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ABSTRACT

GREEN SYTNHESIS AND CHARACTERIZATION OF METAL
OXIDE NANOPARTICLES: Fe (IRON), Cu (COPPER), AND Zn
(ZINC)

The interest in the green synthesis of nanoparticles has significantly increased in the
last decade as an alternative approach to chemical nanoparticle synthesis. Green synthesis is
a technique that produces highly valuable materials by minimizing hazardous chemicals and
using environmentally friendly, low-cost, and energy and time-saving materials, such as
plant-based, industrial wastes, and recycled substances. This study presents the isolation and
characterization of quercetin from Prunus serrulata (cherry blossom) and aims to control
and understand the synthesis of nanoparticles (iron oxide, copper oxide, and zinc oxide)
utilizing Prunus serrulata leaf extract as both reducing and capping agents. The effects of
the mixing ratio of the volume of metal ions solution to Prunus serrulata leaf extract, the
concentration of metal ions solutions, the pH, and the temperature of the reaction on the
synthesis of nanoparticles are examined individually. The characterization of the plant-
mediated extract is completed through Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier
Transform-Infrared Spectroscopy (FT-IR), Liquid Chromatography-Mass Spectrometry
(LC-MS), and Nuclear Magnetic Resonance Spectroscopy (NMR). The synthesized
nanoparticles were characterized by several instrumental analyses including FT-IR,
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The optimum conditions
for all of the synthesized nanoparticles were determined separately. For FesO4 nanoparticles,
it follows as: 3:1 (Fe*® solution:Prunus serrulata leaf extract) mixing ratio, 10 mM Fe*3
solution, pH 6, and 25 °C reaction temperature. For CuO nanoparticles, it follows as: 2:1
(Cu*? solution:Prunus serrulata leaf extract) mixing ratio, 25 mM Cu*? solution, pH 5, and
25 °C reaction temperature. Finally, for ZnO nanoparticles, it follows as: 2:1 (Zn*?
solution:Prunus serrulata leaf extract) mixing ratio, 25 mM Zn*? solution, pH 5, and 25 °C

reaction temperature.
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OZET

METAL OKSIiT NANOPARCACIKLARININ YESIL SENTEZi VE
KARAKTERIZASYONU: Fe (DEMIR), Cu (BAKIR) VE Zn (CINKO)

Nanopargaciklarin kimyasal yontemlerle sentezlenmesine alternatif bir yaklasim olan
nanopargaciklarin yesil sentezine olan ilgi, son on yilda 6nemli 6lgiide artmistir. Yesil
sentez, zararli kimyasallar1 en aza indirgeyip, ¢evre dostu, diisiik maliyetli, enerji ve
zamandan kazandiran bitki bazli, geri doniistliriilmiis maddeler ve endiistriyel atik gibi
malzemeleri kullanarak yiiksek degerli malzemeler iireten bir yontemdir. Bu calisma,
quercetin’in Prunus serrulata’dan (kiraz ¢igegi) izole ve karakterize edilmesini, sonrasinda
Prunus serrulata’dan hazirlanan yaprak 6zUinln indirgeyici ve ylzey aktif malzeme olarak
kullanilarak bu nanopargaciklarin (demir oksit, bakir oksit ve ¢inko oksit) sentezini anlamay1
ve kontrol etmeyi amaclar. Metal iyon ¢Ozeltisi hacminin Prunus serrulata yaprak 6z
karisimma hacminin oraninmn, metal iyon ¢dzeltilerinin konsantrasyonunun, pH’nin ve
reaksiyon sicakliginin nanopargaciklarin sentezi lizerindeki etkileri tek tek incelenmistir.
Yaprak 6zlnun karakterizasyonu Ultraviyole ve goriiniir 151k Spektroskopisi (UV-Vis),
Fourier Doniisimlic  Kizilotesi  Spektroskopisi  (FT-IR), Sivi  Kromatografi-Kutle
Spektrometresi (LC-MS) ve Nikleer Manyetik Rezonans (NMR) yontemleri kullanilarak
yapilmistir. Sentezlenen nanopargaciklar FT-IR, Taramali Elektron Mikroskobu (SEM),
Enerji Dagilimli X-Isi1 Spektroskopisi (EDX), X-Isimi1 Kirmmmi (XRD) ve X-Isi
Fotoelektron Spektroskopisi (XPS) yontemleri kullanilarak karakterize edilmistir.
Sentezlenen nanopargaciklariin her biri i¢in ayr1 ayr1 en uygun kosullar belirlenmistir.
FesO4 nanoparcaciklar i¢in en uygun kosullar su sekildedir: 3:1 (Fe*® sollisyonu:Prunus
serrulata yaprak 6zil) karistirma orani, 10 mM Fe*? sollisyonu, pH 6 ve 25 °C reaksiyon
sicakligi. CuO nanopargaciklar i¢in: 2:1 (Cu*? soliisyonu:yaprak zii) karigtirma orani, 25
mM Cu*? soliisyonu, pH 5 ve 25 °C reaksiyon sicakligi. Son olarak ZnO nanopargaciklari
icin: 2:1 (Zn*? sollsyonu:yaprak 6z(l) karistirma orani, 25 mM Zn*? sollsyonu, pH 5 ve

25°C reaksiyon sicaklig1 seklindedir.
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1. INTRODUCTION

1.1. Nanoparticles

Improvements in nanotechnology and nanoscience have emerged remarkably in recent
years. Nanoparticles, or nanocomposites are defined as particulate matter with dimensions
between 1 nm and 100 nm [1]. They possess the unique property of having a high surface
area to volume ratio which provides advantages for using them in many research fields [1].
Nanoparticles promote increased higher chemical activity and greater absorption and

interaction with any kind of system.

Nanoparticles and small molecules are two different concepts of particulate nature.
Nanoparticles can be engineered and modified to have desired properties, such as the
implementation of magnetic properties through various chemical reactions. On the other
hand, small molecules are used as they are and cannot be modified. For example, drugs used
in cancer treatment with a smaller molecular structure have some limitations concerning side
effects and cytotoxicity whereas nanoscale drug carriers like metal nanoparticles are

employed to address this problem [2].

1.1.1. Types of Nanoparticles

There have been countless research works with several types of nanoparticles in the
literature. Nanoparticles can be divided into three different groups: organic, inorganic, and
carbon-based [3]. Organic nanoparticles contain nanoparticles such as lipids, polymeric
structures, and dendrimers, whereas inorganic nanoparticles contain metal/metal oxides,
mesoporous silica, core-shell structures, and quantum dots [4]. In addition to these, carbon
nanotubes and graphene oxide nanoparticles can be presented under carbon-based
nanoparticles since they have different carbon arrangements. Different types of

nanoparticles are illustrated in Figure 1.1.
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Figure 1.1. Different types of nanoparticles.

1.1.2. Synthesis of Nanoparticles

Generally, there are two ways of nanoparticle synthesis: top-down and bottom-up
approaches seen in Figure 1.2. The top-down way of synthesizing nanoparticles is defined
as reducing the size of the bulk material toward to nanoscale. On the other hand, the bottom-
up approach refers to producing nanomaterials from smaller atoms and molecules [5]. The
top-down approach requires more energy to synthesize nanoparticles compared to the
bottom-up method. Furthermore, manufacturing small-sized nanoparticles and controlling
the morphology of nanoparticles is limited by using physical methods. However, the bottom-
up approach is the more acceptable and effective method [6]. The bottom-up approach
involves chemical reactions. In this method, variations of the reaction precursors and
different reaction conditions such as temperature and pH can influence the size and shape of
the nanoparticles whilst obtaining the desired morphology. Hence, controlling the

morphology of the nanoparticles is better in the bottom-up approach.

Top-down Bottom-up
4 N . N
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Figure 1.2. The illustration of the top-down and the bottom-up approaches.



Various chemical reactions and methods have been developed for the production of
nanoparticles based on the bottom-up methodology. Sol-gel processing [7], hydrothermal
synthesis [8], co-precipitation [9], thermal decomposition [10], and microemulsion [11]
methods are some of the techniques based on the bottom-up approach, excluding the thermal
decomposition method since it is based on the top-down approach for the nanoparticle
synthesis. In addition to these methods, interest in the green synthesis of nanoparticles using
biological materials has emerged over the last decade. All these paths through chemical
synthesis have been used to build a common method of synthesizing different types of
nanoparticles for many different research fields. Different methods of synthesis are

summarized in Figure 1.3.
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Figure 1.3. The summary of three general synthesis methods for nanoparticles.

The sol-gel process is one of the techniques that are used frequently for the synthesis
of nanoparticles. In this method, the sol (colloidal suspension) obtained from metallic
alkoxides, or organometallic precursor goes through phase transformations in order to
produce gel (gelatin form of liquid) material [9]. First, the chemical reaction between
metallic alkoxides and water, in the pH-dependent environment, occurs through
hydrolyzation and condensation of metallic alkoxides [12]. Later, the solvent within the
reaction containing metallic alkoxides is removed by drying with proper heating, and the

final product is obtained.



Hydrothermal synthesis is one of the oldest methods used for many years. It has been
used successfully for the synthesis of microporous crystals, ionic conductors, luminescence
phosphors, and nanomaterials [13]. Essentially, it is a solution reaction-based approach that
includes the use of solvents with high boiling temperatures and various types of surfactants
in a controlled environment [14]. The reactants are first dissolved in an aqueous medium,
then ions are separated due to the temperature difference, and finally, the dissolved material

grows, and nanomaterials are produced [15].

The co-precipitation method is another classic method for the synthesis of magnetic
nanoparticles. Precipitation of metal ions (e.g., Fe*? or Fe*3) can be established by adding a
base (e.g., sodium hydroxide (NaOH)) into the metal ion solution [16]. It is easier to apply
this method, but controlling the size and morphology is relatively low compared to other

methods.

The thermal decomposition method is another chemical way of producing
nanoparticles. However, this method is part of the top-down approach in which desired
nanoparticles can be established from the bulk. In this method, magnetic nanoparticles are
produced after a mixture of metal ions and surfactants decompose under high temperatures
[17]. At the end of this process, featureless monodispersed nanoparticles are obtained [10].
Using this method requires a higher amount of energy compared to other methods, but a

higher amount of yield is also obtained.

The microemulsion technique is a method that involves an oil and water mixture in
micelles. In order to synthesize nanoparticles in micelles certain rules are required. First, a
collision happens between two nonempty micelles to transfer of entire solute in one micelle
and formation of the empty micelle, interchange of the reactants among the nanodroplets
occurs when the fusion reaction between two micelles takes place later, and the nucleation
reaction happens before the reaction growth step by an interchange of reactants and products
[18]. In this case, reaction growth which is nanoparticle formation can be controlled by

different parameters including reaction precursors, temperature, and pH.

Overall, the general synthesis conditions and some of the advantages of various

methodologies are listed in under Table 1.1.



Table 1.1. General synthesis methods and their importance.

Synthesis Methods | General Synthesis Conditions Important Notes

Utilized under more than 100 °C
) Controllable structures are
Sol-gel temperature, organic solvents _
obtained.
are used.

) Minimum loss of materials
High pressure and temperature | ] ]
_ is achieved, nanomaterials
Hydrothermal are required under aqueous )
_ are unstable at high
environment.

temperatures.
Used under room temperature
Co-precipitation conditions, organic solvents are Easy to apply.
employed.
= | Utilization of high temperatures | Produced nanoparticles are
erma
. (200-300 °C) and longer monodispersed and have
decomposition o ) S

reaction times are required. narrow size distribution.

_ ) The produced nanoparticles
_ _ A mixture of oil, surfactant, and _
Microemulsion _ may be divergent whereas
water is used. o
reaction is hard to apply.

Easiest, cheapest, and
_ _ Employed under room ] )
Biological/Green . | environmental-friendly. The
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1.1.3. Applications of Nanoparticles

A distinguishing factor that interests in nanoparticles emerged in recent years is that
they have unique properties of having a high surface area to volume ratio and quantum
confinement effects. Having a high surface area to volume ratio means that a smaller amount
of any substance might be useful for any specific subject. When the particle size decreases,

atoms behave differently compared to particles that have larger sizes. For example,



nanocrystals with different sizes absorb and re-emit ultraviolet (UV) light and the emission
wavelength changes with different sizes of the nanocrystals [19]. In the end, different colors

of the spectrum might be observed depending on different sizes as illustrated in Figure 1.4.
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Figure 1.4. Different size comparisons of quantum size effect.

Biomedical nanoparticle research is one of the essential application fields where
nanoparticles are frequently employed. Nanoparticles have been studied on different
diseases such as cancer [20], HIV/AIDS [21], diabetes [22], and neurodegenerative diseases
like Huntington’s disease [23]. The common point of these diseases is that their treatments
are inefficient and side effects are enormously dangerous during the process since they can
cause death. Therefore, using the advantages of nanoparticles for the diagnosis, prevention,
or treatment of diseases is highly valued [24]. For example, polymer brush-coated magnetic
nanoparticles are produced for the diagnosis and early treatments, and the functionalization
of these nanoparticles is accomplished by “clickable” functional groups which are called
active sites to which only selected groups can attach, and moreover, new properties emerging
from the nanoparticles can be employed to detect cancer cells earlier stages [25]. On the

other hand, derivatives of graphene such as graphene oxide (GO) or reduced graphene oxide



(rGO) with a smaller number of oxygens compared to GO, are used in different biomedical
applications thanks to their electrochemical properties. For example, nanocomposites of GO
with polymers, gold, and different magnetic nanoparticles provide many advantages to
biotechnological applications in phototherapy, bio-imaging, bio-sensing, gene, and drug
delivery [26]. The electron transfer caused by the m-n* transition between the orbitals of
atoms in graphene oxide provides bio-sensing and bio-imaging applications due to the
movement of delocalized m electrons [26]. Furthermore, rGO which is produced from GO
by different methods including several chemical processes, is capable of having

functionalized different organic groups that lead to usage in biomedical research.

Nutritional supplements including nanoparticles are another significant application
area for nanoparticle research. Metal/metal oxide nanoparticles (M/MOx NPs) are used in
the nutrition industry not only for commercial purposes but also in the animal nutrition
industry due to promising earlier results of using nanoparticles in animal nutrition. For
example, selenium (Se) nanoparticles are used in both nutritional supplements [27] and
animal nutrition productions [28]. However, due to the nature of itself, Se must be evaluated
carefully since a higher amount of it in a supplementary diet might be toxic whereas a
deficiency of Se might have problems in the body [29]. Se is found in nature in organic and
inorganic forms. Organic Se is usually found in amino acids like selenocysteine,
selenomethionine, selenohomocysteine, etc. whereas inorganic Se is usually found as
selenium dioxide, selenious acid, and selenic acid [30]. Se is important for muscle growth,
immunity functions, reproduction, and healthy and steady performance of organs in the body
whilst it produces antioxidative properties and antibacterial activity [31]. Therefore,
determining an appropriate amount of Se by using nanoparticles in nutritional supplements

is vital for human health considering its capability of damage to the body.

1.1.4. Green Synthesis of Nanoparticles

The synthesis of nanoparticles using plant-based materials is called the green
chemistry approach which is a part of both nanotechnology and biotechnology [32]. The
green synthesis of nanoparticles requires plant-mediated extracts for both reduction and

stabilization for the production of M/MOx NPs. Polyphenols, terpenoids, flavonoids, and



phenolic acids are known to have a role in reduction and supporting stabilization for the

green synthesis method.

Conventional chemical methods for the synthesis of nanoparticles have some
limitations such as using of hazardous, toxic, and expensive chemicals, and the requirement
of high temperature and pressure for the reaction takes place [33]. The toxicity of M/MOx
NPs must be considered seriously since the danger of contaminating the earth and causing
adverse effects on human health can exacerbate the situation [34]. Using plant-based
materials instead of chemicals prevents damage to the environment, reduces the cost of
production, and most importantly, saves time by only a single-step chemical reaction for the

synthesis of nanoparticles that have different sizes, morphologies, and crystal structures.

The green synthesis route is not restricted by only plant-based materials since it also
includes different microorganisms [35] and fungi [36]. For example, it has been studied that
Ag nanoparticles were synthesized by using MKH1 bacterium [37], and Penicillium italicum
fungi [38] with further antioxidant activity of nanoparticles on Staphylococcus aureus,

Salmonella enterica, Bacillus cereus, and Escherichia coli were also investigated.

On the other hand, the greatest challenge in the green synthesis of nanoparticles is the
amount of the obtained product yield. Even though this method produces less harmful waste
to the environment, product yield is much less than the nanoparticles synthesized with other
chemical methods. Therefore, it is important to increase product yield by using every
possible chemical ingredient of bioorganic molecules in leaf or seed extracts,

microorganisms, and fungi.

1.2. Iron Oxide Nanoparticles

Iron oxide nanoparticles were widely distributed in various fields of nanoscience and
have been used for many years. Mostly, iron oxide nanoparticles were primarily utilized for
their magnetic properties in biomedical research, environmental remediation, and materials
science. In biomedical research, they are employed in magnetic resonance imaging as
contrast agents while they serve as carriers for drug delivery systems [39]. In environmental

remediation, they are used for the removal of heavy metals and other pollutants from water



and rich soil [40]. In materials science, they are utilized as catalysts [41], and electrode

materials [42].

There are a variety of techniques for synthesizing iron oxide nanoparticles including
sol-gel, co-precipitation, thermal decomposition, microemulsion, etc. Each of these
techniques has their own advantages and disadvantages. The choice of approach relies on
the specific application and desired properties of the iron oxide nanoparticles. The common
point of these methods is that they all include several chemicals for the reaction precursor
such as chloride or nitrate salts of iron (FeClz, FeCls, or Fe(NOs3)s), reducing agents include
sodium borohydride, or ascorbic acid, and many surfactants like cetyltrimethylammonium
bromide (CTAB).

1.3. Copper Oxide Nanoparticles

Copper oxide nanoparticles have been employed in numerous fields for many years.
Recently, new applications for copper oxide nanoparticles in catalysis, solar energy, and
biomedical research have emerged. They serve as catalysts in a variety of chemical reactions,
such as the selective oxidation of benzyl alcohols in the aqueous phase [43] and the catalytic
reduction of methylene blue dye [44]. Copper oxide nanoparticles are utilized in the solar
energy industry as p-type semiconductors with a 1.5 eV band gap energy which is close to
the 1.4 eV energy gap for a solar energy system in its optimal state [45]. Also, copper oxide
nanoparticles have been employed as antibacterial effects in biomedical studies [46].
Additionally, they also have the potential to be used as a cancer therapy by producing
reactive oxygen species, which can play a significant role in causing the death of bladder
cells [47].

Comparable methods that were utilized to produce iron oxide nanoparticles have also
been employed to fabricate copper oxide nanoparticles. Sonochemical and electrochemical
synthesis methods are also utilized in addition to sol-gel, microemulsion, and hydrothermal
procedures. Sonochemical synthesis of copper oxide nanoparticles can be created by
continuous utilization of high-frequency sound waves to form of novel nanostructure [48],
whereas electrochemical synthesis can be established by applying a potential to copper

electrodes in NaCl solution to produce copper oxide nanoparticles [49].
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1.4. Zinc Oxide Nanoparticles

Zinc oxide nanoparticles are valuable in a variety of nanoscience applications due to
their unique properties. They possess various beneficial features that range from electronics
to cosmetics [50], such as semiconductor materials and UV absorbents for sunscreen
protection industries [51], besides having low cost and stability [52]. Additionally, as iron
oxide and copper oxide nanoparticles, zinc oxide nanoparticles have also been performed in
biomedical research. They can be applied in the biomedical field, such as veterinary sciences

to treat a variety of skin disorders and assist in wound healing [53].

Sol-gel, co-precipitation, hydrothermal process, thermal decomposition procedures,
etc. are used in the synthesis of zinc oxide nanoparticles similar to iron oxide and copper
oxide nanoparticles. As a result, all of these techniques have been used for many years with
practically any metal. However, the toxicity of these nanoparticles must be carefully

considered and should not be ignored.

1.5. Characterization Techniques

Several characterization techniques have been applied to various types of analytical
methodologies for nanoparticle characterization. The surfaces, crystalline structures, and
elemental composition of the materials have been examined by using several methods.
Moreover, additional analysis methods are required to comprehend the mechanism occurring

during the synthesis process.

1.5.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a characterization technique that is used to
observe high-resolution images of the surface of samples. The surface of the sample is
scanned with an electron beam. Later, the electrons that are emitted or backscattered are used
to produce final images. However, since it is difficult to detect scattered electrons from
insulated materials, they are covered with conductive metals such as, platin and gold before

the analysis. Finally, morphologies, sizes, and aggregations of the sample are observed.
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1.5.2. Scanning Transmission Electron Microscopy (STEM)

Scanning Transmission Electron Microscopy (STEM) is a similar method compared
to SEM. In this method, nanoparticles are observed with higher resolutions using various
detectors such as bright field (BF) and high-angle annular dark-field (HAADF). These
detectors facilitate the acquisition of images with a sense of depth. The samples are usually

placed on the copper grid which allows collecting more electrons from the source.

1.5.3. X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is an instrumental method that is employed to determine the
crystal structure of a sample. Incident X-ray beams are sent across to the surface of materials.
A detector is used to collect diffracted X-rays each of which has a specific angle for the
crystalline structure of any given substance. Surface patterns are discovered with the data
provided by the detector. Overall, the graphical representation of scattered patterns provides

details about the crystal structure of the sample. The process is illustrated in Figure 1.5.
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Figure 1.5. The illustration of XRD analysis.

1.5.4. X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is another spectroscopic technique that is
utilized to identify the chemical composition of samples. In this method, electrons within a

sample absorb photons of certain energy until they are released from the sample later [54].
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Details on the electronic states of atoms at the surface are obtained from binding energy

calculations of emitted electrons.

1.5.5. Energy Dispersive X-Ray (EDX)

Energy Dispersive X-Ray (EDX) analysis is applied in conjunction with SEM to
identify the elemental composition at the surface of nanomaterials [55]. However, it is
important to note that this analytical technique is insufficient to comprehend the atomic
behavior of elements, because a huge surface area, roughly deep in 2um, is covered [56]. It
is useful for identifying the overall elemental mapping of the sample and estimating

elemental proportions.

1.5.6. Ultraviolet-Visible Spectroscopy (UV-Vis)

Ultraviolet-Visible Spectroscopy (UV-Vis) is a technique used to measure the
absorbance of analytes, such as transition metal ions and biological molecules, utilizing
ultraviolet light to identify their quantitative properties [57]. Additionally, it can be
employed as an alternative approach to study nanoparticles by measuring their size and
concentration and observing their stability, since destabilization of nanoparticles can trigger

a decrease in intensity peaks [57].

1.5.7. Fourier-Transform Infrared Spectroscopy (FT-IR)

Fourier-Transform Infrared Spectroscopy (FT-IR) is used to identify and study the
chemical composition of a sample by measuring the absorption or emission of infrared
radiation. It is mostly used to determine various functional groups in organic molecules

whereas inorganic compounds can be identified as well.
1.5.8. Liquid Chromatography-Mass Spectrometry (LC-MS)
Liquid Chromatography-Mass Spectrometry (LC-MS) is an effective analytical

technique that is employed to separate, identify, and quantify both known and unknown

substances as well as to clarify the structure and chemical properties of different molecules
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[58]. It involves utilizing liquid chromatography to separate the components of a sample,
followed by identification and quantification of the separated components using mass
spectrometry. It has been used for compounds in plant materials, and it offers high

selectivity.

1.5.9. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear Magnetic Resonance Spectroscopy (NMR) is a widely utilized and advanced
analytical method that provides information about the structure and properties of molecules.
The method works by applying a magnetic field to the atomic nuclei of atoms in the sample
and then measuring the radio frequency radiation emitted by the nuclei to characterize the
sample [59]. This is because different atomic nuclei have different chemical surroundings
[59]. NMR is a non-destructive technique, meaning that it does not damage the sample or

alter the sample, and the sample can be used for further analysis [60].

1.6. Aim of the Study

As explained in the introduction section, nanoparticles have a wide range of uses, and
many studies have been conducted on their applications in medical science or materials
science. However, it is no mystery that these studies are costly and generate a lot of waste.
One solution to this issue is the conjunction of nanoparticles with cheap and environmental-
friendly biomaterials. It is a necessity not only for scientific research but also for practical
and commercial reasons. Considering these reasons, therefore, it is necessary to explore
alternative, more cost-effective, and sustainable methods for synthesizing and analyzing
various MOx NPs.

The aim of this thesis is to synthesize and characterize iron oxide, copper oxide, and
zinc oxide nanoparticles using a green synthesis pathway. To achieve this, Prunus serrulata
leaves were utilized, and a leaf extract was prepared. The use of the leaf extract as both a
reducing agent and stabilizing agent played a key role in reducing metal ions and obtaining
the desired nanoparticles. The parameters affecting the formation of nanoparticles, including
the mixing ratio of metal ion solution to leaf extract, concentration, pH, and temperature

were examined. The characterization of the nanoparticles was carried out using SEM, XRD,
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and XPS, whereas UV-Vis, FT-IR, LC-MS, and NMR were performed to characterize the
leaf extract. Prunus serrulata leaves have never been studied as a part of green synthesis for
any kind of M/MOx NPs. It is an honor to have contributed to the addition of a new type of
leaf to the literature on the synthesis of M/MOx NPs.



2. EXPERIMENTAL

2.1. Materials

15

Prunus serrulata leaves were collected from North Campus, Bogazigi University,

Istanbul, Turkiye. The chemicals that are used in this study are shown in Table 2.1. Distilled

water was employed as the solvent. All chemicals and the solvent were of analytical grade

and used without additional purification.

Table 2.1. The chemicals that are used in this study.

Chemicals Supplier
FeCls Thermo Scientific
CuS04.5H20 Thermo Scientific
Zn(NOs3)2.6H20 Thermo Scientific
NaOH Merck

2.2. Instrumentation

Prunus serrulata leaf extract and the produced nanoparticles were characterized by the
utilization of UV-Vis, FT-IR, LC-MS, NMR, SEM, STEM, EDX, XRD, and XPS analytical

techniques.

The UV-Vis, FT-IR, LC-MS, and NMR methodologies were used to characterize

Prunus serrulata leaf extract. The UV-Vis spectra were monitored using Varian Cary 100

Scan spectrophotometer, in the range of 250 nm to 800 nm with a resolution of 1 nm using

quartz cuvettes. The FT-IR spectra were recorded utilizing the Thermo Scientific Nicolet

380 with an attenuated total reflectance attachment in the range of 400-4000 cm™. The LC-

MS analysis was performed using the Shimadzu LC20AD with additional equipment. The

NMR results were obtained by employing the Varian Mercury 400 MHz NMR at the

Bogazi¢i University Advanced Technologies Research and Development Center, North

Campus of Bogazici University.
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SEM and STEM results were obtained using the Thermo Scientific Quattro S by
applying 5-20 kV voltage at the Center for Life Sciences and Technologies, Kandilli Campus
of Bogazici University. The EDX results were recorded using the same instrument with an
additional attachment at the same time. The XRD patterns were investigated employing the
Rigaku D/MAX-Ultima+/PC with a 40 kV, 40 mA, 2°/min step size, and 0.02° scanning rate
at the Bogazici University Advanced Technologies Research and Development Center,
North Campus of Bogazi¢i University. The XPS analysis was carried out with the Thermo
Scientific K-Alpha X-Ray Photoelectron Spectrometer at the Kog¢ University Surface
Science and Technology Center, Rumelifeneri Campus of Ko¢ University. The calculated

binding energies were referenced to the adventitious Cis peak at 284.5 eV.

Figure 2.1. The life cycle of the leaves of the Prunus serrulata tree.
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2.3. Preparation of Prunus serrulata Leaf Extract

Fresh Prunus serrulata leaves in Figure 2.1 (All images were taken in 2022) were
gathered from the North Campus of Bogazi¢i University in Istanbul, Tiirkiye. The leaves
were washed with tap water first, followed by washing with distilled water several times
properly to remove dust and dirt. They were dried for 5 days at room temperature while kept

away from direct sunlight. The dried leaves were then powdered using a coffee grinder.

Prunus serrulata leaf extract was obtained by the extraction of 2.5 g of dried powder
in 50 mL of distilled water using a magnetic stirrer at 60 °C for 1 hour. The heated mixture
was allowed to cool down at room temperature. The extract was filtered through a sieve first,
then it was centrifuged to assist filtration. The resulting extract was then filtered through
Whatman No. 1 filter paper. A known volume of the filtered extract was taken. The

remaining extract was stored in the fridge at 4 °C for further use.

2.4. Synthesis of Iron Oxide Nanoparticles
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Figure 2.2. Overall process of the synthesis of metal nanoparticles.
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Iron oxide nanoparticles were synthesized by employing Prunus serrulata leaf extract.
An original experimental setup was configured for this study. Initially, the impact of mixing
ratios of 3:1, 2:1, 1:1, and 1:2 on synthesis was examined while maintaining constant
parameters: 10 mM FeCls, pH 6, and 25 °C. Second, the effect of concentrations of metal
ion solution, Fe*® solution, was investigated by tracking four different concentrations, 10
mM, 25 mM, 50 mM, and 75 mM whereas such parameters were kept constant: 3:1 mixing
ratio, pH 6, 25 °C. Then, the reflection of four pH values of 4, 6, 8, and 10 on synthesis was
observed while the following parameters were maintained constant: 3:1 mixing ratio, 10 mM
FeCls, 25 °C. Finally, the effect of temperatures of 25 °C, 45 °C, and 65 °C on synthesis was

observed while such parameters were kept constant: 3:1 mixing ratio, 10 mM FeCls, pH 6.

The reaction was initiated by the addition of Prunus serrulata leaf extract drop by drop
into a specific FeCls solution on a magnetic stirrer. Then, the pH for each reaction was
adjusted employing 0.25 M NaOH to a predetermined value after the initiation of the reaction
before it was left to complete for 2 hours. A black precipitate indicating the formation of
iron (I, 111) oxide (FesO4) nanoparticles was immediately observed after the addition of
Prunus serrulata leaf extract. The obtained FesOs nanoparticles were centrifuged for 10
minutes at 6000 round per minute (RPM). The product was washed twice with distilled water
and once with ethanol to remove impurities. Finally, FesOs nanoparticles were dried

overnight in an oven at 80 °C. Overall process was illustrated in Figure 2.2.
2.5. Synthesis of Copper Oxide Nanoparticles

The same method of synthesis that was employed to produce iron oxide nanoparticles
was correlated to produce copper oxide nanoparticles. The effects of mixing ratio,
concentration, and temperature were investigated separately. Due to the previous iron oxide
nanoparticles synthesis experimental results which are explained later, the pH effect is not
considered. In this experiment, copper sulfate pentahydrate (CuSO4.5H20) was used as a
copper metal ion source. The mixing ratios of 3:1, 2:1, 1:1, and 1:2, concentrations of 10
mM, 25 mM, 50 mM, and 75 mM, and temperatures of 25 °C, 45 °C, and 65 °C were studied

similarly to the Fe3O4 nanoparticles.

The reaction was initiated by the addition of Prunus serrulata leaf extract drop by drop

into a specific CuS0O4.5H20 solution on a magnetic stirrer. The pH was adjusted by
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employing 0.25 M NaOH to a predetermined value (pH 5) after the initiation of the reaction
before it was left to complete for 2 hours. A brown precipitate indicating the formation of
CuO nanoparticles was immediately observed after the addition of Prunus serrulata leaf
extract. The produced CuO nanoparticles were centrifuged for 10 minutes at 6000 RPM. The
product was washed twice with distilled water and once with ethanol to remove impurities.

Finally, CuO nanoparticles were dried overnight in an oven at 80 °C.

2.6. Synthesis of Zinc Oxide Nanoparticles

A similar but not the same method was employed to produce zinc oxide (ZnO)
nanoparticles. The effects of mixing ratio, concentration, and temperature were examined.
Zinc nitrate hexahydrate (Zn(NOs)2.6H20) was used as a zinc ion source for the synthesis of
ZnO nanoparticles. The pH effect on the synthesis of zinc oxide nanoparticles was not
studied as explained previously on the synthesis of FesO4 nanoparticles, which it had no
effect on the morphology or crystalline structure of the FesO4 nanoparticles. The synthesis
of ZnO nanoparticles was modified. Prunus serrulata leaf extract and Zn*? ions were reacted
in three different ways: First, the Zn*? ions and the leaf extract were mixed, and the pH was
adjusted immediately for 2.5 hours. Second, the Zn*? ions and the leaf extract were reacted
initially for 1.5 hours, followed by the pH adjustment for another 1 hour. Third, only Zn*?
ions and the leaf extract reacted for 2.5 hours. The best method was identified, and the effects

of mixing ratio, concentration, and temperature were investigated further.

The reaction was initiated by the addition of Prunus serrulata leaf extract drop by drop
into a specific Zn(NO3)2.6H20 solution on a magnetic stirrer. Then, the pH was adjusted by
employing 0.25 M NaOH to a predetermined value (pH 5) after the initiation of the reaction
before it was left to complete for 2 hours. A brown-black precipitate indicating the formation
of ZnO nanoparticles was immediately observed after the addition of Prunus serrulata leaf
extract. The produced ZnO nanoparticles were centrifuged for 10 minutes at 6000 RPM. The
product was washed twice with distilled water and once with ethanol to remove impurities.

Finally, ZnO nanoparticles were dried overnight in an oven at 80 °C.



20

3. RESULTS AND DISCUSSION

3.1. Characterization of Prunus serrulata Leaf Extract

Prunus serrulata leaf extract was characterized to understand the nature behind its
capability of reducing and stabilizing activities. In order to observe this, Prunus serrulata
leaf extracts were prepared in several types of solvents, including acetonitrile (ACN),
methanol (MeOH), and water (H20). UV-Vis, FT-IR, LC-MS, and NMR analyzes were
conducted to determine the specific flavonoid responsible for the production of the
nanoparticles.

274 nm - ACN

280 nm - MeOH

P. Serrulata leaf extract in H,0

Absorbance (a.u.)
Absorbance (a.u.)

v
the synthesized Fe,O, NPs

T T T r T T
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Figure 3.1. UV-Vis spectra of (a) Prunus serrulata leaf extracts in ACN, MeOH, and H20,
and (b) Prunus serrulata leaf extract in H20 and the synthesized FesO4 nanoparticles.

The UV-Vis spectra of Prunus serrulata leaf extracts in ACN, MeOH, and H20 were
examined in Figure 3.1a. The corresponding m—n* transition of Prunus serrulata leaf
extract in ACN showed an absorption peak at 274 nm, whereas the MeOH and H20 extracts
of Prunus serrulata leaves indicated absorption peaks at 280 nm and 284 nm, respectively.
The bathochromic shift was observed as a result of the solvents which have different
polarities. Moreover, the extract in ACN had a single peak whereas the MeOH and H20
extracts had double peaks. Generally, leaf extracts contain many phytochemicals, and each

solvent has the ability to dissolve different types of phytochemicals [61]. The
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phytochemicals in the leaf extracts, particularly the flavonoids, are absorbed in the range of
270 nm to 320 nm according to similar studies [62—64]. Furthermore, the absorption peaks
of the Prunus serrulata leaf extract in H20 and the FesO4 nanoparticles were displayed in
Figure 3.1b. The decrease in intensity of the absorption peaks of the Prunus serrulata leaf
extract in H20 after the reaction implied that the flavonoid content in the leaf extract was
responsible for the reaction that took place which was also shown in a similar study [62].
Thus, UV-Vis spectroscopy results confirmed the preliminary detection of flavonoid content

in the Fe3Oa4 nanoparticles.
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Figure 3.2. FT-IR spectra of (a) Prunus serrulata leaf extract in H20 and (b) the

synthesized Fe3O4 nanoparticles.

The FT-IR spectroscopy analysis of the Prunus serrulata leaf extract in H20 and the
FesO4 nanoparticles is presented in Figure 3.2 to understand the molecular interactions of
the phytochemicals. The FT-IR peaks of Prunus serrulata leaf extract in H20 (Figure 3.2a)
and FesO4 nanoparticles (Figure 3.2b) show similarities. There is a slight shifting in all peaks
which may be caused after the nanoparticle synthesis. The data were fitted according to a
study [65]. The broad peaks at 3261 cm™ and 3280 cm™ corresponded to O-H stretching.
The peaks at 1600 cm™ and 1603 cm™ can be attributed to C=C stretching in the aromatic
ring. The low signal peaks at 1371 cm, 1375 cm™, 1255 cm?, and 1258 cm™ can be
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explained by the bending of the C-H vibrations in the inner plane of the aromatic ring. The
strong peaks at 1026 cm™ and 1040 cm™* correspond to C-O-C stretching, aromatic ether.
Lastly, the peak at 876 cm™ represents the C-H vibrations in the outer plane of the aromatic

ring.
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Figure 3.3. LC-MS spectrum of the Prunus serrulata leaf extract in H20 after the synthesis

of FesO4 nanoparticles.

Analysis of the LC-MS spectrum in Figure 3.3 revealed molecular ions and fragments
similar to those of quercetin. According to the database numbers FIO00275, CE000169, and
PB004085 from the MassBank [66], the unknown flavonoid which is dissolved from the
outer shell of the stabilized Fe3sO4 nanoparticles exhibited characteristic fragments that could
be attributed to the quercetin molecule in Figure 3.3. The strong characteristic fragment
observed at m/z 325 highly suggests that the most abundant fragment should be quercetin
since it has m/z 302 in the [M+Na]* mode. Additionally, the presence of various
fragmentations, such as m/z at 233, 259, 275, and 291 supports the idea that the flavonoid

should be quercetin as these fragments have been found in similar studies [67—69].
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Figure 3.4. The structure of quercetin, (b) the full tH-NMR spectrum of the quercetin
dissolved from Fe3O4 nanoparticles, and (c) the enhanced spectrum of the same solution

from 6.7 ppm to 8.7 ppm.

The proton NMR (*H-NMR) analysis is required to confirm that the isolated flavonoid
dissolved from the stabilized nanoparticles was quercetin. Figure 3.4 displays the structure
of quercetin and the *H-NMR spectra of the molecule derived from the nanoparticles. The
structure of quercetin was demonstrated in Figure 3.4a. The numbers were given to each C
atom in the structure. The dominant signals in the full spectrum from at 3.3 ppm and 4.9
ppm were methanol-d4 (CD3OD) peaks in Figure 3.4b. The 6 characteristic signals were
assigned to quercetin signals in enhanced spectrum in Figure 3.4c as follows: H on C-6 (S)
at 7.05 ppm, H on C-8 (s) at 7.25 ppm, H on C-5’ (d) at 7.5 ppm, H on C-6’ (d) at 7.8 ppm,
H on C-2’ (d) at 8.0 ppm, and H of OH on C-7 (s) at 8.45 ppm.

The data on the *H-NMR spectrum of quercetin in CDsOD is limited in the literature.
Most of the data was found as the quercetin was dissolved in deuterated dimethyl sulfoxide
(DMSO-d6) [70]. Therefore, chemical shifting in DMSO-d6, 2.5 ppm, and in CD3OD, 3.3
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ppm, was considered to compare the results in this study with other research findings. The
Human Metabolome Database (HMDB) is an open-source data bank that has various data
on metabolites in a high number of research with several instrumental techniques such as
NMR, LC-MS, and Gas Chromatography-Mass Spectrometry (GC-MS) [71]. This database
was used to identify quercetin signals in the NMR spectra. The data was analyzed after the
difference between DMSO-d6 and CD3OD was compensated by subtracting 2.5 ppm from
3.3 ppm. According to HMDB: 166371 and HMDB: 166675, 6 signals were detected for the
quercetin protons, and all of them had low intensities due to the dissolved molecule having

a trace amount.

The 'H-NMR spectra of Prunus serrulata leaf extracts in acetonitrile-d3 (CDsCN),
CD30D, and deuterium oxide (D20) were presented in Figure A.1, Figure A.2, and Figure
A.3, respectively. The graphics are almost impossible to interpret due to the several types of
phytochemical contents. Therefore, the present study focused on which specific type of

flavonoid was obtained from the nanoparticles.

3.2. Characterization of Iron Oxide Nanoparticles

The synthesis of FesOs4 nanoparticles is controlled by a variety of factors. A
comprehensive analysis for the synthesis of FesOs nanoparticles was designed and
performed to attain a specific morphology within the desired size range. Factors such as the
mixing ratio of Fe*® solution to leaf extract, the concentration of Fe*? solution, pH, and
reaction temperature were examined to comprehend their impacts on the synthesis of Fe3O4

nanoparticles.
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Figure 3.5. The SEM images of FesO4 nanoparticles synthesized in (a) a 3:1 ratio, (b) a 2:1
ratio, (c) a 1:1 ratio, and (d) a 1:2 ratio.

The impact of the mixing ratio of the volume of Fe*3 solution and the volume of leaf
extract on the synthesis of FesO4 nanoparticles was observed by maintaining other factors
constant while changing the mixing ratio of the volume of Fe*3 solution to the leaf extract.
Figure 3.5. shows the SEM images of Fe3O4 nanoparticles synthesized in four different

volume ratios. All ratios were expressed as metal ion solution:leaf extract.

The SEM image of FesO4 nanoparticles synthesized in a 3:1 ratio is shown in Figure
3.5a. The nanoparticles were produced due to the strong steric interaction between the metal
ions and phytochemicals in the leaf extract. The nanoparticles were separated and displayed
cavities. They were uniform, spherical, and approximately ranged in size from 35 nm to 50

nm.

Figure 3.5b shows the SEM image of FesO4 nanoparticles synthesized in a 2:1 ratio.
The nanoparticles are more distinct and separated compared to those shown in Figure 3.5a.
They ranged in size from 40 nm to 52 nm. Additionally, the Fe3O4 nanoparticles synthesized

ina 1:1 ratio, as seen in Figure 3.5c, and a 1:2 ratio, as seen in Figure 3.5d, also have similar
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SEM images indicating that adequate bioorganic molecules interacted with the metal ions,

and the reaction was completed without further increase in size with no agglomeration.
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Figure 3.6. The XRD pattern of FesO4 nanoparticles synthesized in four different volume

ratios.

The XRD pattern of Fe3sO4 nanoparticles synthesized in four different volume ratios is
shown in Figure 3.6. The XRD peak of FesO4 nanoparticles synthesized in a 3:1 ratio has
slightly sharper peaks at 26=29°, 33°, 40°, 46°, and 58°, distinguishing it from the XRD
peaks of FesO4 nanoparticles synthesized in the other mixing ratios. The XRD peak of Fe3O4
nanoparticles synthesized in a 2:1 ratio has a slight bump at 20=25° caused by the
phytochemicals from the leaf extract. The other ratios, 1:1 and 1:2, did not show any
distinctive peaks at any 20, stating that X-rays were not collected from the surface of the
nanoparticles at all. Overall, all FesOs4 nanoparticles were amorphous, but only the
nanoparticles synthesized in a 3:1 mixing ratio showed slight crystalline properties.
Therefore, the optimum condition for the impact of the mixing ratio of the Fe*3 solution and
the leaf extract on the synthesis of FesO4 nanoparticles was determined as a 3:1 ratio.
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Figure 3.7. The XPS spectra for the comparison of Fezp of FesO4 nanoparticles synthesized

in four different volume ratios.

The XPS spectra for the comparison of Fezp of FesO4 nanoparticles synthesized in four
different volume ratios are shown in Figure 3.7. Each spectrum has characteristic peaks for
2p12 and 2psr2 profiles at 725 eV and 710.8 eV, respectively. However, FesO4 nanoparticles
synthesized in both a 1:1 ratio and a 1:2 ratio have broader peaks compared to those
synthesized in both a 3:1 ratio and a 2:1 ratio. The presence of an excess amount of
bioorganic surface-active molecules and the amorphous structure of FesO4 nanoparticles
contribute to this broadening. Therefore, considering the results of SEM, XRD, and XPS
together, the optimum mixing ratio between Fe*® solution and the leaf extract was

determined as a 3:1 ratio.
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Figure 3.8. The SEM images of Fe3sO4 nanoparticles synthesized with (a) 10 mM, (b) 25
mM, (c) 50 mM, and (d) 75 mM FeCls.

The effect of the concentration of Fe*® solution on the synthesis of FesO4 nanoparticles
was monitored by maintaining other factors constant while changing the concentration of
the Fe*® solution. Figure 3.8. represents the SEM images of FesOs nanoparticles synthesized

with four different concentrations of FeCls.

Figure 3.8a is easily distinguished from Figure 3.8b, ¢ and d. It shows more distinct
and separated nanoparticles with uniform and spherical shapes. They are approximately
ranged in size from 40 nm to 50 nm. Figure 3.8b indicates that nanoparticles produced with
25 mM Fe*? solution have slightly observable but not as much as those nanoparticles
produced with 10 mM Fe*3 solution. On the other hand, the steric interaction between
phytochemicals from the leaf extract and Fe*® ions is not strong enough at higher
concentrations of 50 mM and 75 mM Fe*3 solution as it is in the lower concentrations in

Figure 3.8c and d. Hence, this causes bulky material to form instead of nanoparticles.



29

75 mM
— 50 mM

Intensity (a.u.)

20 30 40 50 60 70
26 (%)

Figure 3.9. The XRD pattern of FesO4 nanoparticles synthesized with four different
concentrations.

The XRD pattern of FesOs4 nanoparticles synthesized with four different
concentrations is represented in Figure 3.9. The XRD peaks of FesOs4 nanoparticles
synthesized with both 10 mM and 25 mM Fe*? solutions have similarities. However, they
differ in that they both have broader peaks compared to the XRD peaks of FesOs
nanoparticles synthesized in both 50 mM and 75 mM Fe*? solutions. Moreover, FesOa
nanoparticles synthesized with both 50 mM and 75 mM Fe*2 solutions have slightly sharper
peaks that can be attributed to the characteristic peaks of FesO4 nanoparticles at 20 = 35°
and at 20 = 62° indicating that the crystalline structure is relatively stronger compared to
FesO4 nanoparticles synthesized with both 10 mM and 25 mM Fe*? solutions which are
obviously amorphous. This is due to samples with low signal-to-noise ratios and poor
crystalline structures produce XRD patterns with broadened peaks, and they do not have
significant XRD peaks [72]. Thus, it was not expected to have strong crystalline structures

in these results.
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Figure 3.10. The XPS spectra for the comparison of Fezp of FesO4 nanoparticles

synthesized with four different concentrations.

Figure 3.10 compares the 2p12 and 2pss2 profiles of the Fezp for the XPS analysis with
four different concentrations. The XPS spectra demonstrate the same characteristic peaks at
725 eV and 710.8 eV for all concentration values, respectively. The spectra of 10 mM, 25
mM, and 50 mM Fe*? solutions have sharper peaks whereas the spectrum of 75 mM Fe*3
solution has lightly broader bumps at the top of the curves. The 50 mM spectrum has a small
satellite between 721 eV and 715 eV suggesting that Fe2O3 could be formed [73]. This could
be caused by different molecular interactions or molecular orientations between Fe*3 ions
and bioorganic molecules from the leaf extract during the reaction. The 75 mM spectrum
has broader bumps due to the higher concentration of Fe*3 solution which inhibits the
formation of strong bonding between surfactants and metal ions in the reaction and causes

failure to stabilize the production of nanoparticles.
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Figure 3.11. The SEM images of FesO4 nanoparticles synthesized by adjusting the pH
values to () 4, (b) 6, (c) 8, and (d) 10.

The effect of the pH of the solution on the synthesis of FesO4 nanoparticles was studied
by maintaining other factors constant while adjusting the pH of the solution. Figure 3.11

represents the SEM images of FesO4 nanoparticles synthesized by adjusting the pH values.

The effect of different pH values (4, 6, 8, and 10) on the synthesis of FesOs
nanoparticles was investigated. The morphology of FesOs nanoparticles is similar without
any noticeable difference in the SEM images shown in Figure 3.11a-d. The SEM images
showed that the FesOs nanoparticles were uniform and homogenous in all samples. All
synthesized FesO4 nanoparticles had a spherical shape, and the size distribution was similar

in all samples. Additionally, the average size of the nanoparticles was approximately 40 nm.
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Figure 3.12. The XRD pattern of FesO4 nanoparticles synthesized at the four different pH

values.

The XRD pattern for FesO4 nanoparticles synthesized at the different pH values is
displayed in Figure 3.12. A bump is observed at 20 = 20° for pH 4 and pH 6 values. However,
the XRD pattern does not show any clear characteristic peaks that can be attributed to the
FesO4 nanoparticles. This means that the synthesized Fe3Os nanoparticles have an
amorphous crystalline structure. There is similar research suggesting that the deficiency of
diffraction peaks corresponds to impurities or oxides from the bioorganic molecules of the
leaf extract [74].
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Figure 3.13. The XPS spectra of Fe3O4 nanoparticles synthesized at the four different pH

values.

The XPS results for the 2p12 and 2pssz profiles of the Fezp peak comparison of FeszO4
nanoparticles synthesized at the four different pH values is shown in Figure 3.13. The XPS
spectra indicate the same characteristic peaks at 725 eV and 710.8 eV for all pH values.
There is no observable satellite peak between the 2p12 and 2ps2 profiles which suggests that
the FesO4 nanoparticles synthesized at the four different pH values are considered to be in
FesO4 form according to a similar study [73]. Overall, there is no significant effect on the

morphology and crystalline structure of the synthesized Fe3O4 nanoparticles.
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Figure 3.14. The SEM images of Fe3sO4 nanoparticles synthesized at (a) 25 °C, (b) 45 °C,
and (c) 65 °C.

The impact of the temperature of the reaction on the synthesis of FesO4 nanoparticles
was studied by maintaining other factors constant while adjusting the temperature of the
reaction. Figure 3.14. shows the SEM images of Fe3sO4 nanoparticles synthesized at different

temperatures.

Figure 3.14a showed that the FesO4 nanoparticles synthesized at 25 °C were visibly
different and had a relatively uniform appearance. Their average size is between 30 nm and
50 nm. However, the FesO4 nanoparticles synthesized at 45 °C were less distinct than the
FesO4 nanoparticles synthesized at 25 °C in Figure 3.14b. In Figure 3.14c, the FesOas
nanoparticles synthesized at 65 °C are slightly larger and more aggregated than the FesOas
nanoparticles synthesized at lower temperatures. Their size distribution is less uniform. It
was expected that changing the temperature in the synthesis process could alter the size of
the synthesized FesOs nanoparticles by increasing the kinetic energy of Fe*® ions and
bioactive materials. However, only the synthesized FesO4 nanoparticles synthesized at 65
°C indicated some aggregation meaning that increasing the temperature during nanoparticle

synthesis has no significant effect on the morphology of FesO4 nanoparticles.
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Figure 3.15. The XRD pattern of FesO4 nanoparticles synthesized at three different

temperatures.

The XRD pattern of FesO4 nanoparticles synthesized at three different temperatures is
shown in Figure 3.15. The XRD peaks of Fe3sO4 nanoparticles synthesized at 45 °C and 65
°C present similar patterns. The only difference is that FesO4 nanoparticles synthesized at
25 °C have slightly sharper peaks at 26=28°, 36°, and 62° suggesting relatively stronger
crystalline structure than the FesOs nanoparticles synthesized at other temperatures.
Therefore, 25 °C temperature was determined as an optimum parameter in the synthesis of

FesOa4 nanoparticles.

After analyzing the effects of the mixing ratio, concentration, pH, and temperature on
the synthesis of FesOs nanoparticles the optimum combination of these parameters was
determined to be a 3:1 mixing ratio, 10 mM FeCls solution, pH 6, and a reaction temperature
of 25 °C. The FT-IR, EDX, STEM, and detailed XPS analysis were conducted to further

characterize the optimal conditions.
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Figure 3.16. The (a) FT-IR spectroscopy and (b) EDX spectrum of the FesO4 nanoparticles

with Prunus serrulata leaf extract under the optimum conditions.

The FT-IR spectroscopy and EDX spectrum of the FesO4 nanoparticles synthesized
under the optimum conditions are presented in Figure 3.16. The FT-IR spectroscopy in
Figure 3.16a is similar to the FT-IR spectra obtained from the leaf extract, indicating the
same flavonoid is found around the FesO4 nanoparticles. Additionally, the EDX spectrum of
the FesOs nanoparticles synthesized under the optimum conditions is presented in Figure
3.16b. The elemental composition of the FesO4 nanoparticles includes C, mostly from the
phytochemicals around the metal, Fe, and O elements. The atomic percentages of these
elements with C at 54%, O at 34.7%, and Fe at 11.3 % indicate that the Fe percentage in the

synthesized FesO4 nanoparticles is relatively low.

Figure 3.17. The STEM images of the FesO4 nanoparticles synthesized under the optimum
conditions from two different scales: (a) 500 nm and (b) 100 nm.



37

The STEM images of the Fes3Os4 nanoparticles synthesized under the optimum
conditions are represented in Figure 3.17. The FesO4 nanoparticles were observed at a scale
of 500 nm in Figure 3.17a and at a scale of 100 nm in Figure 3.17b. The contrast between
the darker inner sphere and the lighter or gray outer sphere indicates that the Fes3Os
nanoparticles synthesized under the optimum conditions are spherical and covered with
organic molecules. The sizes of the FesO4 nanoparticles are ranged between 30 nm to 60 nm.
The STEM images were obtained by partially dissolving the solid FesO4 nanoparticles in
water first, then evaporating them on the copper grid. Therefore, aggregation is observed
due to the reformation of nanoparticles. This phenomenon helped to explain the results
obtained from the XRD, XPS, and EDX analyses.
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Figure 3.18. The XPS spectra of the FesO4 nanoparticles synthesized using Prunus

serrulata leaf extract under the optimum conditions including the (a) survey and (b) Fezp

(c), Cus, (d) Oss, and (e) Nas profiles of the FesO4 nanoparticles.
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The XPS results of the FesO4 nanoparticles synthesized under the optimum conditions
are shown in Figure 3.18. The XPS survey in Figure 3.18a showed the presence of Fe, O, C,
and N elements on the surface of FesOs nanoparticles. The Fezp profile in Figure 3.18b
displayed several characteristic peaks of 2p12 and 2pss2. The peaks at 709.78 eV and 711.68
eV for 2psi2 and 722.48 eV and 725.28 for 2pu/2 are Fe*2 and Fe*3 peaks according to similar
research [75]. The Cas profile in Figure 3.18c revealed the five characteristic peaks [76]. The
C—C peak at 284.28 eV, the C=C peak at 284.88 eV, the C-OH peak at 285.88 eV, the C=0
peak at 286.58 eV, and the O-C=0 at 288.68 eV were observed. The Oxs profile in Figure
3.18d showed three characteristic peaks [76]. The C=0 peak at 531.58 eV, the C-OH peak
at 532.68 eV, and the O-C=0 peak at 533.48 eV were observed. The Nis profile in Figure.
3.13e displayed two characteristic peaks [77]. The N—H peak at 399.98 eV and the C—N peak
at 401.88 eV were observed. Overall, the Cis, O1s, and Nis profiles confirmed that the surface
of the nanoparticles was in oxide form, whereas the Fezp profile indicated the presence of
Fe*2 and Fe*3 peaks meaning that it was in the FesO4 form. The XPS analysis was consistent
with the XRD and FT-IR results.

3.3. Characterization of Copper Oxide Nanoparticles

The synthesis of CuO nanoparticles is controlled by a variety of factors. A broad
analysis for the synthesis of CuO nanoparticles was designed and performed to attain a
specific morphology within the desired size range. Factors such as the mixing ratio of Cu*?
solution to leaf extract, the concentration of Cu*? solution, pH, and the reaction temperature

were inspected to understand their impacts on the synthesis of CuO nanoparticles.
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Figure 3.19. The SEM images of CuO nanoparticles synthesized in (a) a 3:1 ratio, (b) a 2:1
ratio, (c) a 1:1 ratio, and (d) a 1:2 ratio.

The impact of the mixing ratio of the volume of Cu*? solution and the leaf extract on
the synthesis of CuO nanoparticles was observed by maintaining other factors constant while
changing the mixing ratio of the volume of Cu*? solution to the leaf extract. Figure 3.19
shows the SEM images of CuO nanoparticles synthesized in four different volume ratios.

The SEM image of CuO nanoparticles synthesized in a 3:1 ratio is shown in Figure
3.19a. The formation of nanoparticles took place, and the nanoparticles were distinct enough
to separate them from each other. Figure 3.19b-c display the SEM images of CuO
nanoparticles synthesized in a 2:1 and a 1:1 ratios. The CuO nanoparticles synthesized in a
2:1 and a 1:1 ratios were more distinct than the CuO nanoparticles synthesized in a 3:1 ratio.
The CuO nanoparticles synthesized in a 1:2 ratio is slightly aggregated due to the stronger
interaction between the leaf extract and Cu+2 ions, hence reaction was completed before
reaching the final desired ratio. Overall, the CuO nanoparticles were uniform, distinct, and

spherical in shape. They were approximately ranged in size from 15 nm to 25 nm.
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Figure 3.20. The XRD pattern of CuO nanoparticles synthesized in four different volume

ratios.

The XRD pattern of CuO nanoparticles synthesized in four different volume ratios is
presented in Figure 3.20. The XRD peaks of CuO nanoparticles synthesized in 3:1, 1:1, and
1:2 ratios have similar patterns, with no characteristic peaks observed at any 20 value. On
the other hand, CuO nanoparticles synthesized in a 2:1 ratio presented slight characteristic
peaks at 20=33°, 45°, and 57°, suggesting the production of CuO nanoparticles. The XRD
peaks of CuO nanoparticles synthesized in 1:1 and 1:2 ratios had similar bumps at 26=23°,
which can be explained by the bioorganic molecules from the leaf extract covered the
nanoparticles. Overall, CuO nanoparticles were mostly amorphous, but only the
nanoparticles synthesized in a 2:1 ratio showing slight crystalline properties. Therefore, the
optimum parameter for the impact of the mixing ratio of the Cu*? solution and the leaf extract

on the synthesis of CuO nanoparticles was determined as a 2:1 ratio.
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Figure 3.21. The SEM images of CuO nanoparticles synthesized with (a) 10 mM, (b) 25
mM, (c) 50 mM, and (d) 75 mM Cu*? solution.

The effect of the concentration of Cu*? solution on the synthesis of CuO nanoparticles
was examined by maintaining other factors constant while changing the concentration of
Cu*? solution. Figure 3.21 signifies the SEM images of CuO nanoparticles synthesized with

four different concentrations of CuS0O4.5H:0.

Figure 3.21a shows the SEM image of CuO nanoparticles synthesized with a
concentration of 10 mM Cu*? solution. The nanoparticles were formed. However, due to the
low steric interaction between the phytochemicals from the leaf extract and Cu*? solution,
they were not clear and not uniform. On the other hand, the nanoparticles synthesized with
a concentration of 25 mM Cu*? solution were more distinct and homogenous in Figure 3.21b,
whereas the nanoparticles synthesized with concentrations of 50 mM and 75 mM Cu*?
solution were produced but agglomerated in Figure 3.21c and d. The nanoparticles
synthesized with concentration of 50 mM Cu*? solution were homogenous in Figure 3.21c.
However, they were looked like as they were stabilized layer by layer. Furthermore, the
nanoparticles synthesized with concentration of 75 mM Cu*? solution had small mounds

even if there were nanoparticles with smaller sizes in Figure 3.21d. Overall, increasing the
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concentration of Cu*? solution caused slightly more agglomeration on the synthesis of CuO

nanoparticles.
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Figure 3.22. The XRD pattern of CuO nanoparticles synthesized with four different

concentrations.

The XRD pattern of CuO nanoparticles synthesized with four different concentrations
is shown in Figure 3.22. The XRD peaks of CuO nanoparticles synthesized with both 50
mM and 75 mM Cu*? solution have similar peaks. They showed peaks at 20=35° and 20
=54° which can be attributed to the phytochemicals from the leaf extract on the surface of
nanoparticles, but they did not include any specific CuO nanoparticles peaks. On the other
hand, CuO nanoparticles synthesized with 25 mM Cu*? solution showed tiny characteristic
peaks at 20=33° and 45° compared to other nanoparticles synthesized with different
concentrations, making it more preferable. Moreover, CuO nanoparticles synthesized with
10 mM Cu*? solution showed barely any peak indicating that the nanoparticles had no
crystalline peaks. Therefore, the optimum parameter for the synthesis of CuO nanoparticles

was determined as a 25 mM Cu*? solution.
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Figure 3.23. The SEM images of CuO nanoparticles synthesized at (a) 25 °C, (b) 45 °C,
and (c) 65 °C.

The impact of the temperature of the reaction on the synthesis of CuO nanoparticles
was observed by maintaining other factors constant while adjusting the temperature of the
reaction. Figure 3.23 monitor the SEM images of CuO nanoparticles synthesized at different

temperatures.

The CuO nanoparticles have similar morphology in all figures Figure 3.23a-c. They
all were distinct and spherical in shape. The nanoparticles were ranged in size approximately
15 nm to 25 nm. The only difference in all images was that the nanoparticles synthesized at
65 °C was small aggregation that caused from higher kinetic energy during the synthesis
while increasing the temperature of the reaction. Overall, increasing the temperature of the
reaction on the synthesis of CuO nanoparticles had no noticeable difference on the
morphology of nanoparticles.
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Figure 3.24. The XRD pattern of CuO nanoparticles synthesized at three different

temperatures.

The XRD pattern of CuO nanoparticles synthesized at three different temperatures is
shown in Figure 3.24. The XRD peaks of CuO nanoparticles synthesized at all temperatures
present similar patterns. The only difference is that CuO nanoparticles synthesized at 45 °C
have slight bump at 26=18°, whereas CuO nanoparticles synthesized at 25 °C and 65 °C
have a slight sharp peak at 26=33° which put them forward. Therefore, optimum parameter

for the synthesis of CuO nanoparticles was determined to be a 25 °C.

The optimum combination of these parameters was determined as follows after
analyzing the effects of the mixing ratio, concentration, and temperature on the synthesis of
CuO nanoparticles: a 2:1 mixing ratio, 25 mM Cu*? solution, pH 5, and a reaction
temperature of 25 °C. FT-IR, EDX, STEM, and detailed XPS analysis were conducted to

further characterize the optimal conditions.
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Figure 3.25. The (a) FT-IR spectroscopy and (b) EDX spectrum of the CuO nanoparticles

with Prunus serrulata leaf extract under the optimum conditions.

The FT-IR spectroscopy and EDX spectrum of the CuO nanoparticles synthesized
under the optimum conditions are shown in Figure 3.25. The FT-IR spectroscopy in Figure
3.25a is almost identical to the previous FT-IR result obtained from FesO4 nanoparticles,
confirming that CuO nanoparticles are covered with the same flavonoid, quercetin.
Furthermore, the EDX spectrum in Figure 3.25b confirmed the CuO nanoparticles mostly
consisted of O at 39.7%, then C at 45.5%, and Cu at 14.7% which shows the CuO

nanoparticles oxidized more than FesO4 nanoparticles during the reaction.
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Figure 3.26. The STEM images of the CuO nanoparticles synthesized under the optimum

conditions from two different scales: (a) 200 nm and (b) 100 nm.

The STEM images of the CuO nanoparticles synthesized under the optimum

conditions are shown in Figure 3.26. The CuO nanoparticles at a scale of 200 nm in Figure



47

3.26a and a scale of 100 nm in Figure 3.26b had a contrast in nanoparticles, the darker inner
sphere and the lighter or gray outer sphere, suggesting that the CuO nanoparticles
synthesized under the optimum conditions were spherical and covered with organic
molecules. The sizes of the CuO nanoparticles ranged between 20 nm to 25 nm. The STEM
images were obtained by partially dissolving the solid CuO nanoparticles in EtOH first, then
evaporating them on the copper grid. Therefore, aggregation was observed due to the
reformation of nanoparticles. This phenomenon helped to explain the results obtained from
the XRD, XPS, and EDX analyses.
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Figure 3.27. The XPS spectra of the CuO nanoparticles synthesized using Prunus

serrulata leaf extract under the optimum conditions including the (a) survey and (b) Cuzp

(c), Cis, (d) O1s, and (e) Nus profiles of the CuO nanoparticles.
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The XPS results of the CuO nanoparticles synthesized under the optimum conditions
are shown in Figure 3.27. The XPS survey in Figure 3.27a showed the presence of Cu, O,
C, and N elements on the surface of CuO nanoparticles. The Cuzp profile in Figure 3.27b
displayed several characteristic peaks of 2pi2 satellite, 2pi2, 2ps2 satellite, and 2ps.2 at
963.38 eV, 954.98 eV and 952.88 eV, 944.18 eV and 940.48 eV, 935.28 eV and 933.18 eV,
respectively. The difference between 2p12 and 2psr2 is 20.02 eV indicated the presence of
Cu*? ions in CuO nanoparticles, consistent with previous research [78-80]. Moreover, the
presence of Cu*? ions also seen in the XPS figure suggested that the mixture of Cu*! and
Cu*? ions are both present in CuO nanoparticles [81, 82]. However, Cu*! ions had a very
low atomic percentage (0.87%), implying nanoparticles were mostly in CuO form. The Cis
profile in Figure 3.27c revealed the five characteristic peaks. The C—C peak at 283.58 eV,
the C=C peak at 284.48 eV, the C-OH peak at 285.68 eV, the C=0 peak at 286.68 eV, and
the O—C=0 at 288.58 eV were observed. The Ous profile in Figure 3.27d showed three
characteristic peaks. The C=0 peak at 531.48 eV, the C-OH peak at 532.68 eV, and the O—
C=0 peak at 533.98 eV were observed. The Nis profile in Figure. 3.27e displayed two
characteristic peaks. The N-H peak at 400.28 eV and the C-N peak at 402.58 eV were
observed. Overall, the Cis, O1s, and Nis profiles confirmed that the surface of the
nanoparticles was in oxide form whereas the Cuzp profile indicated the presence of Cu*? and
Cu*! peaks meaning that it was mostly in the CuO form. The XPS analysis was consistent
with the XRD and FT-IR results.

3.4. Characterization of Zinc Oxide Nanoparticles

The synthesis of ZnO nanoparticles is controlled by a variety of factors. A
comprehensive analysis for the synthesis of ZnO nanoparticles was designed and performed
to attain a specific morphology within the desired size range. Factors such as the mixing
ratio of Zn*? solution to leaf extract, the concentration of Zn*? solution, and the reaction
temperature were examined to comprehend their impacts on the synthesis of ZnO

nanoparticles.

The synthesis of ZnO nanoparticles was required one previous experiment about
preventing chemical synthesis of ZnO material instead of producing ZnO nanoparticles

using the green synthesis method.
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Figure 3.28. The SEM images of ZnO nanoparticles synthesized under different
conditions: (a) immediate pH adjustment, (b) pH adjustment after stabilization, and (c) no

pH adjustment.

The impact of pH adjustment on ZnO nanoparticle synthesis is presented in Figure
3.28. This experiment was conducted before identifying the optimal conditions, as Zn*? ions
tend to react with OH- ions from NaOH molecules, potentially hindering the green synthesis
process and leading to the chemical synthesis of ZnO molecules. Figure 3.28a displays the
synthesis of ZnO nanoparticles with immediate pH adjustment, resulting in non-uniform
nanoparticles with agglomeration and cavities. In contrast, Figure 3.28b shows the synthesis
of ZnO nanoparticles with stabilization prior to the pH adjustment, resulting in uniform
nanoparticles with similar size distribution. Finally, Figure 3.28c depicts the synthesis of
ZnO nanoparticles without the pH adjustment, leading to homogenous but slightly
agglomerated nanoparticles. Consequently, the optimal method for synthesizing ZnO
nanoparticles was determined to be the stabilization first and then the pH adjustment method,

as it prevents the chemical synthesis of ZnO nanoparticles.
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Figure 3.29. The SEM images of ZnO nanoparticles synthesized in (a) a 3:1 ratio, (b) a 2:1
ratio, (c) a 1:1 ratio, and (d) a 1:2 ratio.

The impact of the mixing ratio of the volume of Zn*? solution and the leaf extract on
the synthesis of ZnO nanoparticles was observed by maintaining other factors constant while
changing the mixing ratio of the volume of Zn*2 solution to the leaf extract. Figure 3.29

shows the SEM images of ZnO nanoparticles synthesized in four different volume ratios.

The SEM image of ZnO nanoparticles synthesized in a 3:1 ratio is presented in Figure
3.29a. The nanoparticles were produced, and they were distinct enough to separate them
from each other. Figure 3.29b-d show the SEM images of ZnO nanoparticles synthesized in
a2:1,a1:1, and a 1:2 ratios. The ZnO nanoparticles synthesized in a 2:1, a 1:1, and a 1:2
ratios were similar to the ZnO nanoparticles synthesized in a 3:1 ratio. Overall, the ZnO
nanoparticles were uniform and homogenous while having similar size distributions. They

were approximately ranged in size from 10 nm to 15 nm.
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Figure 3.30. The XRD pattern of ZnO nanoparticles synthesized in four different volume

ratios.

The XRD pattern of ZnO nanoparticles synthesized in four different volume ratios is
presented in Figure 3.30. The XRD peaks of ZnO nanoparticles synthesized ina 3:1, a 1:1,
and a 1:2 ratios have almost the same pattern. They all have broader peaks at 26=26°, caused
by the phytochemicals from the leaf extract. The XRD peak of ZnO nanoparticles
synthesized in a 2:1 ratio have slightly sharper peaks at 26=32°, 47°, 58°, and 69° that
distinguishes it from other nanoparticles. These slightly sharper peaks indicate that ZnO
nanoparticles synthesized in a 2:1 ratio had a stronger crystalline structure compared to other
nanoparticles synthesized in various ratios. Therefore, the optimum condition for the impact
of the mixing ratio of the Zn*? solution and the leaf extract on the synthesis of ZnO

nanoparticles was determined as a 2:1 ratio.
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Figure 3.31. The SEM images of ZnO nanoparticles synthesized with (a) 10 mM, (b) 25
mM, (c) 50 mM, and (d) 75 mM Zn*2 solution.

The effect of the concentration of Zn*? solution on the synthesis of ZnO nanoparticles
was observed by maintaining other factors constant while changing the concentration of Cu*?
solution. Figure 3.31 indicates the SEM images of ZnO nanoparticles synthesized with four

different concentrations of Zn*2 solution, ZnNO3.6H20.

Figure 3.31a-d show the SEM images of ZnO nanoparticles synthesized with a
concentration of 10 mM to 75 mM Zn*? solution. The nanoparticles were formed in all
concentrations. They were considerably distinct and homogenous. In all images, they were
approximately ranged in size from 10 nm to 15 nm. Overall, increasing the concentration of
Zn*? solution did not cause any significant difference in the morphology of the synthesized

ZnO nanoparticles.
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Figure 3.32. The XRD pattern of ZnO nanoparticles synthesized with four different

concentrations.

The XRD pattern of ZnO nanoparticles synthesized at four different concentrations is
presented in Figure 3.32. The XRD peaks of ZnO nanoparticles synthesized with 10 mM
and 25 mM Zn*? solutions have similar patterns. They have sharp peaks at 20=32°, 47°, 58°,
and 69° that can confirm the ZnO nanoparticles were produced with a weakened crystalline
structure. The XRD peaks of ZnO nanoparticles synthesized with 50 mM Zn*? solution and
25 mM Zn*2 solution have broader peaks, or they do not show any clear peaks which make
them more amorphous. This XRD pattern indicates that increasing the concentration of the
Zn*2 solution resulted in a more amorphous crystalline structure. Therefore, the optimum
condition for the impact of the concentration of the Zn*2 solution on the synthesis of ZnO

nanoparticles was determined to be a 25 mM ratio.
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Figure 3.33. The SEM images of ZnO nanoparticles synthesized at (a) 25 °C, (b) 45 °C,
and (c) 65 °C.

The impact of the temperature of the reaction on the synthesis of ZnO nanoparticles
was observed by maintaining other factors constant while adjusting the temperature of the
reaction. Figure 3.33 demonstrate the SEM images of ZnO nanoparticles synthesized at three
different temperatures.

The ZnO nanoparticles have similar morphology in all figures (Figure 3.33a-c). They
were all distinct and spherical in shape. They were ranged in size from approximately 10 nm
to 15 nm. The only difference among all images, which were taken from a distance of 1 um,
was that the nanoparticles synthesized at 65 °C in Figure 3.33c appear more organized or
lack a mound-like appearance, which was present in Figure 3.33a and b due to differences
in angles of the image. Overall, increasing the reaction temperature had no noticeable impact
on the synthesis of ZnO nanoparticles.
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Figure 3.34. The XRD pattern of ZnO nanoparticles synthesized at three different

temperatures.

The XRD pattern of ZnO nanoparticles synthesized at three different temperatures is
shown in Figure 3.34. The XRD peaks of ZnO nanoparticles synthesized at 45 °C and 65 °C
present similar patterns. The only difference is that ZnO nanoparticles synthesized at 25 °C
have sharp peaks at 20=32°, 47°, 58°, and 69° that possess nanoparticles had a stronger
crystalline structure. Therefore, the optimum condition for the impact of the temperature on

the synthesis of ZnO nanoparticles was determined as 25 °C.

The optimum combination of these parameters was determined after analyzing the
effects of the mixing ratio, concentration, and temperature on the synthesis of ZnO
nanoparticles as follows: a 2:1 mixing ratio, 25 mM Zn*? solution, pH 5, and a reaction
temperature of 25 °C. FT-IR, EDX, STEM, and detailed XPS analysis were conducted to

further characterize the optimal conditions.
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Figure 3.35. The (a) FT-IR spectroscopy and (b) EDX spectrum of the ZnO nanoparticles

with Prunus serrulata leaf extract under the optimum conditions.

The FT-IR spectroscopy and EDX spectrum of the ZnO nanoparticles synthesized
under the optimum conditions are shown in Figure 3.35. The FT-IR spectroscopy in Figure
3.35a is identical to the previous FT-IR results obtained from Fe3O4 and CuO nanoparticles,
confirming that ZnO nanoparticles are covered with the same flavonoid, quercetin.
Additionally, the EDX spectrum in Figure 3.35b confirmed the ZnO nanoparticles mostly
consisted of C at 51%, then O at 33.4%, and Zn at 15.6% which supports the role of

phytochemicals in the synthesis of each metal nanoparticle.

— 100 NM

Figure 3.36. The STEM images of the ZnO nanoparticles synthesized under the optimum
conditions from two different scales: (a) 50 nm and (b) 100 nm.

The STEM images of the ZnO nanoparticles synthesized under the optimum

conditions are shown in Figure 3.36. HAADF detector in the STEM allowed for a closer
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look at the synthesized nanoparticles in Figure 3.36a. It is clearly visible with the help of a
HAADF mode that the nanoparticles, including FesO4 and CuO, are covered with quercetin
from the leaf extract, and they are aggregated during the formation process. Therefore, the
XRD results of all nanoparticles showed weakened crystalline structures, and the EDX and
XPS results revealed that the highest percentage of elemental composition for each metal
nanoparticle was carbon. Additionally, the STEM image which BF detector is used in Figure
3.36b demonstrated that ZnO nanoparticles synthesized under the optimum conditions
ranged in size from 5 nm to 10 nm, even smaller than the nanoparticles shown in the previous

SEM images.
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serrulata leaf extract under the optimum conditions including the (a) survey and (b) Znzp

(c), Cis, (d) O1s, and (e) Nus profiles of the ZnO nanoparticles.
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The XPS results of the ZnO nanoparticles synthesized under the optimum conditions
are shown in Figure 3.37. The XPS survey in Figure 3.37a showed the presence of Zn, C, O,
and N elements on the surface of ZnO nanoparticles. The Znzp profile in Figure 3.37b
displayed two characteristic peaks of 2pi2 and 2ps2 at 1022.18 eV and 1045.08 eV,
respectively. The binding energy difference between these two peak, 22.9 eV, confirmed the
Zn ions is in Zn*? form according to the similar study [83]. The Cis profile in Figure 3.37¢c
revealed the five characteristic peaks similar to FesO4 and CuO nanoparticles. The C—C peak
at 283.28 eV, the C=C peak at 284.48 eV, the C—OH peak at 285.88 eV, the C=0 peak at
286.78 eV, and the O—C=0 at 288.58 eV were observed. The Ois profile in Figure 3.37d
showed three characteristic peaks with smaller shifts according to similar research [84, 85].
The C=0 peak at 531.48 eV, the C-OH peak at 532.78 eV, and the O—C=0 peak at 533.98
eV were observed. The Nis profile in Figure. 3.37e displayed two characteristic peaks. The
N-H peak at 399.78 eV and the C—N peak at 401.68 eV were observed. Overall, the Cis, Ozs,
and Nis profiles confirmed that the surface of the nanoparticles was in oxide form whereas
the Znzp profile indicated the presence of Zn*? peaks meaning that it was in the ZnO form.
The XPS analysis was consistent with the XRD and FT-IR results.
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4. CONCLUSION

The present study successfully demonstrates the synthesis of Fes0s, CuO, and ZnO
nanoparticles utilizing a plant-mediated extract of Prunus serrulata leaves. UV-Vis, FT-IR,
LC-MS, and NMR analytical methods verify that quercetin from Prunus serrulata leaf
extract is the responsible flavonoid as the reducing and capping agent for the synthesis of
the nanoparticles. UV-Vis spectroscopy analysis of Prunus serrulata leaf extracts in ACN,
MeOH, and H20 confirms the detection of the flavonoid. FT-IR spectra results indicate the
presence of the same flavonoid on the surface of stabilized nanoparticles. LC-MS
spectroscopy results establish that this flavonoid is found most abundantly with a 325 m/z
ratio in [M+Na]* mode, matching with quercetin. Finally, *H-NMR spectroscopy validates

that this flavonoid has specific protons that belong to quercetin.

All of the synthesized nanoparticles ranged in size between 10 nm to 100 nm, which
was aimed at the beginning of this project. In order to control the morphology and crystalline
structure of the nanoparticles, the effect of the volume ratio between the reaction precursors
and the plant-mediated extract, the concentration of the reaction precursors, the pH, and the
temperature of the reactions are investigated to determine the optimum conditions for each
type of nanoparticle. The morphological analysis of the nanoparticles is conducted
employing SEM, STEM, EDX, XRD, and XPS analytical methods. SEM results demonstrate
that all of the synthesized nanoparticles have a spherical shape. STEM results display the
nanoparticles with higher-resolution images. EDX results indicate the elemental
composition of the nanoparticles, mostly C and O elements with higher percentages and
metals (Fe, Cu, and Zn) with lower percentages. XRD results confirm that all of the produced
nanoparticles have an amorphous structure and does not have strong crystal planes in their
structures. Finally, XPS results show that all of the produced nanoparticles are in oxide form
on their surfaces, and FesOs4, CuO, and ZnO nanoparticles are produced with their

corresponding oxidation states (Fe*? and Fe* together, Cu*? and Zn*?).
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5. FUTURE WORK

The biggest challenge encountered during this work was obtaining amorphous
nanoparticles over the development of stronger crystalline structures. It made it difficult to
analyze the produced nanoparticles since most of the XRD patterns were similar and did not
have noticeable differences. Therefore, XPS analysis was required to confirm the oxidation
states of the nanoparticles. One possible solution to this problem might be changing
variables. The variables in this research were chosen after conducting multiple experiments.
Several leaves, different weight percentages of leaf extracts, and concentrations of the metal
ions solutions were investigated, but there is no limit to further experimentation. In the end,
it may be possible to find stronger crystalline structures without increasing the size of the

nanoparticles.

The next step for this study is to expand the green synthesis method not only for a
wider range of nanoparticles but also for core-shell structures. For example, Se nanoparticles
are promising for the nutritional industry, and utilizing them in this industry might provide
economic advantages. However, the production of this type of nanoparticle employing the
green synthesis method is limited in the literature due to the greater difficulty in the
precipitation of Se nanoparticles compared to iron, copper, or zinc nanoparticles. It requires
additional analytical methods and energy. On the other hand, for instance, it might be worth
trying to combine Se and iron nanoparticles together, since iron nanoparticles are readily

producible and could easily encapsulate Se nanoparticles in a possible reaction.

Last but not least, nanoparticles synthesized through the green synthesis method could
be useful in various industries as catalysts and renewable energy sources. The development
of efficient and environmentally friendly catalysts could increase reaction rates. Moreover,
the implementation of these nanoparticles in fuel cells or materials used in wind turbines

could increase their efficiency while reducing their carbon footprint.
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Figure A.1. The 'H-NMR spectrum of Prunus serrulata leaf extract in CD3CN.
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Figure A.2. The 'H-NMR spectrum of Prunus serrulata leaf extract in CD30D.
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Figure A.3. The *H-NMR spectrum of Prunus serrulata leaf extract in D20,
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