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ABSTRACT
In this study, Ag NPs, Co3O4 NPs and Ag/Co3;0, BMNPs were synthesized via the green
synthesis method by using Croton macrostachyus leaf extract. The synthesized NPs were
characterized by using spectroscopic techniques such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier Transform Infrared (FT-IR) and UV-Vis spectroscopy.
The XRD results confirmed cubic crystal structure for the Ag NPs with an average crystallite
size of 12.62 nm and cubic spinel crystal structure for Co304 NPs having an average
crystallite size of 12.746 nm and also the average crystal size of Ag/ Co304 BMNPs was found
to be 18.07 nm. From the UV-Vis (DRS) data result, the energy band gap of Ag NPs, Co30,
NPs and Ag/Co304 BMNPs were found to be 3.38 eV, 3.34 eV and 3.54 eV respectively. The
SEM images showed clusters or large nanoparticles for Ag NPs and spherical as well as
irregular geometries which was associated with non-homogeneity of the particles in terms of
their shape and size for Co304 NPs and Ag/Cos0, BMNPs. The FT-IR to identify the bioactive
molecules which were actively involved during the synthesis process as stabilizing and
capping agents to prevent the overall growth of Ag NPs, Co304NPs and Ag/CozO, BMNPs.
The antibacterial activities of the synthesized nanoparticles were tested against gram-negative
bacterial strains (Escherichia-coli, Salmonella typhimrium), and gram-positive strains
(Staphylococcus aureus and Enterococcus faecalis) using the agar-well diffusion method.
Ag/Co30, BMNPs exhibited best inhibition activities toward the selected bacterial species
(Escherichia-coli and Staphylococcus aureus) than that of Ag NPs and Co3O4NPs inhibition
activities. However, Ag NPs exhibited best inhibition activities toward Salmonella typhimrium
and Enterococcus faecalis bacteria species. Co3O4 NPs showed least inhibition activities

against selected bacterial species compared to Ag NPs and Ag/Co304 BMNPs.

Key words: Ag NPs, CozO, NPs, bimetallic nanoparticles, Green synthesis, Croton
macrostachyus plant, Antibacterial activity.
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1. INTRODUCTION
1.1. Back ground
For several years antimicrobial resistance (AMR) has been a growing threat to the effective
treatment of an ever-increasing range of infectious diseases caused by bacteria, parasites,
viruses and fungi. AMR results in reduced efficiency of antibacterial, antiparasitic, antiviral
and antifungal drugs, making the treatment of patients difficult, costly, or even impossible.
The impact on particularly vulnerable patients is most obvious, resulting in prolonged illness
and increased mortality (World Health Organization, 2014). The severity and widespread
nature of antibiotic resistance result in limited treatments to efficiently combat antibiotic-
resistant pathogens (Davies & Davies, 2010; Magiorakos et al., 2012). Most of antibiotics that
are currently in use have three bacterial targets: the cell wall synthesis, translational
machinery, and DNA replication machinery. Inappropriately, bacterial resistance can develop
against each of these modes of action. Therefore, the development of new drugs is needed.
One possible concept of drug improvement is effect enhancement by means of nanoparticles,
thus allowing the binding of metals, proteins, phospholipids and antibodies (Crisan et al.,
2021).
Due to an exceptional antibacterial performance and high specific surface area, nanomaterials
are the most promising antimicrobial substances, and bacteria can hardly develop resistance
due to the complex antibacterial mechanism of nanomaterials. Most of the antibiotic resistance
mechanisms are irrelevant for nanoparticles (NPs) because the mode of action of NPs is direct
contact with the bacterial cell wall, without the need to penetrate the cell; this increases the
confidence that NPs would be less prone to encouraging resistance in bacteria than antibiotics.
Therefore, attention has been focused on new and exciting NP-based materials with
antibacterial activity (Wang et al., 2017; Guo et al., 2020).
Nanoparticles can be defined as at least one of their dimensions must fall below 100 nm.
However, the most interesting properties related to nanoparticles are best revealed for
dimensions below 10 nm. Such particles exhibit high surface-to-volume ratios. In recent years,
BMNPs are well known and gained great importance and interest with their enhanced optical,
electrical, and catalytic properties compared to the single component nanoparticles (NPs) due
to their composition and synergistic effects (Dsouza et al., 2021; Herlekar et al., 2014; Shafey,
2020).



Bimetallic Nanoparticles (BMNPs) can be defined as the combination of two metals in the
nanoscale size range that exhibit numerous new and improved properties. Monometallic
nanoparticles obtain the property of their constituent metal while bimetallic and trimetallic
alloy nanoparticles synthesized from two or three metals show more stable structures and
enhanced properties. Therefore, bimetallic nanoparticles are being progressively studied for
potentially diverse applications (Huynh et al., 2020; Prechtl & Campbell, 2013). Various
metallic and bimetallic oxides have been synthesized by many researchers; for instance,
manganese-zinc oxide (Prasankumar et al., 2017), copper-cereum oxide (Zhu et al., 2008), tin-
manganese oxide (Chiang et al., 2014), palladium-copper oxide (Yuan et al., 2014),
palladium-gold (Ksar et al., 2009), iron- copper oxide (Y. Wang et al., 2015), Manganese-Tin
Oxide (Khan et al., 2019) and palladium-nickel oxide (Zhang et al., 2016) etc. These
bimetallic oxides show multiple functionalities and prominent activity, selectivity and stability
which attributes to their unique lattice structure and synergistic interaction.

A number of chemical, physical and biological approaches are currently employed for the
fabrication of nanoparticles. Biological based synthesis using plants and their extracts,
enzymes and microbes is considered as the most ecofriendly alternative to physical and
chemical methods. Using plant-based synthesis methods are beneficial over other biological
procedures as they eliminate the complex process of cell culture maintenance. Plant contain a
considerable number of both capping and reducing agents, such as flavonoids, polyphenols,
and other reducing components, which can reduce salts to zero-valent and avoid
agglomeration (Alvi et al., 2021).

Many studies have been reported on biological synthesis of either Co or Ag nanoparticles. In
contrast, much lesser work has been done or reported on the biological synthesis of Ag-Co
bimetallic nanoparticles. In case of monometallic Silver NPs (Ag NPs) are known to be the
most effective against bacteria and viruses and also Cobalt NPs also have an intrinsic
advantage in biomedical related fields, e.g., drug delivery and magnetic resonance imaging
(Ansari et al., 2017). However, the study on antibacterial effects of copper nanoparticles using
E. coli and Bacillus subtilis revealed that the Cu NPs exhibited superior antibacterial activity
compared to the silver nanoparticles. This indicates antibacterial activity of silver NPs is less
when compared to Copper nanoparticle in case of monometallic NPs (Crisan et al., 2021). But,

silver based bimetallic nanoparticle shows high bacterial efficiency to the pathogenic bacteria



(Padilla-Cruz et al., 2021). Therefore, the present work presents the Green Synthesis of Mono
and Bimetallic Nanoparticles of Silver and Cobalt Oxide Using Croton Macrostaychus Plant
Extract and evaluation of their Antibacterial Activity.

The Croton macrostachyus is one of the most abundant plants in some African countries
including Eritrea, Ethiopia, Kenya, Tanzania and Uganda. It belongs to the genus Croton L.,
Euphorbiaceae family, called Croton under the sub family Crotonoideae, which comprises
more than 1200 species of herbs, shrubs, trees, and occasionally lianas. The genus Croton is
used in traditionally for the treatment of several human health problems including diabetes,
malaria, dysentery, stomachache, and ascariasis in different areas. Croton macrostachyus
contains numerous bioactive compounds such as alkaloids, amino acids, anthraquinones,
carbohydrates, cardiac glycosides, coumarins, essential oil, fatty acids, flavonoids, phenolic
compounds, phlobatannins, polyphenols, phytosteroides, saponins, sterols, tannins, terpenoids,
unsaturated sterol and vitamin C have been identified from C. macrostachyus fruits, leaves,
stem bark, and twigs (Letha et al 2016; Obey et al 2018; Gebrehiwota et al., 2018). These
components are critical to the formation of metal nanoparticles. They are also biodegradable,
environmentally safe, and can act as capping and reducing agents. Therefore, the plant parts
employed for the green synthesis of NPs, instead of using toxic and too costly capping and

reducing agents.



1.2. Statement of the problem

Microbial infectious disease are becoming among the major threat to public health, which
increase mortality rates and costs in hospitals, with the fast spread of drug-resistant infectious
diseases constituting a global threat to human health. The severity and widespread nature of
antibiotic resistance result in limited treatments to efficiently combat antibiotic-resistant
pathogens. Nanoparticles have different or enhanced properties in contrast to their bulk
material, including antimicrobial efficiency towards a broad range of microorganisms. In
addition to this, Nanoparticles and nanomaterials are products of a quickly growing
technology. They are widely applied in many fields; catalysis, electronics, biology and
biomedical material science, cosmetics, renewable energies, physics and environmental
remediation due to their distinctive properties. Unfortunately, use of toxic organic solvents and
strong reducing agents during nanoparticles synthesis has posed great risk to the environment.
Hence, the development of eco-friendly and cheap nanomaterials is a necessity. In this study,
the utilization of Croton macrostachyus plant extracts in biosynthesis of Ag NPs, CozO4 NPs
and Ag/Co3O, BMNPs have been studied including the antibacterial activity of Ag NPs,
Co304 NPs and Ag/Co3z0, BMNPs using Croton macrostachyus plant extract as a reducing
agent instead of toxic chemical. Secondary metabolites in the plant extract acted as
capping/stabilizing agents for the newly formed nanoparticles. The applications of both Co304
and Ag nanoparticles validate the importance of both types of nanoparticles and require
further study for the well-being of humans. Though, to our knowledge no reports were
published on the synthesis of Ag NPs, CozO, NPs and Ag/Coz;O, BMNPs by Croton
macrostachyus plant extract through the green chemistry approach.

Therefore, in this study, the evaluation of antibacterial efficiencies and the intrinsic properties
of Ag NPs, Co304 NPs and Ag/Co3;0, BMNPs, against certain gram positive and gram

negative antibiotic-resistant bacteria were studied.



1.3. Objective
1.3.1. General objective
The main objective of this study is to synthesize, characterize and evaluate antibacterial
activity of mono and bimetallic Ag NPs and Co30,4 NPs by using Croton macrostachyus plant
extract.
1.3.2. Specific objective
i. To synthesize Ag NPs, Co30; NPs, Ag/Co3;0, BMNPs using Croton
macrostachyus plant extract.
ii.  To characterize Ag NPs, Co304 NPs, Ag/Cos0, BMNPs using UV-Vis, FTIR,
XRD, and SEM techniques
iii.  To investigate the antibacterial activity of green synthesized Ag NPs, Co304
NPs Ag/Co304, BMNPs against Four bacterial strains: Escherichia-coli (gram
negative), Staphylococcus aureus (gram positive), Enterococcus faecalis (gram
positive), and Salmonella typhimrium (gram negative).



1.4. Significant of the study

Infectious diseases are one of the leading causes of death of children, adolescents and olds.
The development of alarming resistance of bacteria towards antibacterial agents is a major
global public health problem. Thus, we need to have effective alternate antimicrobials to fight
such resistant infections. The study provides information on the role of Croton macrostachyus
in green synthesis of Ag NPs, CozO4 NPs, and Ag/CozO, BMNPs. The study could also
contribute significantly to study the antibacterial activity of mono and bimetallic silver-cobalt
oxide nanoparticles. The result will serve as base line for further studies related to Ag/Co304

BMNPs and their applications.

1.5. Scope of the study

This research work was limited to green synthesis of Ag NPs, CozO4 NPs and Ag/Co30,
BMNPs nanoparticles using Croton macrostachyus plant leaf extract and characterization of
the nanoparticles using XRD, FTIR, SEM, TGA, and UV-Vis DRS techniques and evaluation
antibacterial activity against four bacterial strains: (Escherichia-coli (Gram negative),
Staphylococcus aureus (Gram positive), Enterococcus faecalis (Gram positive), and
Salmonella typhimurium (Gram negative)) by Agar disc diffusion method.



2. LITERATURE REVIEW

2.1. Nanoscience and Nanotechnology

Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular
and macromolecular levels, where properties differs from those at a larger scale whereas
Nanotechnologies are the design, characterization, fabrication and application of structures,
devices and systems by controlling shape and size at nanometer level. Nano science and
nanotechnologies cover such a wide range of fields (from chemistry, physics and biology, to
medicine, engineering and electronics (Bowman, 2017).

According to the United States National Science Foundation; Nano science / nanotechnology
studies that deals with materials and systems having the following properties: (1) Dimension:
their dimension fall within the Nano-scale range of 1-100 nm. (2) Process: designed with
methodologies, that displays fundamental control over the physical and chemical
characteristics of molecular-scale structures. (3) Building block property: they can be form
larger structure by combining together. Generally, Nano science, is quite natural in biological
sciences considering that the sizes of many bio-entities we deal with (like DNA, RNA,
proteins, enzymes, viruses, etc.) fall within the nanoscale range of 1-100 nm (G.Ali Mansoor,
2004).

Nanotechnology plays a significant role in many technological fields. This field has a
significant contribution for manipulating the atoms or molecules and transforming them into
structures having desired geometry and properties. It has both environmental and health
applications which includes effective drug delivery and applications in harvesting solar
energy, reducing the use of industrial chemicals and making the environment cleaner, safer
and worth living. In addition to this, it can be used for water purification, cancer treatment and

food packaging etc. (Sharma et al., 2019).

2.2. Nanoparticle and Nanomaterial’s

Nanoparticles (NPs) and nanostructured materials (NSMs) represent an active area of research
and a techno-economic sector with in many applications. NPs and NSMs have gained great
technological advancements due to their tunable physicochemical characteristics like melting
point, wettability, electrical and thermal conductivity, catalytic activity, light absorption and

scattering resulting in enhanced performance over their bulk counterparts. Their properties



depend on their composition, size, and shape that determine their plasmonic, catalytic, and
magnetic characteristics.

In principle, NMs are described as materials with length of 1-1000 nm in at least one
dimension; however, they are commonly defined to be of diameter in the range of 1 to 100
nm. Now days, there are several legislations in the European Union (EU) and USA. Though, a
single internationally accepted definition for NMs does not exist. Different organizations have
a difference in opinion in defining NMs ((Herlekar et al., 2014; Boverhof et al., 2015).
According to US Food and Drug Administration (USFDA) states that NMs are “materials that
have at least one dimension in the range of approximately 1 to 100 nm and exhibit dimension-
dependent phenomena” (Guidance, D., 2011). The Environmental Protection Agency (EPA)
also refers to NMs as “NMs can exhibit unique properties different than the corresponding
chemical compound in a bulky dimension”. The International Organization for
Standardization (ISO) has termed NMs as a “material with any external nanoscale dimension
or having internal nanoscale surface structure”. Nanofibers, nanoplates, nanowires, quantum
dots and other related terms have been defined based on this ISO definition. Likewise, the
term nanomaterial is described as “a manufactured or natural material that possesses unbound,
aggregated or agglomerated particles where external dimensions are between 1-100 nm size
range”, according to the EU Commission (Jeevanandam et al., 2018).
A nanoparticle can be either a zero dimensional where the length, breadth and height is fixed
at a single point for example nanodots, one dimensional where it can possess only one
parameter for example graphene, two dimensional where it has length and breadth for example
carbon nanotubes or three dimensional where it has all the parameters such as length, breadth
and height for example gold nanoparticles. The nanoparticles are of different shape, size and
structure. It be spherical, cylindrical, tubular, conical, hollow core, spiral, flat, etc. or irregular
and differ from 1 nm to 100 nm in size. The surface can be a uniform or irregular with surface
variations. Some nanoparticles are crystalline or amorphous with single or multi crystal solids
either loose or agglomerated (Anu Mary Ealia & Saravanakumar, 2017).

Nanomaterial can be classified in to: Carbon Based Materials (Sabzehmeidani et al., 2021),
Metal Based Materials (Kumar et al., 2021), Dendrimers (Abbasi et al., 2014) and Composites
(Janczak & Aspinwall, 2011). Carbon Based Materials are composed mostly of carbon, most

commonly taking the form of a hollow spheres, ellipsoids, or tubes. Spherical and ellipsoidal



carbon nanomaterials are referred to as fullerenes, while cylindrical ones are called nanotubes.
These particles have many potential applications, including improved films and coatings,
stronger and lighter materials, and applications in electronics (Maiti et al., 2019). Dendrimers
are nanosized polymers built from branched units. The surface of a dendrimer has numerous
chain ends, which can be tailored to perform specific chemical functions. This property could
also be useful for catalysis. Also, because three-dimensional dendrimers contain interior
cavities into which other molecules could be placed, they may be useful for drug delivery
(Abbasi et al., 2014). Composites are combined nanoparticles with other nanoparticles or with
larger, bulk-type materials. Nanoparticles, such as nanosized clays, are already being added to
products ranging from auto parts to packaging materials, to enhance mechanical, thermal,
barrier, and flame-retardant properties (Camargo et al., 2009). Metal Based Materials include
guantum dots, nanogold, nanosilver and metal oxides, such as titanium dioxide. A quantum
dot is a closely packed semiconductor crystal comprised of hundreds or thousands of atoms,
and whose size is on the order of a few nanometers to a few hundred nanometers. Changing
the size of quantum dots changes their optical properties (Yagoob et al., 2020).

Metal nanoparticles research has recently become the focus of intense work due to their
unusual properties compared to bulk metal. Metallic nanoparticles (MNPs) have a metal core
composed of inorganic metal or metal oxide that is usually covered with a shell made up of
organic or inorganic material or metal oxide (Mody et al., 2010). They can be classified as

monometallic, bimetallic and polymetallic nanoparticles.

2.3. Monometallic nanoparticles

Monometallic nanoparticles (MNPs), as the name suggests, consist of only single metal. The
constituted metal atom determines the properties of these nanoparticles. Monometallic
nanoparticles are of different types depending upon the type of metal atom present such as
magnetic, metallic and transition metal nanoparticles, etc. (Sharma et al., 2019).

They can be prepared by chemical, physical and biological methods. Biological methods of
NPs provide a new possibility of conveniently synthesizing NPs using natural reducing and
stabilizing agents. As possible environmentally and economically friendly alternatives to
chemical and physical approaches, biosynthesis of metal and semiconductor NPs using
organisms has been suggested. Monodispersity and particle size and shape are very important

parameters in the evaluation of NPs synthesis. Therefore, the efficient control on the
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morphology and monodispersity of NPs must be explored. The reaction conditions should be
optimized by using screened organisms with high production capability and controlling the
reaction conditions, well- characterized NPs can be obtained by synthesis rates faster or
compatible to those of chemical and physical approaches. This eco-friendly method can
potentially be used in various areas, including pharmaceuticals, cosmetics, foods, and medical
applications (Swain, 2016).

2.4. Bimetallic nanoparticles

In recent years, bimetallic nanoparticles are being increasingly investigated because they carry
the possibility of possessing electronic, optical, magnetic and catalytic properties which may
be different from the sum of the attributes of the individual particles. They can be referred to
as the combination of two metals in the nanoscale size range that exhibit numerous new and
improved properties (Ganaie et al., 2015). According to atomic ordering, bimetallic
nanoparticles can be classified into four types:

Mixed Alloyed bimetallic Nanoparticles: They may have a random or ordered arrangement.
Randomly mixed nanoalloys are often termed alloyed nanoparticles, in random structure;
atoms are arranged randomly, whereas ordered mixed nanoalloys are termed intermixed or
intermetallic nanoparticles (Huynh et al., 2020).

Sub-cluster segregated bimetallic Nanoparticles: These nanoparticles comprise two small
clusters (sub-clusters) in their structure. There are two kinds of sub-clusters. One shares the
middle interface whereas the other only shares a bone or short interface between two small
clusters (Langlois et al., 2012).

Core-Shell bimetallic Nanoparticles: These nanoparticles typically consist of one metal that
forms a shell surrounding a core made of another metal or the recent core—shell type which is
composed of an intermixed core surrounded by a pure shell (Nelli et al., 2020). Catalysis is
carried out on the nanoparticle surface. The atoms at the center are wasted. This becomes
more important when expensive metals are used as catalysts. To reduce the cost of the
catalysts an inexpensive metal is made the core and the catalytically active metal is taken as
the shell. This is accomplished by first reducing the core metal followed by nucleation of the
shell metal around it. The core metal also electronically modifies the shell and thereby
improves catalytic activity. They can be synthesized by using a one-pot co-reduction method.

Two metal precursors are added simultaneously. One of them will reduce first due to the
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difference in the reduction potentials of the different metal ions. This metal will form the core.
The pre-formed nanoparticle acts as the seed required for the nucleation of the second metal
around it (Nasrabadi et al., 2014; G. Sharma et al., 2019; Blosi et al., 2016; Liu et al., 2013).
Multiple Core-Shell bimetallic Nanoparticles: These have two further kinds of multiple
arrangements, multiple shell-core nanoparticles created with two or more shells covering a
single core, and multiple core—shell nanoparticles with one simple shell surrounding several
cores; the shell and core are always composed of two different metals. The degree of mixing
and atomic ordering in bimetallic nanoparticles can be controlled by the relative strength of
the bond between two chemicals, the surface energy, atomic size, electric or magnetic effects,
etc. (Huynh et al., 2020).

2.5. Synthesis of nanoparticles

There are two approaches to synthesis nanomaterial of various shapes and dimensions.
Namely; bottom-up and top-down approaches. In top-down methods Bulk material size is
reduced to nanoparticles by different physical, chemical and mechanical processes, while
bottom-up is Building up of nanomaterials from an atom by atom. The bottom-up method
requires an appropriate soluble source of metals, usually metal cations in the form of soluble
salts or coordinated by suitable ligands. To such a solution, a reducing agent is added whose
nature has a strong influence on the particle properties (Patil et al., 2021). Moreover, they are
classified into physical, chemical, and biological methods for the synthesis of NPs. The
physical methods belong to the category of top-down approach, while the chemical and
biological methods belong to the categories of the bottom-up approach for the synthesis NPs
(Iravani et al., 2014).

2.5.1. Top-down approaches
Top-down approach is trimming down bulk material to smaller nanosized particles.
Preparation of nanoparticles by this method is depend on size reduction of starting material by
different physical and chemical treatments (Meyers et al., 2006). It includes methods such as
mechanical milling, hydrothermal synthesis, photolithographic processing, laser ablation, and
micromachining, electron beam machining, etching sputtering and electron beam lithography.
Top down methods are easy to perform, is not suitable method for preparing informal shaped
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and very small size particles. Change in surface chemistry and physicochemical properties of
nanoparticles are major problem associated with this method (Jamkhande et al., 2019).
Mechanical milling

It is reduction of the particle size with high energy ball milling. This method of particle size
reduction was developed by John Benjamin in 1970. Depending on induced mechanical
energy to powder mixture, it can be classified as low energy and high energy milling that
nanosized particles are generally produced using high energy ball milling process. This
method is widely preferred for intermetallic nanoparticles synthesis (Jamkhande et al., 2019).
In this method, bulk powder and several heavy balls added in to a container and High
mechanical energy is applied on bulk powder material with the help of high speed rotating
ball. Different high energy mills such as attrition ball mill, planetary ball mill, vibrating ball
mill, low energy tumbling mill and high energy ball mill are used for the reduction of particles
(Prasad Yadav et al., 2012).

In this method, heavy free moving high energy balls may roll down on surface of the chamber
containing bulk powder material in a series of parallel layers or they may fall freely
and impact the powder. It has an advantage of large scale production of high purity
nanoparticles with larger physical properties such as enhanced solubility of the drug
components which are poorly water soluble in a cost effective manner. It gives rise to some
new and improved properties to the component relaying on their grain size and material
composition (Ullah et al., 2014). However, it needs high energy and extensive long period of
milling time and difficult to control the contamination of powder due to steel balls (Tavakoli
et al., 2007).

Mechano-chemical synthesis

Mechano-chemical synthesis method depends on: repeated deformation, welding, and fracture
of the mixture of reactants. During the milling process, different chemical modifications are
produced at the interface of nanosized particles. High temperature is required to precede
chemical reactions for several purposes like to separate reacting phases from the product
phase. Nanoparticles can be obtained using a ball mill at low temperatures without any use of
external heating (Tsuzuki & McCormick, 2004). In this method of synthesis, the starting
materials are mixed stichiometrically and milled. The deformation, fraction and welding of the
reactants take place during milling process. Various chemical reactions are generated at the
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surface interface between substrate and reagent, and therefore the reaction that require high
temperature will take place at low temperature without any external application of heat. It is a
Simple and efficient method of preparation of nanoparticles (Seyedi et al., 2015). However,
they may get unwanted contamination from milling media and atmosphere because the
nanostructures/nanoparticles formed are highly sensitive to grinding condition and long term
milling is required for the preparation of smaller particles (smaller than 20 nm) (Tavakoli et
al., 2007).

Laser ablation

This method is the process of removing material from a solid (or occasionally liquid) surface
by irradiating it with a laser beam. The material is heated by the absorbed laser energy and
evaporates or sublimates at low laser flux while the material is typically converted to plasma
at high laser flux. In this method, laser irradiation is used to reduce the particle size to
nanoscale. The solid target material is placed under a thin layer and then exposed to pulsed
laser irradiation (Simakin et al., 2004). The irradiation of material to laser is form
fragmentation of solid material in the form of nanoparticles, which remains in liquid that
surrounds the target and produces colloidal solution. This method is relatively simple and
effective technique for the formation of large amount of small particles (nanosize) in the form
of suspension. The relative amount of ablated atoms and particles formed are determined by
laser pulse duration and energy (Kruis et al., 1998). Various parameters like time duration of
laser pulse, wavelength, ablation time, laser fluency and effective surrounding liquid medium
with or without surfactant influences ablation efficiency and characteristic of metal particle
formed (Abou EI-Nour et al., 2010).

Chemical vapor deposition

In this method thin film of gaseous reactant is deposited on the substrate at around 300-1200
°C. A chemical reaction formed between heated substrate and combining gas as an outcome
thin film of product formed on the surface of the substrate. The applied pressure varies in the
range of 10%-10° Pascal. The advantages of this method are stiff, uniform, robust and highly
pure nanoparticles are manufactured. The by-products formed on the substrate have to be
conveyed back to the gaseous phase removing them from the substrate. Substrates are heated

by cold wall and hot wall techniques. In the hot wall techniques, the deposition can take place
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even on reactor walls. This is evaded in cold wall approach. Gas pressure and the substrate
temperature affect the growth rate and quality of film (Dikusar et al., 2009).

Chemical Vapor Condensation (CVC)

Chemical vapor deposition (CVD) is a powerful technology for the synthesis of high quality
solid thin films and coatings. This technique is a method where one or more volatile
precursors are transported through the vapor phase to the reaction chamber, where they
decompose on a heated substrate. In this method a bulk material is heated in vacuum to form a
stream of vaporized and atomized matter, and either inert or reactive gas atmosphere is used.
If a reactive gas such as oxygen is used, then metal oxide nanoparticles are formed. Due to
their collision with the gas molecules results in the condensation and formation of
nanoparticles the metal atom is rapidly cool. Gas-phase condensation uses a vacuum chamber
that consists of a heating element, the metal to be made into nanopowder, powder, collection
equipment, and vacuum hardware (Sun et al., 2021).

The precursor is introduced onto a heated element and is quickly melted, which is taken to
temperatures far above the melting point but less to than the boiling point. Therefore an
adequate vapor pressure is achieved (Chang et al., 1994). Gas is continuously introduced into
the chamber and removed by the pumps, then, the gas flow moves the evaporated metal away
from the hot element. As the gas cools the metal vapor, nanometer-sized particles produced.
Nanoparticles form in the gas phase. The formed nanoparticles are transported by the carrier
gas to the collectors (the surface of quartz rod and the wall of glass beaker) or into the liquids
contained a glass beaker to form nanofluids (Wu et al., 2005). For instance Choi et al.,
synthesize iron nanoparticles by chemical vapor condensation (Choi et al., 2002) and Lee et

al., reported synthesis of WS, nanoparticles by chemical vapor condensation (Lee et al., 2010)

Sputtering

This technique involves vaporizing a solid by sputtering it with an ion beam made of an inert
gas. The entire process of the ion sputtering method, which forms collimated beams of
nanoparticles and deposits bulk nanostructured coatings on silicon substrates, is carried out at

relatively low pressures (ImTorr) (Swihart, 2003).
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2.5.2. Bottom-up approaches

Sol-gel method

The sol-gel process is a more chemical method for the synthesis of many nanostructures,
especially metal oxide nanoparticles. In this method, the metal precursor is dissolved in water
or alcohol and converted to gel by heating and stirring by hydrolysis/alcoholysis. It should be
dried using appropriate methods depending on the desired properties and application of the gel
because, the gel obtained from the hydrolysis/alcoholysis process is wet or damp. This
technique is capable of producing two or more types of nanoparticles in the same time,
meaning that alloy products are synthesized in one step by mixing two or more metal (or metal
oxide) precursors in certain proportions (Bokov et al., 2021, Adam et al., 2011). In addition,
the sol-gel method makes it possible to make highly homogeneous composites with very high
purity (99.99%) purity (Kajihara, 2013). When compared to conventional method, the lower
temperature is process on it, so that the production of metal and ceramic nanomaterial with
this method is possible in the temperature range between 70 and 320°C. The sol-gel process is

a bottom-up synthesis method.

Sonochemical method

Sonochemistry uses ultrasound to develop chemical reactions. Sonochemistry
formed when the ultrasound causes chemical effects on the reaction system, like the formation
of free radicals that intensify the reaction (Ali Dheyab et al., 2021). High intensity ultrasound
can be used for the synthesis of novel materials and provides an unusual way to known
materials without high temperatures, high pressures, or long reaction times (Séaez & Mason,
2009). Compared to most approaches, this technique is very economical, allowing individual
enthusiasts and researchers to experience and try out ideas. Sonochemical method is a
relatively powerful and straightforward technique for producing nanomaterials, and it is
possible to control the properties of nanoparticles by varying the parameters of the ultrasonic
process (Jameel et al., 2020). For instance, Ali Dheyab et al. synthesized gold nanoparticle by
sonochemical method (Ali Dheyab et al.,, 2020). Similarly, the same group discussed
sonochemical synthesis of nanoparticle on iron oxide nanoparticles (FesO, NP), gold
nanoparticles (Au NP) and iron oxide-coated gold nanoparticles (FesO,@AuUNP) (Ali Dheyab
etal., 2021).
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Co-precipitation method

Co-precipitation method is a classical the simplest approach for synthesizing iron oxide
nanoparticles. This method includes simultaneous occurrence nucleation growth, coarsening
and aggregation processes. Co-precipitation reactions exhibit the following characteristics:
First, the products are insoluble species formed and their conditions are high super-saturation.
Second, nucleation is a key step and a large amount of small particles will be formed. Third,
secondary processes like Ostwald ripening and aggregation affect the size morphology and
properties of the products. Forth, the super-saturation conditions essential to induce
precipitation are usually the result of a chemical reaction (Kandpal et al., 2013).

The primary method of synthesis in this technique is co-precipitation, where the precursor
aqueous salt solution is mixed with a base under an inert atmosphere at room temperature or
elevated temperature. The formed nanoparticle is dependent on the type of bases used. As
compared with other synthesis routes, co-precipitation is more facile and suitable. After the
formation of MNP, the surfactant is added immediately to protect the synthesized MNP from
being oxidized. They can be used as a stabilizing agent by preventing them from
agglomeration (Petcharoen & Sirivat, 2012). Mohammadi et al., synthesize magnetite
nanoparticles by co-precipitation method (Mohammadi et al., 2021), Mohanapriya et al. also
reported ZnS nanoparticles by co-precipitation method (Mohanapriya et al., 2020) as for

instance.

2.6. Biological Synthesis of NPs

Biological Synthesis of NPs is the use of methods and techniques to decrease the generation or
use of feedstock, byproduct, product, reagents, and solvents, etc. that are dangerous to human
health or to the environment (Ismail et al., 2018). The biosynthetic route is a safe,
biocompatible, environment-friendly green approach to synthesize nanoparticles using plants
and microorganisms for biomedical applications (Ahmed et al., 2016). This synthesis can be
carried out with as plants and plant products, algae, fungi, yeast, bacteria, and viruses
(Narayanan & Sakthivel, 2011). The major limitations of physical methods are expensive
operations low production rate, and high energy consumption. The chemical methods are
economical for large-scale production; but, the use of toxic chemicals and production of
harmful by-products cause environmental damage, thereby limiting its clinical and biomedical

applications (Banne et al., 2017).
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2.6.1. Plant-mediated synthesis of NPs
For the synthesis of nanoparticles, it is necessary to replace toxic chemicals by biomolecules
or through biogenic processes which is an efficient strategy to overcome the aforementioned
limitations. Among different living organism, plants are the best choice for the synthesis of
NPs due to their simplicity and easy handling (Kuppusamy et al., 2016). Phytochemicals
(polyphenols, terpenoids, flavones, amino acids, alkaloids, aldehydes, flavones, ketones,
proteins, phenolics, polysaccharides, saponins, tannins, terpenoids, and vitamins) in the plants
are responsible for the synthesis of metal nanoparticles. The reducing capping/stabilization
properties of plant phytochemical make the metal nanoparticles eco-friendly; cost effective
and biocompatible. Synthesis of nanoparticles by plant mediated can be achieved by three
different ways: (i) intracellularly- inside the plant, (ii) extracellularly-using plant extracts, and
using individual phytochemicals. Several plants have the ability of metal accumulation and
successive conversion of these accumulated metals to NPs intracellularly (Patra et al., 2017,
Akinsiku et al., 2020, Dikshit et al., 2021).
The plant extracts are prepared by different methods like hot extraction, cold extraction, and
using Soxhlet apparatus, which were later used in NPs synthesis. The synthesis of metal NPs
is prepared by adding the plant extract to the metal precursor solution containing the salts of
individual metals. The synthesis of metal NPs using plant extract mostly occurs in three
stages. In the first, the reduction of metal ions (M* or M) to metal atoms (M°) and successive
nucleation of the reduced metal atoms occurs. The reduction of metal ions (M* or M**) to
metal atoms (M°) and subsequent nucleation of the reduced metal atoms occurs in the first
step, and the combining of tiny nearby NPs into larger size particles occurs in the second step.
Finally, the termination of the process takes place while giving the final shape to the NPs
(Makarov et al., 2014, Si & Mandal, 2007).

2.6.2. Microorganism mediated synthesis of NPs

Microorganisms have the ability to accumulate and detoxify heavy metals because several
reductase enzymes are present which are able to reduce metal salts to metal nanoparticles.
When compared to physicochemical methods, this method is environmentally friendly,
inexpensive, clean and non-toxic tools that do not require much energy for synthesis of

nanoparticles (Singh et al., 2016).
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Not all microorganisms are able to produce nanoparticles because they are produced through
metabolic pathways and through cellular enzymes that may not be present in some organisms.
The synthesis of nanoparticles also depends on the capacity of microorganisms for tolerating
heavy metals. High metal stresses can affect several microbial activities and some
microorganisms have the capability to reduce metal ions to the appropriate metals under stress
condition. Because of their absorption and chelation by intracellular and extracellular proteins,
bacteria that live in metal-rich ecosystems are typically extremely resistant to those metals.
Consequently, this method, which mimics the natural bio-mineralization process, could be a
favorable approach for the nanoparticles synthesis. The presence of diverse components such
as enzymes, proteins, and other biological molecules in microorganisms also play an important
role in the process of reducing nanoparticles (Mohd Yusof et al., 2019).

Intracellular biosynthesis involves unigque transport systems in microorganisms in which the
cell wall plays an important role due to its negative charge: positively charged metal ions are
deposited in negatively charged cell walls through electrostatic interactions. After transport
into the cells of the microorganism, ions are reduced using metabolic reactions mediated by
enzymes such as nitrate reductase to forms Nanoparticles. The nanoparticles accumulated in
the periplasmic space can then be passed through the cell wall. The extracellular biosynthesis
of Nanoparticles is also a nitrate reductase-mediated synthesis in which the nanoparticles are
produced by reductase enzymes which are either located in the cell wall or secreted from the
cell to the growth medium. In this process the nitrate reductase reduces metal ions to the
metallic forms (Hulkoti & Taranath, 2014).

Studies have shown that NADH-dependent enzymes are responsible for the nanoparticles
synthesis. The reduction mechanisms seem to begin by transferring an electron from NADH
by NADH-dependent reductases as the electron carrier (Jain et al., 2011). In addition, proteins
secreted by microorganisms can act primarily as a stabilizing agent and provides colloidal
stability while preventing agglomeration of Nanoparticles (Mohd Yusof et al., 2019). The
main drawbacks of microorganism-based synthesis of nanoparticle are complicated steps such
as microbial sampling, isolation, culturing and storage. Additionally, the recovery of
nanoparticles produced by this method requires downstream processing (Singh et al., 2016).

Green Synthesis of silver nanoparticles
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Silver is one of the most commercialized nanomaterial with five hundred tons of silver
nanoparticles production per year (Larue et al., 2014) and is estimated to increase in next few
years. Its profound role in field of high sensitivity bimolecular detection, catalysis, biosensors
and medicine; it has been acknowledged to have strong inhibitory and bactericidal effects
along with the anti-fungal, anti-inflammatory and anti-angiogenesis activities (Veerasamy et
al., 2011).

Plant extract of Vernonia amygdalina Del. (Desalegn et al., 2020), Tropaeolum majus
(Bawazeer et al., 2021,) marigold flower (Padalia et al., 2015), Zziziphora tenuior (Sadeghi &
Gholamhoseinpoor, 2015), Erythrina indica (Rathi Sre et al., 2015), beet root (Bindhu &
Umadevi, 2015), Ocimum tenuiflorum (Logeswari et al., 2015), Spirogyra varians (Salari et
al., 2016), are some reported literatures for the synthesis silver nanoparticles.

The primary requirement of green synthesis of Ag NPs is silver metal ion solution and a
reducing biological agent. In most of the cases reducing agents or other constituents present in
the cells acts as stabilizing and capping agents, so there is no need of adding capping and
stabilizing agents from outside. The Ag" ions are primary requirement for the synthesis of Ag

NPs which can be obtained from various water soluble salts of silver.

Green synthesis of Co3O4 nanoparticles

Cobalt and cobalt oxide (Co304) NPs have been exploited extensively because of their unique
and wide range of applications (Iravani et al., 2014). Co304 is an antiferromagnetic p-type
semiconductor with multifunctional applications such as biomedical applications
(antibacterial, anti-viral, antifungal, antileishmanial, therapeutic agents, anti-cancer, and drug
delivery), gas sensors, solar selective absorbers, anode materials in lithium-ion batteries,
energy storage, pigments and dyes, field emission materials, capacitors, heterogeneous
catalysis, magneto-resistive devices, and electronic thin films (Kumar et al., 2014; Li et al.,
2010; Waris et al., 2021).

Ahmadov et al. reported the synthesis of Co3O4 nanocrystals from freshly extracted ovalbumin
with 8-17 nm (Ahmadov et al., 2011). Sun et al. also reported the synthesis of Co3;0, NPs
using egg-albumin (J. Sun et al., 2019). Hosein et al. reported the synthesis of Co3O4 NPs with

a uniform shape and size using ferritin (Hosein et al., 2004).
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Green synthesis of silver-cobalt bimetallic nanoparticles

Bimetallic silver-cobalt (Ag-Co) has gained interest in different branches of science and
industry, including catalysis (Aazam & Zaheer, 2022; Ai et al., 2015), biotechnologies, and
energy storage and conversion devices such as fuel cells, batteries, etc. Different techniques
have been used for the preparation of bimetallic Ag-Co, including, chemical reduction (Parang
& Moghadamnia, 2019), hydrothermal reduction, sol-gel, inter-matrix synthesis (Ashok et al.,
2018), co-precipitation (Igbal et al., 2021). Erdogan et al. synthesized bimetallic Ag-Co using
a co-precipitation method and studied the catalytic oxidation of carbon monoxide (Gulari et
al., 1999). Akinsiku et al. synthesized Ag/Co bimetallic nanoparticles using aqueous leaf
extract of Canna indica at room temperature (Akinsiku et al., 2018). Danbature et al. reported
the green synthesis of silver-cobalt bimetallic nanoparticles by root extract of palmyra palm.
The synthesized NPs showed potential control for larval population growth (Danbature et al.,
2020). Ag-Co bimetallic nanoparticles prepared by simultaneous reduction of Co(NO3), and
AgNQO; , using sodium borohydride (NaBH, ) as reducing agent. The developed electro-
catalyst was found to be active for the direct electrochemical reduction of gaseous CO; (S.
Singh et al., 2017).

2.7. Anti-bacterial action of nanoparticles

Metal NPs have the ability to discern bacterial from mammalian cells because of the cells’
capacity to diverge metal transport systems and metallo-proteins. Metal-based NPs can
personalize bacterial efficiency by various mechanisms. Those are; cell membrane degradation
through electrostatic interactions, disturbance in homeostasis through protein binding, reactive
oxygen species (ROS) generation and oxidative stress, disruption of proteins and enzymes,
genotoxicity, and signal transduction inhibition. Retardation of bacterial growth is
accomplished either by one or by combination of the above mechanisms depending on the
nature and chemistry of the metal NPs involved (Baptista et al., 2018; Chen et al., 2014).
Consequently, multi action effects are possible by combining more than one metal type in the

same nanostructured system.

Anti-bacterial action of silver nanoparticles
Nanoscale silver particles with high surface-area-to-volume ratio (size below 100 nm) are of
prime interest due to high antimicrobial actions against both Gram-positive and Gram-

negative bacteria, viruses and other eukaryotic microorganisms as compared to other metals in
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their nano size. It also offers potential effects against multidrug susceptible as well as
multidrug resistant strains like Pseudomonas aeruginosa, ampicillin-resistant Escherichia
coli, erythromycin-resistant Streptococcus pyogenes, methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Staphylococcus aureus (VRSA (Roy et al., 2019).
Microbes are unlikely to develop resistance against silver, because the metal attacks a broad
range of target sites in the organisms. Ag NPs target both the respiratory chain and the cell-
division machinery, while concomitantly releasing silver ions (Ag®) that increase bactericidal
activity and finally leading to cell death (Padilla-Cruz et al., 2021).

Kambale et al. reported that silver nanoparticles (Ag NPs) were synthesized using aqueous
leaf extracts of three Congolese plant species, namely Brillantaisia patula (BR-PA),
Crossopteryx febrifuga (CR-FE) and Senna siamea (SE-SI). The Ag NPs derived from BR-
PA, CR-FE and SE-SI exhibited higher antibacterial activity against three bacterial pathogens
of the human skin compared to their respective crude extracts and AgNO3; (Kambale et al.,
2020).

Mehwish et al. reported the green synthesis of silver nanoparticles (Ag NPs) using Moringa
oleifera seed (MOS) as a reducing/capping agent. The MOS-Ag NPs showed excellent
antimicrobial activity against Gram positive (Staphylococcus aureus 14.6 mm) and Gram
negative (Escherichia coli 30.6 mm, Salmonella enterica typhimurium 29 mm), and
Pseudomonas aeruginosa; 22.8 mm) bacteria. Moreover, the MOS-Ag NPs showed
remarkable photo catalytic activity toward organic dyes (methylene blue (> 81%), orange red
(> 82%), and 4-nitrophenol (> 75%)) under sunlight irradiation. In addition, > 80% of the
toxic lead metal ions was removed from the treated water by MOS-Ag NPs. Under similar
conditions, the synthesized MOS-Ag NPs retained their photo catalytic efficiency after 10
photo catalytic cycles. Overall, these findings indicate that MOS-Ag NPs may be a powerful
antimicrobial agent against water borne pathogens as well as a promising and economic agent
for use in the treatment of waste generated by industrial dyeing processes (Mehwish et al.,
2021).

Anti-bacterial action cobalt nanoparticles

Eltarahony et al. reported the green synthesis of combined Co NPs using gram-negative
bacteria P. mirabilis. The characterization of NPs was confirmed by UV-Vis, EDX, XRD,
TEM, dynamic light scattering (DLS), and polydispersity index (PDI). The antibacterial
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activity was observed using a well diffusion assay against S. typhiea, E. coli, C. perfringens, S.
aureus, and Enterococcus faecalis. The result showed that the NPs have promising biocide
efficiency against these bacteria (Eltarahony et al., 2018).

Omran et al. synthesized quasi-spherical shape cobalt oxide NPs with an average size of 20-27
nm diameter using a fungal specie Aspergillus brasiliensis. The first-time mycosynthesized
cobalt oxide NPs showed considerable activity against different bacteria (Omran et al., 2019).
Biogenic synthesis of Co NPs using Celosia argentea whole plant extract has been reported
and studied for their antibacterial activities using the disk diffusion method. The synthesized
NPs

showed remarkable antibacterial activities against B. subtilis and E. coli (Shahzadi et al.,
2019)

Green-mediated cobalt oxide NPs have been synthesized using Hibiscus rosa-sinensis flower
extract and their antibacterial activity was measured. These green synthesized NPs showed
promising activities against E. coli, Streptococcus mutans, S. aureus, and Klebsiella
pneumonia (Anuradha & Raji, 2019).

Anti-bacterial action of silver-cobalt bimetallic nanoparticles

Boroujeni et al. reported the synthesized Ag/Co nanoparticles by chemical reduction method
show good antibacterial properties (Boroujeni et al., 2019). Janani et al. also revealed the
synthesized Ag/Co- polyvinyl pyrrolidone Nano composites showed excellent antibacterial
activity against both Gram negative (B. subtilis) and Gram positive (E. coli) bacteria (Janani et
al., 2020).

2.8. Plant description and ethno botanical use

Croton macrostachyus (Broad-leaved Croton) is a species of the genus Croton L.,
Euphorbiaceae family, called Croton under the sub family Crotonoideae, which comprises
more than 1200 species of herbs, shrubs, trees, and occasionally lianas. It is widely distributed
in tropical Africa, from Guinea east to Ethiopia and Somalia, south to Angola, Mozambique,
and Madagascar. The species has been reported to occur in Angola, Burundi, Cameroon,
Central African Republic, Democratic Republic of Congo (DRC), Ethiopia, Rwanda, Tanzania
Ghana, Guinea, Sudan Ivory Coast, Kenya, Madagascar, Malawi, Mozambique, Nigeria,

Somalia, South Sudan, Uganda, and Zambia. C. macrostachyus plant is common in secondary
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forests, particularly on forest edges and along rivers or lakes, in moist or dry evergreen upland
forest, woodland, wooded grassland, bushland, and along roadsides, often on soils of volcanic
origin at altitude between 200 to 3400 m above sea level and mean annual rainfall between
150 mm and 1200 mm (Maroyi, 2017).

In Ethiopia, Croton macrostachyus occurs in regions between 1300 and 2500 m above the sea
level, with an annual rainfall ranging between 750 and 2000 mm. The tree is common in the
secondary forests, forest edges, riversides, lakesides, wet regions, dry evergreen upland
forests, woodlands, grasslands, bushlands and as well, along the roadsides (Wakjira & Negash,
2013). Croton macrostachyus prevents the soil erosion and serves as a traditional medicine to
cure abdominal ache, scabies, bleeding, constipation, dermatophilosis, epilepsy, rabies, warts,
and wounds (Aga et al., 2020). The ethno medical use of Croton macrostachyus leaves include
antimicrobial, antioxidant activity the flowers are shows antimicrobial activity, antioxidant
activity (Obey et al., 2016). However, no research has been reported on the biosynthesis of
nanoparticles mediated by Croton macrostachyus plant.
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Figure 1: Croton macrostachyus plant

Phytochemical information on the Croton macrostachyus

Previous chemical analyses of the plant indicate the presence of alkaloids, amino acids,
anthraquinones, carbohydrates, cardiac glycosides, coumarins, essential oil, fatty acids,
flavonoids, phenolic compounds, phlobatannins, polyphenols, phytosteroides, saponins,
sterols, tannins, terpenoids, unsaturated sterol and vitamin C have been identified from C.

macrostachyus fruits, leaves, stem bark, and twigs (Degu et al., 2016; Obey et al., 2016).
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3. MATERIALS AND METHOD

In this chapter, materials, chemicals and methods of the experiments were presented. The first
part of the chapter covered various chemicals, samples and instruments required to carry out
this research and in the second section of this chapter, synthesis methods of different samples
for Ag NPs, Co3O4 NPs and Ag/CozOs BMNPs synthesis and finally the method to test

antibacterial activity of the prepared nanoparticles were presented.

3.1. Materials
The following were among the various chemicals, samples, and laboratory apparatus used for

this Thesis work.

3.1.1. Chemicals

The chemicals and reagents required for the preparation of Ag NPs, Co304 NPs and Ag/Co30,
BMNPs were distilled water, cobalt(Il) nitrate hexahydrate (Co(NOs3),.6H,0 , silver nitrate
(AgNOQOg), ethanol, sodium hydroxide (NaOH), Muller Hinton agar, Sulfuric acid (H2SO,),
Ferric Chlorid (FeCl3) and Croton macrostachyus plant extract. All the chemicals were
analytical grade. The chemicals and reagents were bought from chemical stores in Addis
Ababa and Croton macrostachyus plant was collected from its natural habitat areas of Oromia
Regional State, West Showa, Adea Berga Woreda.

3.1.2. Apparatus and Instrumentations

3.1.2.1. Apparatus
The following laboratory apparatus were used for the experiments: beaker, measuring
cylinder, pipettes, pH meter, volumetric flasks, magnetic stirrer with hot plate, funnel, filter
paper, analytical balance, dropper, centrifuge, Test tube, spatula, conical flask, Petri-dish,

micropipette and crucible.

3.1.2.2. Instruments
The laboratory instruments that were used for characterizing the synthesized NPs were: UV-
Vis spectroscopy which was used to study the optical properties of the nanoparticles, FITR
was used to characterize the vibrational motions of atoms in the molecules of the synthesized
Ag NPs, Co304 NPs and Ag/Co3O4, BMNPs, XRD was used to characterize the nature of

24



crystal structure of the synthesized nanoparticles, SEM was used to show the morphology of
the synthesized nanoparticles and TGA/DTA was used to analysis thermal stability of the

synthesized nanoparticles.
3.2. Methods

3.2.1. Preparation of the Croton macrostachyus Plant Extract
The Croton macrostachyus plant leaf was collected from its natural habitat areas of Oromia
Regional State, West Showa, Adea Berga Woreda. Sample collection and preparation
of Croton macrostachyus leaves extract were carried out according to the literature of (Riaz et
al., 2020) with slight modifications. Croton macrostachyus leaves were collected and the fresh
leaves were washed thoroughly with deionized water to remove any dirt particles. The washed
leaves were air-dried and grounded. 18 g of Croton macrostachyus plant leaves powder was
added into 1000 mL conical flask and then 600 mL of distilled water was also added to the
flask; then the mixtures were heated to 70 °C for 30 min. After 30 min, the heater was turned
off and the mixtures were stirred for 1 hr. After a while, the mixture was allowed to settle.
Then after settlement, the extract was filtered with whatman no.1 filter paper and kept in
refrigerator at 4 °C. Then, the prepared extract was used for the synthesis of Ag NPs, Co30,
NPs and Ag/Co30, BMNPs. Figure 2 shows schematic procedure for the preparation of the

plant extract.
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Figure 2: Preparation of Croton macrostachyus plant extract

3.2.2. Phytochemical Qualitative Analysis of Aqueous Extract Croton
macrostachyus plant

The plant extract was subjected to assessment for the existence of the phytochemicals by using
the following reported standard methods (Yadav et al., 2011; Adetunji et al., 2013)
Tests for Flavonoids (Alkaline Reagent Test): 2 mL of 2.0% NaOH mixture was mixed with
aqueous plant crude extract; concentrated yellow color was produced, which became colorless
when 2 drops of diluted acid were added to the mixture. This result showed the presence of
flavonoids.
Test for tannins (Ferric chloride test): 2 mL Plant extract was taken in test tube and boiled. 5
drops of 0.1% FeCl; were added to give a brownish-green or a blue-black color which
confirms the presence of tannins.
Test for terpenoids (Salkowski test): 2 mL of aqueous plant extract was mixed with 2 mL of
chloroform and 3 mL concentrated H,SO, carefully to form a layer. A reddish-brown
coloration of the interface was formed to show positive results for the presence of terpenoids.
Test for Steroids: 2 mL of chloroform and concentrated H,SO, were added with the 5 mL
aqueous plant crude extract. In the lower chloroform layer, the red color appeared that
indicated the presence of steroids.
Tests for Glycosides (Salkowski’s Test): 2 mL concentrated H,SO, was added to aqueous
plant extract. A reddish-brown color formed which indicated the presence of steroidal
aglycone part of the glycosides.
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Test for phytosterols (Salkowski’s test): 2 mL of aqueous plant extract and 10 mL of
chloroform were added and then filtered. 5 drops of concentrated H,SO, were added to the
filtrate; the mixture was shaken and examined for the appearance of the golden yellow color.
Test for saponins: 0.5 g of plant extract was taken then 5 mL of distilled water was added and
shaken while heating to boil. Frothing showed the presence of saponins.

Test for phenols: 5 drops of 2% of FeCl; were added to 2 mL of aqueous plant extract and the

formation of bluish-green to black color indicates the presence of phenols.

3.2.3. Procedure for synthesis of silver Nanoparticles
Synthesis of silver nanoparticles using Croton macrostachyus leaf extract were carried out
using to the reported procedure (Murthy et al., 2020) with minor modification. For the
synthesis of silver nanoparticles, aqueous solution (0.2 M) of AgNOs(ag) solution was
prepared by taking 16.987 g of AgNOj3; salt and added into 500 mL of volumetric flask then
distilled water was added and shaken to get a homogenous mixture. Finally, the distilled water
was filled into the volumetric flask until its mark and used for the synthesis of silver
nanoparticles. The Ag NPs were prepared by mixing 200 mL of 0.2 M silver nitrate solution
with 200 mL of Croton macrostachyus plant extract under stirring at 30 °C for 3 hr. The
mixture was settled at room temperature for 24 hr and then, the solution was centrifuged for
20 min at 2000 rpm. Then, the solid part was washed with distilled water and ethanol then
dried on a ceramic crucible for 24 hr at 70 °C in oven. Finally, the powder of dark brown

color was obtained and stored for further analysis.

l —
Silver nitrate -+ After heating for After hdlating for
plant extract min with 3hr at 3P°C with
contlnuous string continu¢us string

Ag NPs powder
Figure 3: Synthesis of silver nanoparticle
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3.2.4. Procedure for synthesis of Co30O4 Nanoparticles
Synthesis of Co3O,4 nanoparticles using Croton macrostachyus leaf extract were carried out
according to the literature report by (Samuel et al., 2020) with minor modification. For the
synthesis of Co304 NPs, aqueous solution (0.2 M) of Co(NOs3),.6H,0(aq) solution was
prepared by taking 29.1 g of Co(NO3),.6H,0) salt and added into 500 mL of volumetric flask
then distilled water was added and shaken to get a homogenous mixture. Finally, the distilled
water was filled into the volumetric flask until its mark and used for the synthesis of Co304
NPs. The Co304 NPs were prepared by mixing 200 mL of 0.2 M Co(NO3),.6H,0 solution with
200 mL of Croton macrostachyus leaf extract under stirring at 60 °C for 5 hr. The pH was
monitored using the pH meter, and 30 mL of 1 N of NaOH was added as a precipitating agent
followed by stirring for about 20 min. The mixture was settled at room temperature for 24 hr
and then, the solution was centrifuged for 20 min at 2000 rpm. Then, the solid part was
washed with distilled water and ethanol then dried on a ceramic crucible for 24 hr at 70 °C in
oven. Finally, the powder of light-brown color was obtained then, the powder was calcinated

at 400 °C for 4 hr and the obtained result was used for further analysis.

0.2M Cobalt nitrate Cobalt nitrate -+

plant extract

After heatinglfor Shr
at 60°C with
continuing stjing

Co3;0,4 NPs 3 times centrifuge

Figure 4: syntheses of Co3O4 NPs
3.2.5. Procedure for synthesis of bimetallic nanoparticles
Synthesis of Ag/Cosz0, BMNPs using Croton macrostachyus leaf extract were carried out

according to the literature of (Danbature, Shehu, & Adam, 2020) with minor modification. For
the synthesis of Ag/Co304 BMNPs, 100 mL of 0.2 M AgNOs solution was added to the 1000
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mL beaker. Then, 100 mL of 0.2M Co(NO3),.6H,0 solution was added to the beaker while
stirring for 15 min. After 15 min 200 mL of plant extract was added to the solution slowly
while heating at 60 °C for 5 hr. The pH was monitored using the pH meter, and 30 mL of 1 N
of NaOH was added as a precipitating agent followed by stirring for about 20 min. Then the
mixture was settled at room temperature for 24 hr and the solution was centrifuged for 20 min
at 2000 rpm. Then, the solid part was washed with distilled water and ethanol then dried on a
ceramic crucible for 24 hr at 70 °C in oven. Finally, the powder of black-brown color was
obtained then, the powder was calcinated at 400 °C for 4 hr and the obtained result was used

for further analysis.

|
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Centrifu 3 times

0.2M silver
nitrate + 0.2M
Cobalt nitrate +
plant extract

After heating for
Shr at 60°C with
continuous string

Ag/Co;0, BMNPs

Figure 5: Syntheses of Ag/Co30, BMNPs

3.2.6. Procedure for Antibacterial activity test
The synthesized Ag NPs, Co30, NPs and A55¢g/Co30, BMNPs were screened forin
vitro antibacterial activities against four bacteria strains (Escherichia-coli (Gram
negative), Staphylococcus aureus (Gram positive), Enterococcus faecalis (Gram positive),
and Salmonella typhimurium (Gram negative)) by Agar disc diffusion method (Linh et al.,
2018) at Adama public health referrals and research laboratory center. The bacterial stock
cultures were maintained on the sheep blood agar slants at 37 °C. Freshly, grown liquid culture
of the test strains having similar turbidity with 0.5 McFarland were seeded over the Mueller-
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Hinton agar medium with sterile swab. The disc measuring 6 mm in diameter was prepared
from Whatmann filter paper sterilized by dry heat at 121 °C for 20 min. The different
concentrations of Ag NPs, Co304 NPs and Ag/ Co304, BMNPs (20, 10, 5 and, 2.5 mg/mL)
were prepared by dissolving synthesized nanoparticles in DMSO. Then, sterilized 6 mm filter
paper discs were soaked in each prepared nanoparticles. The discs impregnated with the test
solutions were placed on a cultured glass plate at equal distance to one another to avoid
overlap of zones of growth inhibitions.

The growth inhibition zone was measured in mm after 24 hr incubation at 37 °C and compared
with the standard drug Contrimoxazole. DMSO was used as a negative control and 25 ng
Contrimoxazole was used as a standard drug. All the above procedures were repeated three

times and mean standard deviation of a zone of inhibition were taken.
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4. RESULTS AND DISCUSSION

In the first section of this chapter, the results of the phytochemical screening of Croton
macrostachyus plant extract were presented. In the second section, crystal size, lattice
parameters, micro-strains and dislocation densities of Ag NPs, Co3O4 NPs and Ag/Co304
BMNPs by X-ray diffraction were presented. In the third section, the UV-Vis absorption
spectra and calculated band gaps of those synthesized NPs were presented. In the fourth
section of this chapter, the SEM analysis was discussed. In the fifth section, the functional
groups and their assignments of synthesized NPs were presented briefly. In the sixth section
the thermal stability of the synthesized nanoparticles were presented. In the last section, the
antibacterial activities of the synthesized nanoparticles were discussed.

4.1. The Phytochemical screening test results
The preparation of the Croton macrostachyus plant extract by aqueous extraction of the dried
and ground plant was the initial activity carried out for the green synthesis of the metallic and
bimetallic nanoparticle. Then to understand the phytochemicals responsible for the reduction
and/or capping during the synthesis of the nanoparticles, the phytochemical screening of the
extracted Croton macrostachyus plant extract has been carried out. Accordingly, the results of
the phytochemical analysis for the extract of Croton macrostachyus plant are summarized in

Table 1 supported by figure 6.

Figure 6: Results of phytochemical screening of Croton macrostachyus plant extract
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Table 1: Results of phytochemical screening of Croton macrostachyus plant extract

s.no Secondary Metabolite Results
1 Flavonoid +
2 Tannins +
3 Terpenoid +
4 Steroid +
5 Phytosterols +
6 Glycosides +
7 Sapponins +
8 Phenols +

The data obtained revealed that the Croton macrostachyus plant extract was primarily
composed of flavonoids, tannins, terpenoids, glycosides, phytosterols, saponins and phenols
which are responsible for the facilitation of the synthesis of Ag NPs, Co304 NPs and
Ag/Co30, BMNPs. The Phyto-components of plant extracts act as reducing as well as
stabilizing agents (Ovais et al., 2018).

The flavonoids can be used as reducing agents for the preparation of biocompatible NPs (Zhou
et al., 2010). Ahmad et al., (2010) revealed that free hydrogen produced during the ketoenol
conversion of flavonoids, i.e., luteolin and rosmarinic acid, can be reduce Ag" ions for
producing silver NPs (Ahmad et al., 2010). A similar report showed that the —OH group of
flavonoids (quercetin and myricetin) during the bioreduction of metal ions can be oxidized to
carbonyl groups (Ghoreishi et al., 2011). Polyphenols and terpenoid are used as both
bioreducing and stabilizing agents. Plant extracts rich with saponins, tannins, glycosides,
phytosterol can support synthesis of small size nanoparticles (Raja et al., 2017; Mashwani et
al., 2016).

4.2. X-ray diffraction (XRD) analysis
X-ray diffraction (XRD) analysis was performed to determine the composition and crystal
structure of the synthesized Ag NPs, Co304 NPs and Ag/ Co304 BMNPs. Figure 7 shows the
XRD results of the prepared samples. The patterns obtained experimentally were identified

through comparison with the standard Ag NPs, Co304 NPs patterns. For Ag NPs diffraction
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peaks were observed at 20 values, 38.15°, 44.23°, 64.48° and 77.39° which corresponds to
(111), (200), (220) and (311) plane respectively as shown figure 7(a). The spectral data
revealed that the synthesized Ag NPs showed cubic phase and the observed peaks were fitted
with the Joint Committee on Powder Diffraction Standard (JCPDS card No. 004-0783), space
group Fm-3m).

The XRD pattern of Co304 NPs is presented in figure 7(b) and in the difractogram, the
diffraction peaks were observed at 20 =19.19°, 31.47, 37.07°, 38.73°, 44.96°, 55.73°,59.47°,
65.34° and 77.42° corresponding to the miller indices (hkl) values of (111), (220),(311), (222),
(400), (422), (511), (440), and (533) respectively. The spectral data obtained showed that the
synthesized Co304 NPs showed cubic spinel crystal structure phase and the observed peaks
were fitted with the Joint Committee on Powder Diffraction Standard (JCPDS card No. 042-
1467, space group Fd-3m).

The XRD diffraction pattern of Ag/Co304 BMNPs is presented in figure 7(c). The peaks at 260
values 19.15°, 31.33°, 36.91°, 38.18°, 44.37°, 59.36°, 64.53°, and 77.44° corresponding to the
miller indices (hkl) values of (111), (220), (311), (111), (200), (511), (220) and (311)
respectively. The diffraction peaks at 20 values of 38.18°,44.38°, 64.53° and 77.44° are
associated with the (111), (200), (220) and (311) planes of face-centered cubic (FCC) Ag
(JCPDS card No. 004-0783), and the peaks at 19.15°, 31.33°, 36.91° and 59.36° correspond to
the miller indices of (111), (220), (311) and (511) are planes of Co30,4 (JCPDS card No. 042-
1467) confirming that the synthesized Ag/Coz;0, BMNPs nanostructures have a crystalline
structure. It can be seen that both Ag and Co3O4 peaks can be found in the sample. The
relatively intensities of the CozO, peaks decreased compared to those of the Ag peaks is due to

formation of the Ag shell coating on the Co304 core surface (Jin et al., 2016).
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Figure 7: X-ray diffraction patterns a) Ag NPs, b) Co3O4NPs and c¢) Ag/Co304 BMNPs.

The average crystallite size of the prepared nanoparticles is estimated by using Scherrer®s
formula (Vorokh, 2018) equation (1).

KA
_ﬁcose (1)

—2\/(:12) is average particle size, 0 is the Bragg

Where D is average crystallite size K=
diffraction angle, A is the X-ray wavelength (CuKa radiation and equals to 0.15406 nm), [ is
the FWHM of the XRD peak appearing at the diffraction angle 6.

The dislocation densities of synthesized NPs are calculated from;
1

- D?

Where 9 is the dislocation density, D is the crystalline size.

For the synthesized Ag NPs, Co304 NPs and Ag/Co304 BMNPs the d-spacing (d), particle size
(D) and dislocation density () were calculated and presented in the table (2-4) below for the

(2)

6

strongest peaks of respective synthesized NPs.
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Table 2: The calculated parameters for the major peaks of Ag NPs

20 0 B D(nm) D average(nm) d-spacing 8 x10°(nm™)
38.14 19.07 0.66 12.75 12.62 2.36 6.15

44.20 22.10 1.25 6.84 2.05 21.37
64.50 32.25 0.58 16.04 1.44 3.88

77.40 38.70 0.686 14.84 1.23 4.54

The average crystallite size of the Ag NPs NPs was deduced to be 12.62 nm

Table 3: The calculated parameters for the major peaks of Co304 NPs

20 0 B D(nm) D average (nm)  d-spacing & x10°(nm™)
19.19 9.60 0.65 12.49 12.75 4.62 6.41

31.47 15.74 0.64 12.87 2.84 6.04

37.00 18.50 0.66 12.70 2.43 6.20

38.73 19.37 0.76 11.08 2.32 8.14

44.96 22.48 0.71 12.05 2.02 6.88

55.74 27.87 0.66 13.62 1.65 5.40

59.45 29.72 0.82 11.19 1.55 7.99

65.34 32.67 0.78 12.02 1.43 6.92

77.42 38.71 0.61 16.69 1.23 3.59

The average crystallite size of the Co304 NPs was deduced to be 12.75 nm.



Table 4: The calculated parameters for the major peaks of Ag/Coz04, BMNPs

20 0 B D(nm) D (average (nm)  d-spacing 8 x10°(nm™)
31.34 15.67 0.55 15.09 18.07 2.85 4.39
36.92 18.46 0.66 12.61 2.43 6.29
38.20 19.10 0.38 2212 2.35 2.05
44.38 22.19 0.51 16.70 2.04 3.59
59.36 29.68 0.56 16.33 1.55 3.75
64.54 32.27 0.50 18.88 1.40 2.81
77.44 38.72 041 24.77 1.23 1.63

The average crystallite size of the Ag/Co3;04 BMNPs was deduced to be 18.07 nm.

Dislocation density measures the number of dislocations in a unit volume of crystalline
materials. Thus, as the particle size of nanoparticles increases the dislocation density of the
crystalline materials is decreased. The synthesized Ag NPs, Co304 NPs and Ag/Co3;04 BMNPs
an average crystalline size of 12.62 nm, 12.75 nm and 18.07 nm respectively and peak
position (20) are increased in these sequences. Since dislocation density depends upon particle
size that means as particle size increases dislocation density decreases. Thus, the dislocation
density decreases in the order of Ag NPs < Co304 < Ag/Co304 BMNPs.

4.3. UV- Vis spectroscopy analysis
The optical properties of the synthesized Ag NPs Co3;0, NPs and Ag/Co3;0, BMNPs are
presented as follows. Figure 8 (a and b) showed the absorption spectra and energy band gap
for Ag NPs. Figure 9 (a and b) below depicted the absorption spectra, and energy band gap for
Co0304 NPs and figure 10 (a and b) below depicted the absorption spectra, and energy band
gap for Ag/Co3z04 BMNPSs respectively.

For synthesized Ag NPs the absorption bands was observed at 402 nm as shown in Figure 8
(@). The result revealed that the formation of silver nanoparticles by exhibiting the typical
surface plasmon resonance absorption. This surface plasmon resonance property of metal
nanoparticle is due to the combined vibration of free electrons in resonance with light wave
(Das et al., 2016). In the parabolic band structure, the band gap energy, Eg and the absorption
coefficient of a direct band gap semiconductor are related through Equation (3):
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(ahv)2 = A(hv — Eg) 3)

Where, h is Planck’s constant, v is the photon’s frequency, and A is the slope in the linear
region. Taking the K—M scattering coefficient S as a constant concerning the wavelength, and
using the remission function in equation (2), the following expression was derived Equation

(4): (F(R)hv)2 = A(hv — Eg) (4)

Where, F(R) is equal to K/S, the molar absorption coefficient K is equal to (1 — R)? the
scattering factor S is equal to 2R, and R is the reflectance of the materials and is defined as

%R

00" The direct and indirect bandgap energies of the nanomaterials were determined by

extrapolation of the linear portion of Kubelka—Munk (K—M) plots (Abebe et al., 2020).
The bandgap energy for the synthesized silver nanoparticles was determined by the Tauc

relations which are discussed in equation (4) and the plots were shown in figure 8 (b), which

indicates band gap of synthesized silver nanoparticles are 3.38 eV.
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Figure 8: (a) Wavelength versus Absorbance of UV-Vis spectroscopy, (b) energy versus band

gap of Ag NPs.

The absorption band of light in metal nanoparticle is defined as intra-band gap excitation of
conduction electrons from the lowest energy state to higher energy states near the Fermi level
of the conduction band upon receiving photon energy having the maximum absorbance
wavelength (Amax). A smaller particle size has fewer atoms and can potentially have less of an
attraction between its metal ions and conduction electrons. As a result, the particle's
conduction band energy rises. However, because larger particles have more atoms, there is a
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greater potential for attraction between conduction electrons and metal ions, which lowers the
conduction band energy of the metal nanoparticles (Shrestha & Adhikari, 2017).

The absorption spectra and energy band gap of Co304 NPs and Ag/Co3zO4 BMNPs are shown
Figure 9 (a and b) and Figure 10 (a and b) respectively.
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Figure 9: (a) Wavelength versus Absorbance of UV-Vis spectroscopy, (b) energy versus band
gap of Co3zO4 NPs.

Two different oxidation states persist in the cobalt (Co®* and Co?*) ion which may be the
reason for the existence of two absorption peaks in the UV-Vis spectroscopy. The formation
of absorption bands was caused by the charge transfer processes from 0% to Co®* and O* to
Co**, which results in larger band gap and lower band gap energies, respectively. The two
absorption peak observed between 500-580 nm and 600-680 nm respectively for Co304
nanoparticles, were in good agreement with the previous reports (B. Vennela, 2019). As in
Eltarahony et al. the first band can be assigned to the O* — Co?* charge transfer process and
the second one to the O — Co>* charge transfer, which suggested formation of cobalt oxide.
As illustrated in Figure 9 (a), a surface plasmon absorption peak (SPR) was observed at
wavelengths 400-450 nm. The SPR phenomenon arises due to the metallic NPs physically
absorbed light, and as a result of this absorption, conduction electrons of metal undertake
coherent oscillation (Eltarahony et al., 2018).

The energy band gap of Co304 NPs was found to be 3.34 eV, as shown in figure 9(b), due to
the electron creates holes in the valence band to the conduction band. The optical band gap

energy increases the potential well of small lateral dimensions of cobalt oxide nanoparticle
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due to quantum confinement effect. The positive holes exchange between Co** and Co?**
transfer of 0%~ between filled sides with vacant oxygen side (Agilandeswari & Rubankumar,
2015).
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Figure 10: (a) Wavelength versus Absorbance of UV-Vis spectroscopy, (b) energy versus

band gap of Ag/Co304 BMNPs.

From Figure 10 (b) the optical energy band gap of Ag/Co30, BMNPs found to be 3.54 eV.
The optical band gap increased on average in the final BMNPs relative to their monometallic
counterpart. This indicates that the BMNPs exhibited strong quantum confinement, which
shifts the energy levels of the conduction and valence bands apart and gives rise to a blue shift
in the transition energy as the particle size decreases (Fredrick & Mangaka, 2017).

4.4. Scanning Electron Microscopy (SEM) analysis
The morphology and texture of the synthesized Ag NPs, Co3O4 NPs and Ag/Co30, BMNPs as
depicted by SEM micrographs are shown in Figures 11 (a), 11(b) and 11(c) respectively. The
SEM image of the synthesized Ag NPs was shown in Figure 11 (a). The SEM micrograph
demonstrates that the Ag NPs agglomerated to form either clusters or large nanoparticle. This
agglomeration is due to the narrow distance between surfaces of nanoparticles caused by the
attractive van der waals force and/or the driving force that tends to minimize the total surface
energy of the system (Shameli et al., 2015). The SEM images of Co304 NPs Figure 11(b)
demonstrated the nonhomogeneity of the particles in terms of their shape and size. The
micrographs show that the Co304 NPs were found to possess spherical as well as irregular
geometries of Co304 NPs with varying particle sizes were found in the micrographs. Ag/Co304

BMNPs SEM micrograph Figure 11(c) also showed the nonhomogeneity of the particles in
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terms of their shape and size. The micrographs show that the Ag/Co3;0, BMNPs were found to
possess spherical as well as irregular geometries of Ag/Co3;0, BMNPs with varying particle

sizes were found in the micrographs.

Figure 11: SEM image of (a) Ag NPs (b) Co304 NPs (c) Ag/Co30, BMNPs

4.5. Fourier Transform Infrared (FT-IR) Spectroscopy analysis

FTIR analysis for the green synthesized, Ag NPs, Co304 NPs and Ag/Co3;0, BMNPs and the
leaf extract of Croton macrostachyus were carried out in order to explore the formation of Ag
NPs, Co304 NPs and Ag/Coz04, BMNPs and confirm the functional groups present in the leaf
extract of Croton macrostachyus plant. This is used to identify the possible bioactive
molecules which were actively involved during the synthesis process as stabilizing and
capping agents to prevent the overall growth of Ag NPs, Co304 NPs and Ag/Co30, BMNPs.
Figure 12 showed the FT-IR result of leaf extract of Croton macrostachyus plant and Ag NPs.
The FTIR spectrum for leaf extract of Croton macrostachyus plant figure 12(a) showed the
absorption bands at 3431 cm™, 2921 cm™, 2114 cm™, 1631 cm™, 1455 cm™, 1027 cm™ and
543 cm™. The broad peak observed in the spectrum at around 3431 cm™* confirming the
presence of O-H stretching. While, the absorption peak located at around 2921 cm™ reveal
the presence of C-H stretching vibrations of alkane. The peak observed around 2114 cm™
represents the nitrile (C = N) functional groups. A peak at 1631 cm * showed the presence
amide (C=0) stretch and the observed peak at 1455 cm™ showed N-H Bend of primary amines
and C-H alkanes Bending. The absorptions peak around 1027 cm™ C-O stretch of ether
functional group. The peak at 543 cm ' may corresponds to the presence of aryl disulfide (S—
S) or Polysulfides (S-S stretch) or C—Br stretch.
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However, for the synthesized Ag NPs, the FTIR spectrum exhibited some shifting of the
peaks; peak intensity decreased/increased, and disappeared, as observed in Figure (b). The
peak shifted, suggesting that the responsible functional groups were involved in the binding
mechanism on the Ag NPs. After the synthesis process, the peaks at 3431 cm™, 2921 cm™,
1631 cm™, 1455 cm™, 1027 cm™ and 543 cm™ shifted to 3395 cm™, 2911 cm™, 1597 cm™,
1344 cm™ and 1005 cm™, 3395 cm™ corresponding to —OH stretching of the carboxylic acid.
The peak absorption at 2911 cm™ corresponds to C-H stretching of Alkane. While, the peak at
1597 Cm'l, 1344 cm™ indicates N=O Stretch of the Nitro Groups and N=O Bend of the nitro
group. The absorption peak at 1005 cm™ indicated C-O stretch of ether functional group
respectively (Farsi & Farokhi, 2018; Sharma et al., 2022; Teshale et al., 2020).

The FTIR spectrum of Coz04 NPs and Ag/Coz0O, BMNPs also showed some shifting of the
peaks; peak intensity decreased/increased, and disappeared. Figure 13 showed the FT-IR
results of Co304 NPs and Ag/Co3;0, BMNPs. The absorption peaks of Cos;O4, NPs and
Ag/Co304 BMNPs were observed at 3391 cm™, 2920 cm™, 2356, 2060, 1618, 1349 cm™, 1046
cm™, 825 cm™ and 3324 cm™, 2921 cm™, 2356 cm™, 2080 cm™, 1550 cm™, 1362 cm™, 1013
cm™, 799 cm™, 666 cm™, 570 cm™ respectively.

Figure 13(a) indicates the FT-IR spectra of the sample Co304 NPs exhibits, the absorption
peak at 3391 corresponding to —OH stretching of the carboxylic acid. The absorption peak
located at around 2921 cm* reveal the presence of C-H stretching vibrations of alkane. While,
the peak observed around 2080 cm™* represents the nitrile (C = N) functional groups. The
peaks located at 1618 cm™ may be due to C=C stretching. 1349 cm™ and 1046 cm™
corresponding to N=O Bend of the nitro group and C-O stretch of ether functional group
respectively. The absorption peak observed at 577 cm™ corresponds to the stretch Co-O
present in cobalt oxide nanoparticles.

Figure 13(b) shows FT-IR spectra of the sample Ag/Co30, BMNPs exhibits, band at the band
at 3324 cm’l indicated the —OH stretching of the carboxylic acid. The band located at around
2921 cm* shows the presence of C-H stretching vibrations of alkane. The absorption peak
around 1550 cm™ and 1362 cm™ indicated N=O Stretch of the Nitro Group and N=O Bend of
the nitro group. While, the absorption peak at 1013 cm™ indicated the presence of C-O stretch
of ether functional group. The absorption peak at 666 cm™ corresponds to the stretch
vibrations of the O-Co-O and 570 cm™ corresponds to the stretch Co-O present in Ag/C030.
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BMNPs. The peak at 799 cm ™ may corresponds to the presence substituted alkene (Asha et

al., 2022; Bekele et al., 2022; Kainat et al., 2021; Teshale et al., 202).
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Figure 12: FTIR spectra of (a) Croton macrostachyus plant extract, (b) Ag NPs
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Figure 13: FTIR spectra of (a) Co304 NPs, (b) Ag/Co304 BMNPs
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4.6. Thermogravimetric/differential thermal analysis (TGA/DTA) analysis
The thermal behaviour or thermal stability of biosynthesized Co3O, NPs and Ag/Co304
BMNPs that were capped by phytochemicals of Croton macrostachyus plant extract was
investigated via thermogravimetric analysis. Thermogravimetric analysis was conducted under
a nitrogen atmosphere at a heating rate of 10 C/min, and the weight loss process was observed
in two steps as revealed from the TGA-DTG curves. For CozO4 NPs weight loss of 81.66%
was observed from room temperature to 348 °C. The first 30.41% could be due to the loss of
residual ethanol or absorbed moisture. The second weight loss 51.25% could be due to the loss
of oxygen, enhancing the formation of oxygen vacancies. The weight loss is due to thermal
decomposition or dehydration of Co,0,4 to Co304 particles. For Ag/Co304, BMNPs weight loss
of 10.1% was observed from room temperature to 467 °C. The first 3.5% could be due to the
loss of residual ethanol or absorbed moisture. The corresponding DTA showed two
endothermic peaks at the same temperatures. According to the TGA/DTA analysis, the total
weight loss of the biosynthesized Co3O4 NPs and Ag/Coz;O, BMNPs were approximately
81.66% and 10.1% respectively which supports the capping of s Co30O4 NPs and Ag/Coz0,

BMNPs by Croton macrostachyus extract phytochemicals.
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Figure 14: TGA and DTA results of a) Co3O4 NPs and b) Ag/Co304

4.7. Antibacterial activity of synthesized Ag NPs, Co304NPs and Ag/ Co3O, BMNPs
In this section, the antibacterial activities of the synthesized NPs were discussed. The
antibacterial activity of Croton macrostachyus leaf extract templated synthesized Ag NPs,

Co304 NPs and Ag/Co30, BMNPs were investigated via the method of agar disc diffusion
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assay. (Figure 15, 16 and 17) indicates the antibacterial activity of the synthesized Ag NPs,
Co0304 NPs and Ag/Co30, BMNPs against the bacterial strains gram-negative Escherichia-coli
and Salmonella typhimirium and gram-positive Staphylococcus aureus and Enterococcus

faecalis respectively.

Figure 15:  Antibacterial activities of Ag NPs against Escherichia-coli,

Salmonella typhimurium, Staphylococcus aureus and Enterococcus faecalis.

S. typhi
CO304NPS

S. aureus S .faecalis
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Figure  16:  Antibacterial  activities of CozO4sNPs  against  Escherichia-coli

Salmonella typhimurium, Staphylococcus aureus and Enterococcus faecalis.

S. thyphi
Ag/Co;0, BMNPS

Figure 17: Antibacterial activities of Ag/Co30, BMNPs against Escherichia-coli,
Salmonella typhimurium, Staphylococcus aureus and Enterococcus faecalis.

The antibacterial activity of the synthesized Ag NPs, Co3O4 NPs and Ag/CozO, BMNPs
against the bacterial strains gram-negative Escherichia-coli and Escherichia-coli,
Salmonella typhimurium and gram-positive Staphylococcus aureus and Enterococcus faecalis

were tabulated and discussed in the tables (5, 6. and 7) respectively.

45



Table 5: Zones of inhibition of Ag NPs and Contrimoxazole (+ve control) with different

concentrations against different bacterial strains.

sample

Ag NPs

Contrimox
azole
(+ve)
control
DMSO (-

ve) control

Concentra  Zone of inhibition (mm).

tion
(mg/ml)
Gram-negative species Gram-positive species
Escherichia- Salmonella typhim  Staphylococcus Enterococcus
coli urium aureus faecalis
ATCC25922 ATCC13311 ATCC25923 ATCC29212
20 16.167 £ 0.167 14.33+ 0.167 14.167 £0.167 21.33+£0.33
10 15+ 0.2887 13.167 £ 0.167 12.83+0.441 19.3+0.33
5 12 +0.2887 12 +0.2887 12.167 £0.167 18.33+0.33
2.5 11.167 £ 0.167 10.33 £0.167 10.33+£0.167 17.167 +
0.167
22.83+0.167 23.83+0.167 22 22.167 +
0.167
6 6 6 6
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Table 6: Zones of inhibition of Co304 NPs and Contrimoxazole (+ve control) with different

concentrations against different bacterial strains.

sample

Co0304 NPs

Contrimoxa
zole (+ve)
control

DMSO (-

ve) control

Concentr  Zone of inhibition (mm)
ation
(mg/ml)
Gram-negative species Gram-positive species
Escherichia- Salmonella typhim  Staphylococcus Enterococcus
coli urium aureus faecalis
ATCC25922 ATCC13311 ATCC25923 ATCC29212
20 12.33+£0.33 11.83 £ 0.167 10.5+0.2887 12 +0.2887
10 10 9 9405 11+1
5 9.167 £0.167 8.167 £ 0.167 7.667 £0.167 8.83+0.167
2.5 8 +£0.2887
6 7.167 £0.167 7.33+0.167
23 23.833 £0.167 22.167 +0.167 18
6 6 6 6
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Table 7: Zones of inhibition of Ag/Co304, BMNPs and Contrimoxazole (+ve control) with

different concentrations against different bacterial strains.

sample Concentr  Zone of inhibition (mm)
ation
(mg/ml)
Gram-negative species Gram-positive species
Escherichia- Salmonella typhim  Staphylococcus Enterococcus
coli urium aureus faecalis
ATCC25922 ATCC13311 ATCC25923 ATCC29212
Ag/Cos04 20 175+ 0.2887 13.5+0.2887 15,5 12 +0.577
BMNPs 10 16.167 £ 0.167 12.33+0.33 15.167 £0.167 11+0.577
5 14.167 £ 0.167 12.5+0.2887 14.167 £0.167 9.33+0.33
2.5 12.167 £ 0.167 11.167 £0.167 13 +0.2887 7.833 £ 0.440
Contrimoxa
zole (+ve) 21.833 +
control 22.167 £ 0.167 21.167 +0.167 24.833+0.167 0.167
DMSO (-
ve) control 6 6 6 6

As shown in figure 18 supported by table (5-6 ), the antibacterial activity of the synthesized
Ag NPs, Co304 NPs and Ag/Co304 BMNPs were enhanced with increasing the concentration
of the nanoparticles. The presence of an inhibition zone indicates that the mechanism of the
biocidal action of synthesized nanoparticles involves disruption of the cell membrane of
bacterial species and finally leads to the death of pathogens. Thus, the size of the inhibition
zone was different according to the type of pathogens, the concentration of the synthesized
nanoparticles and the types of nanoparticles.
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Figure 18: Inhibition Zone of Ag NPs, Co304 NPs and Ag/Co304 BMNPs Escherichia-coli,
Salmonella typhimurium, Staphylococcus aureus, and Enterococcus faecalis.

When the anti-bacterial activity of synthesized Ag NPs, Co304 NPs and Ag/Coz0, BMNPs
compared to each other against selected bacterial strains  Escherichia-coli,
Salmonella typhimurium, Staphylococcus aureus and Enterococcus faecalis), Ag/Co304
BMNPs exhibited best inhibition activities toward the selected bacterial species (Escherichia-
coli and Staphylococcus aureus) than that of Ag NPs and Co3O4NPs inhibition activities.
However, Ag NPs exhibited best inhibition activities toward Salmonella typhimurium and
Enterococcus faecalis bacteria species. Co304 NPs showed least inhibition activities against
selected bacterial species compared to Ag NPs and Ag/Co30, BMNPs. Ag NPs target both the

respiratory chain and the cell-division machinery, while concomitantly releasing silver ions
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(Ag") that increase bactericidal activity and finally leading to cell death (Padilla-Cruz et al.,
2021). For cobalt oxide NPs, the different positive states of cobalt ions, i.e., Co®" and Co®"
interact with the parts of the bacterial cell that have a negative charge and cause the death of
the bacterial cell. Second, there may be the excitement of electrons on the surface of cobalt
oxide because of light irradiation in the conduction and valence band. In the conduction band,
there is the formation of superoxide radical anion because of the reaction of excited electrons
and oxygen molecules. Finally, the formation of hydrogen peroxide, which is a strong oxidant,
occurs. On the surface of NPs, the reaction of water and superoxide radical anion destroys the

bacterial cell (Iravani & Varma, 2020).
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5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

In the present findings, Ag NPs, Co304 NPs and Ag/Co30, BMNPs were synthesized via the
green synthesis method by using Croton macrostachyus leaf extract. The green-synthesized
Ag NPs, Co304 NPs and Ag/Co30, BMNPs were characterized using XRD, UV-DRS, SEM,
FTIR, and TGA. The XRD analysis reveals the average crystallite sizes of 12.62 nm, 12.746
nm, and 18.07nm for the synthesized Ag NPs, Co3O, NPs and Ag/Co3;0; BMNPs,
respectively. The UV-DRS result suggests the energy band gap for synthesized Ag NPs,
Co0304 NPs and Ag/CozO, BMNPs were deduced to be 3.38 eV, 3.34 eV and 3.54 eV,
respectively. The SEM images showed clusters or large nanoparticles for Ag NPs and
spherical as well as irregular geometries which is nonhomogeneity of the particles in terms of
their shape and size for Coz04 NPs and Ag/Co304 BMNPs. The antibacterial activity of the
green synthesized Ag NPs, Co304 NPs and Ag/CozO, BMNP NPs was evaluated against
Escherichia-coli, Salmonella typhimurium, Staphylococcus aureus and Enterococcus faecalis.
Ag/Co30, BMNPs showed enhanced activities toward (Escherichia-coli and Staphylococcus
aureus) than that of Ag NPs and Co3O4 NPs inhibition activities. However, Ag NPs showed
enhanced activities toward Escherichia-coli, Salmonella typhimurium and Enterococcus
faecalis bacteria species. Co30, NPs showed least inhibition activities against selected
bacterial species compared to Ag NPs and Ag/Co3;04 BMNPs.
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5.2.Recommendation
Bimetallic nanoparticle synthesis through green methods is one of the emerging research areas
with huge future prospective. Thus, further studies may be required for the synthesis of
Ag/Co30, BMNPs and their applications such as in the field of optoelectronic devices,
catalysis and biomedical applications. And also | recommend the synthesized nanoparticles
need further characterization by different instruments like EDX, TEM, HRTEM, DLS and

SAED analysis.
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