cu” Satallite 3
= 961.56 9501 )
< g
- =
2 E
= Ll
- -
T ¥ T v T ¥ T v T v
L L L L L L 536 534 532 530 528 526
965 960 955 950 945 940 935 930
Binding Energy (eV) Binding Energy (eV)

Figure 34. XPS spectra of CuO-ZnO(B)-20%: (A) full survey, (B) Zn 2p, (C) Cu 2p, and (D) O
1s

4.2.7. Surface Area Analysis

The surface area of the materials is one of the important characteristics that determine the
performance of materials in several applications, particularly, in photocatalysis. In line with this,
the surface area of the photocatalyst materials synthesized (ZnO(B), CuO(B), and CuO-ZnO(B)-
20%) was analyzed. The N2 adsorption-desorption isotherm and pore size distributions of
ZnO(B), CuO(B), and CuO-ZnO(B)-20% samples were shown in Figure 35. As it was depicted
in Figures 35A and B, the nitrogen adsorption-desorption isotherms of all samples exhibit
typical type IV isotherms (J. Huang et al., 2010). According to the IUPAC classification, type
IV isotherms are observed by the mesoporous adsorbents where the initial monolayer-multilayer
adsorption on the mesopore walls is followed by the pore condensation (Thommes et al., 2015).

The isotherms displayed type H3 hysteresis loop in the p/p° ranges of 0.62—0.99 indicating the
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adsorption-desorption of the mesopore by capillary condensation (Figure 35B) (Thommes et al.,
2015). According to the BET surface area analysis, the specific surface area calculated from the
linear region of Figure 35A in the range of 0.05 to 0.3P/Po was given in Table 6. The linear fit
was displayed in Figure 35C. The data showed that ZnO(B) and CuO-ZnO(B)-20% samples
displayed a specific surface area of approximately 18 m?/g. The pore size obtained by the BET
method showed that CuO-ZnO(B)-20% samples possess a smaller adsorption average pore
diameter of about 23.78 nm compared to the 38.99 nm and 39.64 nm adsorption average pore
diameter for ZnO(B) and CuO(B) samples, respectively. The corresponding distribution of the
pore sizes from the Barrett-Joyner-Halenda (BJH) method (Figure 35D) indicated that the
textural porosity of all ZnO(B), CuO(B), and CuO-ZnO(B)-20% falls under mesoporous

materials.
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Figure 35. Adsorption-desorption isotherm of N2 (A) and BJH pore size distribution of ZnO(B),
CuO(B), and CuO-Zn0O(B)-20% samples obtained using VSB.
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Table 6. BET surface area, pore sizes, and pore volume distribution of ZnO(B), CuO(B), and
Cu0O-Zn0O(B)-20% samples.

Sample BET, m?/g Pore  size, Pore volume,
Corr. Coef/R?> nm cmi/g

ZnO(B) 18.4022 0.9999 38.997 0.179

CuO(B) 6.4843  0.9999 39.639 0.064

CuO-Zn0O(B)-20% 18.4927 0.9999 23.782 0.110

4.2.8. Electrochemical Analysis

To understand the electrochemical behavior of the synthesized photocatalyst materials,
electrochemical impedance spectroscopy and Mott-Schottky (MS) analyses were conducted. In
this case, the EIS and MS results of CuO-ZnO(B)-20% were compared with ZnO(B), and that
of rGO-ZnO/CuO(P) were compared with rGO-ZnO/CuO(P2), CuO-ZnO(P) and ZnO(P) as

well as literature values.
4.2.8A. Electrochemical impedance spectroscopy analysis

The EIS was used to identify the resistive and capacitive properties of the materials describing
the charge carriers' separation, transfer, and recombination behavior across the semiconductor-
electrolyte interface of the nanomaterials. The EIS spectra of the nanomaterials synthesized
using VSB (ZnO(B), CuO(B), and CuO-ZnO(B)-20%) were presented in Figure 36A.
According to the Figure, the radius of the EIS spectra arc of the CuO-ZnO(B)-20% was smaller
compared to that of pristine ZnO(B) and CuO(B) indicating lower resistance to the interface
charge transfer rate of CuO-ZnO(B)-20% making it a better photocatalyst. Further, there is no
small semicircle in the high-frequency region, meaning that the charge transfer resistance is
negligible (X. Ju et al., 2020). Therefore, modifying ZnO by coupling with CuO suppressed the
rate of charge carriers’ recombination which is consistent with the results from the PL analysis
(Figure 26B). On the other hand, the impedance analysis of ZnO(P), CuO-ZnO(P), rGO-
ZnO/CuO(P), and rGO-ZnO/CuO(P2) was shown in Figure 36B. From the Figure, the CuO-
ZnO(P) have shown the smallest impedance arc radius than ZnO(P), rGO-ZnO/CuO(P), and

rGO-ZnO/CuO(P2) corresponding to high recombination resistance due to the fast electron
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transfer across the interface between CuO-ZnO(P) and surrounding solution (Prabhu et al.,
2019). In the EIS analysis, the smaller semicircle arc of the Nyquist plots indicates better
conductivity of the materials (John et al., 2019). This implies that photocatalyst materials with
smaller semicircles can facilitate the transfer of photogenerated charge carriers improving the
photocatalytic performance of the materials. However, rGO-modified samples, rGO-
ZnO/CuO(P) and rGO-ZnO/CuO(P2) with the same ratio of Cu to Zn displayed a larger
impedance arc radius than CuO-ZnO(P) but smaller than bare ZnO(P). The obtained EIS results
support the PL analysis given in Section 4.2.4 (Figure 26B).
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Figure 36. EIS Nyquist plots of nanomaterials obtained using (A) VSB: ZnO(B), CuO(B) and

Cu0-Zn0O(B)-20%; (B) PEG: rGO-ZnO/CuO(P), rGO-ZnO/CuO(P2), CuO-ZnO(P), and
ZnO(P).

4.2.8B. Mott-Schottky analysis

The Mott-Schottky plot analysis of the prepared samples was used to experimentally determine
the approximate positions of the conduction (CB) and valence band (\VVB) of the semiconductors
through the interpretation of impedance (Mott-Schottky) plots. The Mott-Schottky plots of
ZnO(B), CuO(B), and CuO-ZnO(B)-20% were given in Figure 37. Flat band potential was
obtained by extrapolating the plot of 1/C2 vs potential to the X-axis. As can be seen from the
Figure, ZnO(B) and CuO-ZnO(B)-20% showed a positive slope indicating an n-type
semiconductor with a flat band potential of -0.51 V and -0.73 V vs Ag/AgCl, respectively. CuO-
Zn0O(B)-20% was expected to show both positive and negative slopes. However, there are
reports indicating only positive slope in the range displayed (Man et al., 2020). Whereas CuO(B)
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showed a negative slope indicating a p-type semiconductor with a flat band potential of 0.82 V
vs Ag/AgCI. The potential measured using Ag/AgCl reference electrode can be converted to the
potential relative to the reversible hydrogen reference electrode (RHE) using the Nernst equation
(Egn. 23) (Wei et al., 2018).

Erue = Eag/agal + Eag/aga +0.059 pH (23)

where E%ag/agcisay =0.197 V and the electrolyte pH is 7. Hence, the flat band potentials relative
to RHE could be 0.10 V for ZnO(B), -0.12 V for CuO-ZnO(B)-20%, and 1.43 V for CuO(B).
Flat band potentials of the n-type semiconductors are close to the conduction band edge and that
of the p-type semiconductors is close to the valence band edge (F. Guo et al., 2021). Thus, the
CB of ZnO(B) and CuO-ZnO(B)-20% could be 0.10 V and -0.12 V vs RHE, respectively.
Similarly, the VB of CuO(B) could be around 1.43 V vs RHE. Combining these values with the
bandgap energy obtained from Tauc’s formula, the calculated VB of ZnO(B), CuO-ZnO(B)-
20%, and the CB of CuO(B) can be calculated using Eqn. 24 (F. Guo et al., 2021).

EVB = ECB + Eg (24)
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Figure 37. Mott-Schottky plots of nanomaterials obtained using VSB: (A) ZnO(B), (B) CuO(B),
and (C) CuO-Zn0O(B)-20% vs Ag/AgCl.

The bandgap energies were found to be 3.01 eV for ZnO(B), 2.74 eV for CuO-ZnO(B)-20%,
and 2.18 eV for CuO(B). Therefore, the calculated VB edge position of ZnO, CuO-ZnO(B)-
20%, and CB edge position of CuO(B) are 3.11, 2.62, and -0.75 V, respectively.

With regard to the ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2)
nanomaterials, the Mott—Schottky plots were illustrated in Figure 38. The Mott—Schottky plot
of ZnO(P) showed a positive slope indicating the n-type semiconductor with the flat band
potential -0.4 V. However, in the case of rGO-ZnO/CuO(P) rGO-ZnO/CuO(P2), and CuO-
ZnO(P), both negative and positive slopes were observed indicating the development of p-n
heterojunction between the p-type CuO and the n-type ZnO (H. Xu et al., 2020). Thus, the co-
existence of positive and negative slopes with flat band potential values, -0.4 V for ZnO, -0.4
and 1.2 V for CuO-ZnO(P), -0.37 and 1.3 V rGO-ZnO/CuO(P), -0.32 and 1.2V rGO-
ZnO/CuO(P2) were shown in Figures 38A-D relative to the Ag/AgCl electrode. The
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corresponding flat band potential relative to RHE were given in Table 7. Using the flat band

potentials and the previously calculated band gaps, the conduction and valence band potentials
of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P2), and rGO-ZnO/CuO(P2) were calculated (Table

7).

Table 7. Summary of the flat band, CB, and VB potentials of ZnO and CuO components for
ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2) from Mott-Schottky plots.

Nanomaterials Band gap (eV) Flatband (V) CB (V) VB (V)
Zn0 CuO ZnO CuO ZnO CuO
ZnO(P) 3.14 0.21 0.21 3.35
CuO-ZnO(P) 2.91 021 181 021 -1.1 312 181
rGO-ZnO/CuO(P) 2.48 024 191 024 -057 272 191
rGO-ZnO/CuO(P2) 2.32 029 181 029 -051 261 181
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Figure 38. Mott-Schottky plots of (A) ZnO(P), (B) CuO-ZnO(P), (C) rGO-ZnO/CuO(P), and
(D) rGO-ZnO/Cu0O(P2) vs Ag/AgCI.

4.3. Applications of the Synthesized Nanomaterials

The nanomaterials prepared using CAL, VSB, and PEG were employed for catalytic reduction
of 4-NP, photocatalytic degradation of MB, and antibacterial activities. In this regard, CuO(L-
10) was employed for 4-NP reduction and antibacterial activity; CuO-ZnO(B)-20% and rGO-
ZnO/CuO(P) were employed for catalytic reduction of 4-NP, photocatalytic degradation of MB,
and antibacterial applications. The rate of reaction and proposed mechanisms of each of these

applications were given in detail.
4.3.1. Catalytic Reduction

The reduction of 4-NP into 4-AP by NaBHjs is a thermodynamically feasible reaction (Zelekew
& Kuo, 2017). However, the rate of reduction reaction is slow due to the kinetic barrier in the
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reaction steps. Catalysts allow the reaction to take routes with relatively lower energy barriers
leading to a faster rate of reaction. Nanostructured catalysts were often employed to accelerate
the reduction of 4-NP into 4-AP by NaBHa. The performance of the as-synthesized CuO(L-10)
as a catalyst was evaluated against 4-NP reduction in the presence of NaBHa as a reducing agent.
Figure 39 shows the reduction of 4-NP into 4-aminophenol. The UV-vis absorbance of 4-NP in
the absence of NaBH4 displayed a peak at around 319 nm. However, the peak at 319 nm
disappeared and a new intense peak at around 405 nm appeared when NaBH, was added to the
4-NP solution (Figure 39A). In alkaline media, a light yellowish 4-NP solution changes to an
intense yellowish-orange 4-nitrophenolate ion with absorbance at around 405 nm (Figure 39A).
The intense spectra of the mixture of 4-NP and NaBH4 without catalysts showed slight change
over the 27 min period, indicating the slow 4-NP reduction reaction (Figure 39B).
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Figure 39. Absorption spectra of 4-NP aqueous solution: (A) before and after the addition of

NaBHjs, (B) with NaBH4 for 27 min, (C) with CuO after 27 min, (D) in the presence of both
NaBH, and CuO catalyst for 12 min

After CuO(L-10) catalyst addition to the mixture of 4-NP and NaBHy, the peak at 405 nm was
gradually decreasing while the new peak at around 299 nm started growing, representing the
conversion of the 4-nitrophenolate ion into 4-aminophenol as indicated in Scheme 5 and Figure
39D. The time taken for the complete conversion of 4-NP was measured based on the
disappearance of the absorbance peak at around 405 nm in the presence of CuO(L-10) catalyst.
It took less than 12 min for the complete conversion of 4-NP into 4-aminophenols when both
CuO(L-10) and NaBH4 were used together, while only slight change was observed in the
absence of either the catalyst or NaBH4 (Figure 39D). The pH at which the CuO NPs were
synthesized has a significant influence on the reducing capability of the resulting CuO catalysts.
As depicted in Figure 40A-C, CuO NPs synthesized at pH 7 performed better than those
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synthesized at higher pH values. The difference in performance could be due to the variation in

the surface charge of the materials synthesized at different pH (Yuan et al., 2014).

The kinetics of the 4-NP reduction reaction in the presence of CuO catalyst synthesized at
different pH values was shown in Figure 40D and Figure 41. The calculated rate constant of the
reduction reaction is the highest for CuO catalyst synthesized at pH 7 using CAL extract. In the
reduction of 4-NP, the surface having a positive surface charge facilitates the adsorption of both
BH4 and 4-nitrophenolate anions on their surfaces, which could make the transfer of hydride
from the BH4 to 4-nitrophenolate fast. Consequently, fast rate of reaction (A. Sharma et al.,
2017). Since the concentration of NaBHs is much higher than that of 4-NP, the analysis was
done using concentration 4-NP alone (Imangaliyeva et al., 2019). The apparent rate constant
(Kapp) Of the reaction obtained from the slope of the linear fit plots of In(C/C,) vs t (pseudo-first-
order) and 1/C: vs t (pseudo-second-order) were given in Figure 41 and Table 8 with the
corresponding correlation coefficients. The applicability of the kinetics model was decided by
comparing R2 values (correlation coefficients) (K. Sharma et al., 2017). In the present work, a
higher value of correlation coefficients for the pseudo-first-order compared to the second-order
kinetic indicates that the experimental data of 4-NP catalytic reduction using CuO(L-10) well

followed the pseudo-first-order rate model (Egn. 19).
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Figure 40. Reduction of 4-NP using CuO(L-10) nanostructures synthesized at different pH
value: (A) pH=7, (B) pH=10, (C) pH=12, (d) plots of Ci/Co versus reaction time (min)

Table 8. Rate constants of CuO(L-10) in the reduction of 4-NP from 1%t and 2"-order linear fits.

Catalyst 1%t order fit 2" order fit

Rate constant /min? R? Rate constant /min-tppm?® R?
CuO(L-10)@pH7 0.37947 0.8902  3.49299 0.46122
CuO(L-10)@pH 10 0.13659 0.86263 0.65013 0.41913
CuO(L-10)@pH 12 0.08811 0.84097 0.3878 0.33115

The catalytic performance of the CuO(L-10) nanocatalyst is compared with previously reported
CuO-based nanocatalysts for the 4-NP reduction under different reaction conditions (Table 9).
The results indicated that the CuO NPs synthesized using CAL extract performed well against
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4-NP reduction with activity parameters constant (ratio constant k) of 75.8 min-*g™. This value
is higher than that reported for CuO nanoleaves, CuO@C, and CuO/ZnO/Eggshell NCs
(Bhattacharjee & Ahmaruzzaman, 2015; Kassem et al., 2021; X. Zhang et al., 2019).
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Figure 41. Plots of pseudo 1% and 2" order fit of CuO(L-10) synthesized at different pH: (A)
plot of In(C/Co) vs t, (B) plot of 1/Ct vs t.
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Table 9. Comparison of the catalytic activity of CuO NPs with the previously reported CuO-
based catalysts for the reduction of 4-NP.

s .S 4, 8T 5T £§5%
Catalyst % /_é i‘Eé E é‘ \é’ % g é g Hé Ref.
z &8 253582 E g § 8=
< x E F 5 < E K
CuO 0.36 30 1 15 0.022 22 (Bhattacharjee &
Ahmaruzzaman, 2015)
CuO 0.25 50 2 4  0.565 282.5 (Sahu, Singhal, et al.,
2020)
Pd/Cu0O 62.5 6250 7 1 33 471 (Nasrollahzadeh,
Sajadi, Rostami-
Vartooni, et al., 2015)
CuO@C 100 2250 50 18 0.36 7.2 (Kassem et al., 2021)
CuO/znO/E 2 1320 20 30 0.2037 6.79 (X.Zhang et al., 2019)
ggshell
CuO/Cu0  0.25 50 0.1 4 05014 1253 (Sahu, Satpati, et al.,
5 2020)
CuO 14.38 528 5 12 0.379 75.8  present work

Similarly, the catalytic reduction activity of CuO-ZnO(B)-20% catalysts was also tested for 4-
NP. For comparison purposes, the performance of ZnO(B) was also tested for the reduction of
4-NP. The progress of reduction and corresponding kinetics in the presence of ZnO(B) and CuO-
Zn0O(B)-20% catalysts were given in Figure 42. Upon the addition of CuO-ZnO(B)-20% powder
to the solution of 4-NP and NaBHj4, the peak intensity at 405 nm drops while a new peak at 300
nm emerges confirming the 4-AP formation. CuO-ZnO(B)-20% showed strong catalytic
efficiency with reaction completion in less than 12 min (Figures 42B and C). On the other hand,
ZnO(B) showed insignificant change in the 4-nitrophenolate ion (in 12 min) suggesting the
lower catalytic performance of ZnO(B) compared to CuO-ZnO(B)-20% against the reduction
of 4-NP.
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Figure 42. Absorption spectra of 4-NP: (A) with and without NaBHa, (B) with NaBH4 and
Zn0O(B), (C) CuO-Zn0O(B)-20%; and (D) plots of Ci/Co vs reaction time (min).

Besides, the reduction kinetics of 4-NP with NaBH4 and catalysts was shown in Figure 42D and
Figure 43. The rate of reduction reaction fit was tested for both pseudo-first and Pseudo-second
order reactions (Figure 43). The rate constants of the reduction reaction were obtained from the
slope of the linear fitted plots of In(C/Co) vs time (for 1% order) and 1/C: (for 2" order) of
reaction as depicted in Figure 43A (applying Eqn. 19, Eqgn. 20) and Table 10. The result
indicated that rate of reduction of 4-NP using ZnO(B) fits both Pseudo-1% and Pseudo-2"" order
reactions which could be due to the insignificant catalytic activity of ZnO(B). However, the

Cu0-Zn0(B)-20% nanocatalyst showed significant reduction activity and the rate fitted better
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the Pseudo-1% order reaction with the corresponding the ratio constants kr of 5.925 min'*g™ (X.
Zhang et al., 2019).
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Figure 43. Kinetic analysis for 4-NP reduction: (A) plot of In(C+/Co) vs t (pseudo 1% order fit),
(B) plot of 1/C; vs t (pseudo 2" order fit).

Table 10. Rate constants of ZnO(B) and CuO-ZnO(B)-20% in the reduction of 4-NP from 1%

and 2"%-order linear fits.

Catalyst 1%t order fit 2" order fit

Rate constant/min? R? Rate constant/min“tppm? R?
Zn0O(B) 0.00523 0.9345 0.00285 0.9354
CuO-ZnO(B)-20% 0.23654 0.9645 0.60683 0.6921

Similarly, the performance of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-
ZnO/CuO(P2) was also tested against the 4-NP reduction. Their progress of reduction was
presented in Figure 44. Upon addition of rGO-ZnO/CuO(P) to the NaBH4 containing 4-NP
solution, absorbance at 405 showed decreasing while a new peak at 300 nm appeared revealing
the formation of 4-AP. rGO-ZnO/CuO(P2), CuO-ZnO(P), and ZnO(P) were also used for
comparison purposes. The result indicated that both rGO-ZnO/CuO(P) and CuO-ZnO(P)
reduced almost all 4-NP in less than 9 minutes, while it took rGO-ZnO/CuO(P2) to reduce all
4-NP about 21 min. whereas ZnO(P) exhibited insignificant catalytic activity suggesting the
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poor catalytic performance of ZnO(P) compared to CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-
ZnO/CuO(P2) (Figures 44A-D).
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Figure 44. Absorption spectrum of 4-NP: progress of catalytic reduction using catalysts (A)
ZnO(P), (B) CuO-ZnO(P), (C) rGO-ZnO/CuO(P), and (D) rGO-ZnO/CuO(P2).

Further, the kinetics of the catalytic reduction was tested for pseudo 1% and 2" order reactions
using the linear fits of Eqn. 19 and 20 (Figure 45 and Table 11). The results indicated that the
data best fit with the pseudo-first-order reaction equation (Egn. 19) as shown in Figure 45A
(Imangaliyeva et al., 2019). From the slope of the linear fitted plot of In(Cv/C,) vs time of
reaction, the rate constants of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-
ZnO/CuO(P2) were found to be 0.00026, 0.465, 0.468, and 0.12058 min™, respectively. The
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result showed that the rate of reduction reaction was high when the NCs were used compared to
the pristine ZnO (i.e., ZnO(P)). In addition, rGO-ZnO/CuO(P) showed enhanced rate of
reduction compared to rGO-ZnO/CuO(P2). The difference could be accounted based on the

difference in the surface charges that affect the adsorption capacity of the catalyst.

Table 11. Rate constants (k) of ZnO(P) and CuO-ZnO(P), and rGO-ZnO/CuO(P) in the

reduction of 4-NP from 1%t and 2™ order linear fits.

Catalyst 15t order fit 2"d order fit

k/mint R? k/(ppm™ min?) R?
ZnO(P) 0.000260 -0.49724 0.000141 -0.4967
CuO-ZnO(P) 0.46539 0.97303 1.85139 0.78643
rGO-ZnO/CuO(P) 0.46806 0.99834 2.34069 0.77412
rGO-ZnO/CuO(P2) 0.12058 0.94783 0.10461 0.84623
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Figure 45. Kinetic analysis for 4-NP reduction: (A) plot of In(C+/Co) vs t (pseudo 1% order fit),
(B) plot of 1/Ct vs t (pseudo 2" order fit).

4.3.1A. Mechanism of the catalytic reduction

There are different catalytic mechanisms proposed for the reduction reaction of nitroarene

compounds into aminoarene. Generally, the mechanism of the 4-NP reduction reaction using
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metal oxide catalysts involves major steps including (i) adsorption of BH; and 4-NP to the
catalyst surface, (ii) transfer of electrons from BH; to the adsorbed 4-NP through catalysts
(Kandula & Jeevanandam, 2016), (iii) transfer of protons from the BH; and aqueous solution
to the 4-NP completing reduction reaction (Zhao et al., 2019), and (iv) desorption steps (R. K.
Sharma & Ghose, 2014; Shultz et al., 2020). Additionally, the nanocomposites possess a built-
in electric field from the p-n heterojunction (between CuO and ZnO) that facilitate the
adsorption process and transfer of charged species (Zelekew & Kuo, 2017). The proposed
reaction mechanism with major steps for the conversion of 4NP into 4-AP by NaBH4 along with

metal oxide-based catalysts is given in Scheme 5 (Sun et al., 2019).

OH —
OH

© [? 4§
NO, BO, \f (;
Adsorption S \~O NH,
Q- " H
s .. AH

{ Cu0-zn0/ H + Cu0-zn0 } H L
® n H \\ p 1 N S

Adsorption
P H,0

BH, + 1,0

Desorption/ Regeneration

Scheme 5. Presumed catalytic reaction mechanism of 4-NP reduction using CuO-ZnO NCs as

a catalyst.
4.3.2. Photocatalytic Degradation

The photocatalytic performance of the nanocomposites, CuO-ZnO(B)-20% and rGO-
ZnO/CuO(P) was evaluated against degradation of MB under visible light irradiation and the
result was compared with ZnO, i.e, ZnO(B) and ZnO(P). The efficiency and kinetics of
degradation were analyzed. The photocatalytic activity of CuO-ZnO(B)-20% was tested against
MB degradation and the corresponding results were given in Figure 46. The UV-Vis absorbance
of MB showed a strong peak at 664 nm (Thatikayala & Min, 2021). In the presence of catalysts,
irradiating MB aqueous solution with visible light resulted in decreasing absorbance with time
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indicating photodegradation of the MB. Also, the study on how the CuO contents affect the
activity of the prepared catalyst against MB was conducted by varying CuO contents. The results
depicted in Figures 46A-C showed MB degradation efficiency of 24%, 65%, 82%, 75%, and
76% for samples having 0, 10, 20, 30, and 50% CuO wt%, respectively. More specifically, the
Cu0-Zn0O(B)-20% showed the highest photocatalytic performance (82%) compared to the
pristine ZnO NPs (24%) as shown in Figure 46.
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Figure 46. Photocatalytic removal of MB using CuO-ZnO with different CuO loading (wt%):
(A) 0%, (B) 10%, (C) 20%, (D) 30%, (E) 50%; and (F) plots of (Ci/Co) vs reaction time (min).

Based on the rate constant (k) calculated from the linear fitted plots (Figure 47 and Table 12),

the data best fit the pseudo-first-order reaction. Thus, the calculated rate constants from the
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pseudo-first-order kinetics were found to be 0.0027, 0.0112, 0.0170, 0.0139, and 0.0144 min™
for 0%, 10%, 20%, 30%), and 50% loading of Cu?* precursor, respectively (Figure 47A). While
all CuO-ZnO samples showed higher performance than pristine ZnO NPs, CuO-ZnO NCs with
20 wt% CuO displayed the highest performance. This implies that there exists an optimum
amount of CuO component in CuO-ZnO beyond which photocatalytic activity diminishes
(Bharathi et al., 2019). As reported in previous studies, the decreased performance of CuO-ZnO
with increased CuO content beyond the optimum value could be explained by the increased
agglomeration of CuO that masks surface photoactive sites or enhance the rate of e/h*
recombination (S. G. Babu et al., 2019). The enhanced performance could be the result of
coupling a p-type CuO with an n-type ZnO. Specifically, the improved visible light absorption
capacity of CuO-ZnO (from UV-Vis analysis), and the minimized rate of e/h* recombination
(from PL and EIS analysis) could be the main reason for the enhancement (Pirhashemi et al.,
2018).
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Figure 47. Kinetic analysis for MB degradation using ZnO(B) (0%) and CuO-ZnO NCs with
different CuO loadings (10, 20, 30, 50%): (A) plot of In(C+/Co) vs t (pseudo 1% order fit), (B)
plot of 1/Ct vs t (pseudo 2" order fit).
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Table 12. Rate constants (k) from 1%t and 2"-order linear fits of MB degradation using ZnO(B)
and CuO-ZnO NCs with different CuO loadings.

Catalyst 15t order fit 2"d order fit
k/(mint) R? k/(ppm?* mint) R2?
Zn0O(B) 0.00272 0.98173 0.00161 0.98436
Cu0O-Zn0O(B)-10% 0.01118 0.93291 0.01068 0.84635
Cu0-Zn0O(B)-20% 0.017 0.96753 0.02269 0.84922
Cu0O-Zn0O(B)-30% 0.01443 0.98798 0.0167 0.93583
Cu0O-Zn0O(B)-50% 0.01392 0.9781 0.01559 0.89341

Table 13 compares the activities of this work to the earlier reports using ZnO-based NCs against
MB degradation under different experimental conditions. Despite the different experimental
conditions, the CuO-ZnO NCs obtained by using VSB exhibited superior photocatalytic
performance compared to the previously reported literature values based on their ratio constants
(Table 6). It degraded 82 % of the initial MB amount within 105 min with a rate constant of

0.017 min! or ratio constant of 0.85 min-g™* (ratio of k to the mass of catalyst).
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Table 13. Comparison of the CuO-ZnO photocatalyst synthesized using VSB with previously
reported ZnO-based NCs for photocatalytic degradation of MB.

Catalyst Experimental conditions Performance Ref.
Amount Ratio
Concentra Rate const.,
catalyst Light ) const, K
tion of MB k (min™) _
(mg) (min“g)
CuO-ZznO 25 103 M Vis 0.0235 0.94 (Ullah et al., 2021)
10 ppm (Zelekew et al.,
Cr203Zn0 25 Vis 0.015 0.6
(125 mL) 2021)
ZnO/CuO 40 20 ppm Vis 0.022.3 0.56 (Renuka et al., 2017)
15 ppm (Mageshwari et al.,
CuO-ZznO 50 uv 0.01948 0.39
(100 mL) 2015)
CuO-ZnO 20 20 ppm Vis 0.017 0.85 This work

Following the same procedure as that of CuO-ZnO(B)-20%, the photocatalytic performance of
rGO-ZnO/CuO(P) was also analyzed and the corresponding results were given in Figure 48. In
addition, the performance of ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2)
obtained using PEG were also analyzed and the results were compared with that of the rGO-
ZnO/CuO(P). According to the result, ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-
ZnO/CuO(P2) degraded about 37%, 80 %, 90 %, and 86% of the initial MB concentration within
105 min, respectively as depicted in Figures 48A-D.
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Figure 48. Photocatalytic degradation of MB using catalysts: (A) ZnO(P), (B) CuO-ZnO(P), (C)
rGO-ZnO/CuO(P), and (D) rGO-ZnO/CuO(P2).

The kinetics of the degradation reaction was displayed in Figure 49. The rate constant (k) was
calculated from the pseudo-first-order equation linear fitted plots of In(C¢/C,) vs time (Figure
49B), Table 14) and found to be 0.0045 min, 0.0158 min and 0.0221 min*, 0.01687 min* for
ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), and rGO-ZnO/CuO(P2), respectively. This
enhancement in the photocatalytic performance compared to pristine ZnO signifies that the
introduction of CuO and rGO improved the visible light absorption and suppressed the rate of
recombination that have a significant effect on the performance of the catalyst (Pirhashemi et

al., 2018). The result from the optical studies supported the improved performance of the NCs.
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Particularly, the weaker PL intensity of the composite than pristine ZnO suggests the enhanced
separation of the excitons (Fang et al., 2018; Shaker-Agjekandy & Habibi-Yangjeh, 2016). In

other words, a higher charge separation assists the migration of excitons to the surface of the

catalyst to react with the adsorbed species, leading to the higher PC activities of the composite
compared to the pristine ZnO or ZnO(P) (Fang et al., 2018).
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Figure 49. Kinetic analysis for MB degradation using (i) ZnO(P), (ii) CuO-ZnO(P), (iii) rGO-
ZnO/CuO(P2) and (iv) rGO-ZnO/CuO(P). (A) plot of Ci/Co vs t, (B) plot of In(Ci/Co) vs t
(pseudo 1% order fit), and (C) plot of 1/C: vs t (pseudo 2" order fit).
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Table 14. Rate constants (k) from 1%t and 2"%-order linear fits of MB degradation using ZnO(P)
and CuO-ZnO(P) and rGO-ZnO/CuO(P).

Catalysts 1% order fit 2" order fit

k/(min™) R? k/(ppm* min) R?
ZnO(P) 0.0045 0.983 0.00302 0.968
CuO-ZnO(P) 0.0158 0.994 0.02007 0.927
rGO-ZnO/CuO(P)  0.02213 0.995 0.0459 0.879
rGO-ZnO/CuO(P2) 0.01687 0.896 0.02699 0.642

Comparing the efficiency of the MB photocatalytic degradation with the nanomaterials
synthesized using VSB and PEG, the rGO-based rGO-ZnO/CuO NCs obtained using PEG
showed an enhanced performance (90%). The CuO-ZnO NCs in both cases have comparable
performance with 82% for CuO-ZnO(B)-20% and 80% for CuO-ZnO(P).

4.3.2A. Mechanism of photocatalysis

Generally, the reaction mechanism of semiconductor-based photocatalyst involves light
absorption, exciton (e/h*) generation, and exciton separation and migration to the surface-active
sites/trap states. At the active sites, the e/h* reacts (photoreduction and photooxidation
reactions) with the adsorbed species (O2, OH/H20, pollutant RH, etc.) generating highly
reactive species depending on the potential of charge carriers and redox potentials of the
adsorbed species (Nosaka & Nosaka, 2017; Ong et al., 2018). Among the active species formed
by the reaction with e/h* are pollutant radical (R") and reactive oxygen species (ROS) like
hydroxyl radicals ("OH), superoxide anion radicals (05), singlet oxygen species (102), and
peroxide molecules (H202). These species have a high tendency of oxidizing or degrading
organic pollutants into less toxic substances or mineralizing them into CO», H.O and others.

Finally, regeneration of the photocatalyst surface follows.

In the case of CuO-ZnO(B)-20%, the light of appropriate energy illumination generates exciton
where e” accumulate in the conduction band (CB) and h* in the valance band (VB). Coupled

CuO with ZnO semiconductor provides the band alignment in which the electrons in the CB of
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CuO are pushed to the relatively less negative CB of ZnO. Thus, the h* in the VB oxidizes
H,0/HO™ (or organic pollutant RH) resulting in HO® (or R*) depending on the potential of the
hole in the VB (Scheme 6). And also, the e in the CB will be trapped by the dissolved oxygen
and produce ROS that finally degrades the pollutant (Scheme 6) (Thatikayala & Min, 2021). In
this regard, the degradation of MB in the presence of CuO-ZnO(B)-20% under visible light
irradiation could end up producing H20, CO2, and other inorganic ions like NO3z", SO4+%, and CI-

as shown in Scheme 6 (F. Huang et al., 2010).

Catalyst NPs 4+ hy - hi/e- _HO/OH/O, ROS

N
LI
HsCoy AN ROSI —= 1,0 T CO, + SO +NO; * T

Scheme 6. Possible mechanism of NPs-based photocatalytic degradation of MB.

To investigate the main active species involved in photocatalytic degradation of MB using rGO-
ZnO/CuO NCs, the trapping experiments were conducted. In the experiment, the scavengers
used were ethylenediaminetetraacetic acid disodium (EDTA-2Na), isopropanol (IPA), and
AgNO:s to scavenge photogenerated holes (h*), hydroxyl radicals ("OH), and superoxide radicals
('O2"), respectively (Fang et al., 2018). The result showed decreased efficiency of MB
photocatalytic degradation in the presence of scavengers compared to without scavengers
indicating that h*, "OH, and ‘O™ are the active species involved. The results of the experiment

were illustrated in Figure 50.
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Figure 50. Effect of scavengers (IPA, AgNOz, EDTA-2Na) on the photocatalytic degradation
of MB using rGO-ZnO/CuO NCs.

The generation and reaction of each of these species (h*, "OH, and "O2") depend on the band-
edge potentials and the redox potential of the adsorbed reactants. lllumination of rGO-ZnO/CuO
with visible light generates e’/h* (electrons residing in the CB and holes in the VB) leading to
the generation of ROS. (i) The photogenerated e in the CB reacts with the adsorbed O>
producing "O2" provided that the CB potentials are more negative than the potential of O2/"O2~
(-0.16V vs NHE) (Eqn. 1) (Hayyan et al., 2016). The "O.™ further reacts and forms other reactive
oxygen species (Eqn.9,10, and 11). (ii) The "OH could be generated as shown in the Equations
(Egn.4, 5, 11 and 14). The "OH possesses strong oxidizing power to degrade MB (Eqgn. 16). (iii)
The photogenerated holes in the VB or trap states react with the adsorbed species (OH", H20, or
MB) and generate reactive radicals that further react with other species and degrade the
pollutants (Egn.4-6). Oxidation of the adsorbed species (H20, OH") to generate “OH occurs
when the VB edge potentials are more positive than the potential of OH/"OH (1.9V vs NHE)
and H20/"OH + H* (2.73 VV vs NHE) (Jenny et al., 2014). The reaction and formation mechanism

of ‘02~ and "OH with other species were given previously in Section 2.2.1 (Eqgn. 1-17).

O2+e —°02 (1)
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*O2 + H20 — HOO® + OH™ 9)

*0; + H* — HOO® (10)
*0; + H20; — *OH + OH + O; (11)
HOO® + H0 — *OH + H20; (14)
OH +h* — *OH (4)
H20 + h" — *OH + H* (5)
RH +h* - R®*+H" (6)
RH + °*OH — R* + H,0 (16)

R*® — intermediate/final degraded product (17)

catalyst + hv ) . .
- intermediates— CO> + H>O + inorganic products

Where RH stands for MB dye.
4.3.3. Antibacterial Activity Test

The in vitro antibacterial activities of each of the synthesized nanomaterials using CAL extract:
CuO(L-10), using VSB extract: ZnO(B) and CuO-ZnO(B)-20%, and using PEG-200: ZnO(P),
Cu0O-ZnO(P), and rGO-ZnO/CuO(P) were tested against E. coli, S. aureus, and P. aeruginosa,
and S. pyogenes pathogens at concentrations of 37.5, 75, 150, and 300 pg/mL. The mean
diameter (mm) of the growth inhibition zone (by taking two replicate measurements) were

presented in Tables 15 and 16.

As can be observed from Tables 15 and 16, the nanoparticles exhibited different activities

against the test bacterial strains. All nanomaterials, i.e., CuO(L-10), ZnO(B), CuO-ZnO(B)-

20%, ZnO(P), CuO-ZnO(P), and rGO-ZnO/CuO(P), exhibited growth inhibition (> 7 mm

inhibition zone diameter) against E. coli, P. aeruginosa, and S. pyogenes at all tested

concentrations indicating their potential antibacterial activity when compared to the positive

control standard drug (ceftriaxone). However, only CuO-ZnO(P) and CuO(L-10) showed
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antibacterial activities against S. aureus, but the rest nanomaterials indicated no sign of activity

(< 7 mm inhibition zone width) against the bacterium S. aureus at all concentrations.

The highest mean inhibitory value of 20.5£0.5 mm was exhibited by CuO(L-10), followed by
Cu0-Zn0O(B)-20% (18.5£0.5 mm), ZnO(P) (16.75£0.25 mm), and ZnO(B) (15.5+0.5 mm)
against E. coli at a concentration of 37.5 pg/mL. CuO-ZnO(P) and rGO-ZnO/CuO showed
moderate inhibitory effects against E. coli (13.75+£0.75 and 10+1, mm, respectively) at a
concentration of 37.5 pg/mL. The zone of inhibition values was studied using different
concentrations of nanomaterials as shown in Table 15 and 16. With the increase in
concentrations, all materials exhibited enhanced activity against E. coli, P. aeruginosa, and S.
pyogenes. The bacteria P. aeruginosa and S. pyogenes were found to be more susceptible to the
nanomaterials at all concentrations than E. coli. At low concentration (37.5 pg/mL), the highest
mean inhibitory was exhibited by CuO(L-10) (22+0 mm) and ZnO(P) (26.5+£0.5 mm) against P.
aeruginosa and S. pyogenes, respectively. Overall, the prepared materials showed growth
inhibitory activity against E. coli, P. aeruginosa, and S. pyogenes at all concentrations in good
comparison with that of the standard, ceftriaxone (29.0+0, 35.3£1.5, and 33+2.6 mm,

respectively).

The result of the present finding generally indicates that among the prepared materials CuO(L-
10) and CuO-ZnO(P) displayed growth inhibition against all bacterial strains tested at all
concentrations. Also, all nanomaterials showed good antibacterial activity against the Gram-
negative bacterial strains (E. coli and P. aeruginosa) and Gram-positive bacterium (S. pyogenes)
at all tested concentrations. Whereas ZnO(B), CuO-ZnO(B)-20%, ZnO(P), and rGO-
ZnO/CuO(P) nanomaterials have no shown growth inhibition activity against the Gram-positive
bacterium (S. aureus) at all concentrations. The difference in the activity against these two types
of bacteria could be attributed to the structural and compositional differences in the cell
membrane (Slavin et al., 2017). Gram-positive bacteria have thicker peptidoglycan membranes
compared to Gram-negative bacteria. Also, Gram-negative bacteria are coated with
lipopolysaccharide molecules, which carry a negative charge. These negatively charged
molecules have a higher affinity for the positive ions that most of the NPs release, leading to a

buildup and increased uptake of ions, which then cause intracellular damage.
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Table 15. Antibacterial activity inhibition zone (mean £ SD, in mm) of prepared nanomaterials

against standard E. coli, S. aureus, and P. aeruginosa bacterial strains. (NA = Not active).

B. strains Sample Concentrations (ng/mL)
37.5 75 150 300

E. coli CuO(L-10) 20.5+0.5 22.5+0.5 23.5%1 2410
ZnO(B) 15.5+0.5 17.75+0.25 | 19.5+0.5 20.5+0.5
CuO-ZnO(B)-20% | 18.5+0.5 |19.5+0.5 |21+0 22.5+0.5
ZnO(P) 16.75+0.25 | 19.5+0.5 21.25+0.25 | 23+0
CuO-ZnO(P) 13.75+0.75 | 15.5+0.5 17.25+0.25 | 21.5+0.5
rGO-ZnO/CuO(P) 10+1 11+1 13.5£1.5 14.5+15
Ceftriaxone 29.0+0

S. aureus CuO(L-10) 10+0.5 11.5+0.5 12.25+0.75 | 13+0.25
ZnO(B) NA NA NA NA
CuO-ZnO(B)-20% | NA NA NA NA
ZnO(P) NA NA NA NA
CuO-ZnO(P) 11+0.5 11+0.25 12.25+0.75 | 12.75%0.75
rGO-ZnO/CuO(P) | NA NA NA NA
Ceftriaxone 15+0.6

P. aeruginosa | CuO(L-10) 22+0 25.5+0.5 270 28.5+0.5
ZnO(B) 16.75+0.75 | 21+1 225405 | 27+0
Cu0O-ZnO(B)-20% | 1840 21.5+0.5 25.5+0.5 26.5+0.5
ZnO(P) 115405 |21.5+05 |[23.5+0.5 |25.5+0.5
CuO-ZnO(P) 185405 |21.5+0.5 |23.75+0.25 | 25.5+0.5
rGO-ZnO/CuO(P) 10.5£1.5 12.75+£1.25 | 13.75+1.75 | 15.5+1.5
Ceftriaxone 35.3x1.5
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Table 16. Antibacterial activity inhibition zone (mean £ SD, in mm) of prepared nanomaterials

against standard S. pyogenes bacterial strains.

B. strains Sample Concentrations (ng/mL)
37.5 75 150 300

S. pyogenes CuO(L-10) 24.75%0.25 | 27.5+0.5 29.5+0.5 | 30.25+1.25
ZnO(B) 2440 27.5£0.5 28.5+0.5 | 28.5+0.5
CuO-ZnO(B)-20% | 23.75+0.25 | 29.5+0.5 | 31+1 31.5+1.5
ZnO(P) 26.5+0.5 | 27.5%£0.5 28+0.5 28.5+0.5
CuO-ZnO(P) 24+1 27.5£0.5 28.5£0.5 | 29+1
rGO-ZnO/CuO(P) 13.5£1.5 14+1 15.5+0.5 17+1
Ceftriaxone 33+2.6

The bar graph of the results for the 37.5 pg/mL concentration was shown in Figure 50. The

Figure shows that all nanomaterials are active against E. coli, P. aeruginosa, and S. pyogenes

with highest activity against S. pyogenes. Whereas only ZnO(B) and CuO-ZnO(P)

nanomaterials have shown antibacterial activity against S. aureus. Among the tested

nanomaterials, rGO-ZnO/CuO NCs showed the least performance against E. coli, P.

aeruginosa, and S. pyogenes at 37.5 pg/mL concentration. The overall nanomaterials

antibacterial activities evaluation indicated that CuO(L-10) and CuO-ZnO(P) are effective

against the all the four bacterial strains. CuO-ZnO(B)-20% also showed effective performance

against E. coli, P. aeruginosa, and S. pyogenes bacterial strains.
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Figure 51. Inhibition zone of CuO(L-10), ZnO(B), CuO-ZnO(B)-20%, ZnO(P), CuO-ZnO(P),
and rGO-ZnO/CuO(P) using 37.5 pg/mL concentration.

There are various mechanisms to explain the antibacterial activities of metal oxide
nanomaterials. in the case of CuO(L-10), ZnO(B), CuO-ZnO(B)-20%, ZnO(P), CuO-ZnO(P),
and rGO-ZnO/CuO NCs, the plausible mechanisms could involve direct physical interaction,
the release of metal ions, generation of secondary products, and others (R. Dadi et al., 2019;
Slavin et al., 2017). The direct interaction of the bacterial cells with the sharp edges of the
nanomaterials causes physical damage to the bacterial cell wall by NPs adsorption and is often
followed by penetration into the cell resulting in the death of the bacteria (Revathi & Karthik,
2018). In addition, due to the electrochemical potential in the solution, metal oxide NPs (CuO,
ZnO) release Cu?* and Zn?* ions that diffuse into the bacterial cells and interact with the
negatively charged cells electrostatically disrupting the membrane and cell toxicity. Both Gram-
positive and -negative bacteria have a negatively charged cell wall. In addition, the interaction
of the NPs with bacterial membranes may lead to the generation of ROS which can cause
damage to secondary membranes, hinder the function of proteins, and destroy deoxyribonucleic
acid (DNA) (R. Dadi et al., 2019). Photographic images of the zone of inhibition of some

samples were given in Figure 52.
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Figure 52. Photographic images of the growth inhibition zone against E. coli, S. aureus, P.
aeruginosa, and S. pyogenes bacterial strains using ZnO(P), ZnO(B), CuO-ZnO(B)-20%, and

ZnO(P) nanomaterials, respectively.
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4.3.4. Reusability Test

In the process of reusing the catalysts, the used catalysts were separated by centrifugation,
washed with DW and ethanol three times each, dried at 60 °C overnight, and then reused in the
next run (Mathalai Sundaram et al., 2019). Stability is one of the important factors to consider
when it comes to the reusability of the catalyst. To this end, the recyclability of the synthesized
catalysts was evaluated. In this case, the performance of CuO-ZnO(B)-20% and rGO-
ZnO/CuO(P) were tested against photocatalytic degradation of MB (Figure 53A) and the
catalytic reduction of 4-NP (Figure 53B). In addition, the recyclability test for the CuO(L-10)
for the 4-NP catalytic reduction was evaluated as shown in Figure 53B. As shown in Figure
53A, both CuO-ZnO(B)-20% and rGO-ZnO/CuO(P) have shown fairly good stability during
the four reuse runs; i.e 70 and 84 percent degradation of the initial MB concentration in the
fourth run for CuO-ZnO(B)-20% and rGO-ZnO/CuO(P), respectively. However, in the fourth
cycle for CuO-ZnO(B)-20%, there was a relatively sudden drop in efficiency, which could be
attributed to photocorrosion, or adsorption of dye molecules onto the catalyst surface, decreasing
the active surface and light absorption (X. Lei et al., 2019; Mathalai Sundaram et al., 2019;
Thatikayala & Min, 2021). In this respect, CuO-ZnO NCs (CuO-ZnO(B)-20%) are a stable and
recyclable photocatalyst for the degradation of MB under visible light illumination. Similarly,
the catalyst recyclability against the reduction of 4-NP was also evaluated using the same
recovery procedure. The efficiency for each run was shown in Figure 53B. It can be seen that
Cu0-Zn0(B)-20% and rGO-ZnO/CuO(P) showed a remarkable performance up to four cycles
with 96.3 and 98% reduction efficiency in the 4" round of the reuse run, respectively.
Accordingly, the little change in the efficiency of the catalyst after four cycles suggests CuO-
ZnO NCs are promising catalysts for treating organic pollutants in water. On the other hand,
CuO(L-10) reduction efficiencies were found to be 100% (1%), 70.9% (2", 53.5% (3rd), and
36% (4™ cycles in 12 min after the reaction was started in each step (Figure 53B). The result
indicated that CuO(L-10) has poor recyclability against the 4-NP reduction. The significant
decrease in performance with reused catalyst could be due to the high rate of corrosion resulting
in Cu*?ions and the passivation of the active sites by the adsorbed species from the previous

cycle.
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Figure 53. Comparison of the efficiencies for four successive cycles of (A) MB

photodegradation, (B) 4-NP reduction to 4-aminophenol.

The stability of the CuO-ZnO NCs (CuO-Zn0O(B)-20%) catalyst was investigated by analyzing
its XRD patterns before and after it had been used for 4 runs as shown in Figure 54. According
to the XRD pattern after reusability, the crystallinity of the sample does not show appreciable
change after 4 cycles of catalytic reduction run indicating remarkable stability. Before the
reaction, the diffractogram exhibits characteristic peaks of 2 phases only (ZnO card no. 00-036-
1451, and CuO card no. 00-048-1548). However, after 4 cycle catalytic reduction runs, an
additional peak at 20=43.3° which could be attributed to the formation of Cu® phase (Cu card
no. 00-004-0836) from the reduction of CuO due to the presence of NaBH4 (Kassem et al.,
2021).
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Figure 54. XRD patterns of CuO-ZnO(B)-20% before catalysis and after catalytic reduction of

4-NP for four runs.
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CHAPTER FIVE

5. CONCLUSION AND RECOMMENDATIONS

In this study, CuO NPs, ZnO NPs, CuO-ZnO NCs, rGO-ZnO/CuO NCs, and rGO were
successfully synthesized by MW-assisted method using (i) CAL extract: CuO(L-10), (ii) VSB
extract:ZnO(B), CuO-ZnO(B), (iii) PEG-200: ZnO(P), CuO-ZnO(P), rGO-ZnO/CuO(P), rGO-
ZnO/CuO(P2), and (iv) ascorbic acid: rGO. XRD, UV-Vis, FT-IR, PL, SEM, EIS, and other
methods were used to explore the crystallinity, optical characteristics, morphology,
composition, and other features of the synthesized nanomaterials. The results indicated that
spherical-shaped CuO(L-10), plate-like CuO-ZnO(B)-20%, and rod-like rGO-ZnO/CuO(P) was
formed. The prepared materials have shown a remarkable performance against the catalytic
reduction of 4-NP with ratio rate constants of 75.8, 5.92, and 11.7 min'tg for CuO(L-10), CuO-
Zn0O(B)-20%, and rGO-ZnO/CuO NCs against the 4-NP reduction, respectively. Also, MB
photocatalytic degradation efficiency of 80% for CuO-ZnO(B)-20% and 90% rGO-
ZnO/CuO(P) was achieved. Further, the inhibition zone exhibited by all nanomaterials is in good
comparison with that of the standard, ceftriaxone against the Gram-negative bacterial strains (E.
coli and P. aeruginosa) and Gram-positive bacterium (S. pyogenes). In addition, the
nanocomposites showed better recyclability against both 4-NP reduction and MB photocatalytic
degradation. Therefore, the nanomaterials obtained using PEG and extracts of CAL and VSB

could be the potential candidate for the remediation of polluted water and bacterial disinfection.
The following points are recommended for future work:

e Optimization of operational parameters such as the pH of the solutions, calcination
temperature and time, microwave irradiation time and power, precursors type and
concentration, and copper precursors percentage (< 10% and >50%) used during
synthesis.

e Test for the performance of the different CuO-ZnO NCs synthesized using CAL and
VSB for the reduction of 4-NP.

e Further characterization of the selected composites by Raman spectroscopy
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Test for the effects of scavengers to determine the dominant reactive species in the
degradation process and describe the mechanism of the reaction.

Test for simultaneous degradation of mixed dyes, and conduct the degradation process
considering real industrial effluents.

Further investigation for determination of the minimum inhibitory concentration of each

sample against each bacterial strain.
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