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ABSTRACT

GREEN SYNTHESIS AND CHARACTERIZATION OF COPPER
OXIDE (CuO) NANOPARTICLES USING BARKS OF SOURSOP

(Annona muricata)

YURIKO LIM JING EN

This study presents the green synthesis of copper oxide nanoparticles (CuO NPs)
utilizing the bark extract of Amnona muricata as a natural reducing and
stabilizing agent, with copper(Il) nitrate trihydrate serving as precursor salt and
varying calcination temperatures (300, 400, and 500°C). The effect of different
calcination temperatures on the structural, morphological, and optical properties
of the CuO NPs (CuO-300, CuO-400, and CuO-500 NPs) was characterized
using Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier Transform-Infrared
Spectroscopy (FT-IR), Field Emission Scanning Electron Microscopy (FESEM),
Energy Dispersive X-ray Spectroscopy (EDX), and X-ray Diffraction (XRD).
This project successfully synthesized CuO NPs through a green synthesis
method by varying calcination temperatures. The UV-Vis spectra showed a

maximum absorption peak at 368 nm for CuO-300 and CuO-500 NPs and 370
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nm for CuO-400 NPs, corresponding to a band gap energy of 3.37 eV for CuO-
300 and CuO-500 NPs, and 3.35 eV for CuO-400 NPs. The FT-IR spectra
revealed prominent absorption bands at 552, 568, and 545 cm™ for CuO-300,
Cu0-400, and CuO-500 NPs, respectively. In addition, the synthesized CuO-300,
Cu0-400, and CuO-500 NPs exhibited spherical morphology with differences in
particle sizes ranging from 28.1 - 36.4 nm for CuO-300 NPs, 27.7 - 33.5 nm for
Cu0O-400 NPs, and 27.3 - 34.5 nm for CuO-500 NPs. The EDX analysis showed
only copper and oxygen elements present in the synthesized CuO NPs without
any other impurity peaks. Lastly, all the synthesized CuO NPs exhibited a
monoclinic structure, and the average crystallite size for CuO-300, CuO-400,

and CuO-500 NPs was found to be 27.09, 25.22, and 25.14 nm, respectively.
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ABSTRAK

SINTESIS HIJAU DAN PENCIRIAN NANOPARTIKEL KUPRUM
OKSIDA (CuO) MENGGUNAKAN BATANG DURIAN BELANDA

(Annona muricata)

Kajian ini membentangkan penyintesisan hijau nanopartikel kuprum oksida
(CuO NPs) dengan menggunakan ekstrak batang 4. muricata sebagai agen
pengurangan dan penstabil semula jadi, dengan kuprum(Il) nitrat trihidrat
sebagai garam precursor dan suhu kalsinasi yang berbeza (300, 400, and 500°C).
Kesan suhu kalsinasi yang berbeza terhadap sifat struktur, morfologi, dan optic
CuO NPs (CuO-300, CuO-400, CuO-500 NPs) dikarakterisasi menggunakan
Spektroskopi Ultralembayung-nampak (UV-Vis), Spektroskopi Inframerah
Transformasi Fourier (FT-IR), Mikroskop Imbasan Elektron Emisi Medan
(FESEM), Spektroskopi Tenaga Dispersif X-Ray (EDX) dan Belauan Sinar-X
(XRD). Projek ini berjaya menghasilkan CuO NPs melalui kaedah sintesis hijau
dengan pelbagai suhu kalsinasi. Spektrum UV-Vis menunjukkan puncak
penyerap maksimum pada 368 nm untuk CuO-300 dan CuO-500 NPs, dan 370
nm untuk CuO-400 NPs, yang bersamaan dengan tenaga jurang jalur 3.37 eV
bagi CuO-300 dan CuO-500 NPs, serta 3.35 eV bagi CuO-400 NPs. Spektrum
FT-IR pula memperlihatkan jalur penyerapan ketara pada 552, 568, dan 545 cm’
! bagi Cu0-300, CuO-400, dan CuO-500 NPs masing-masing. Selain itu,

nanopartikel CuO-300, CuO-400, dan CuO-500 yang disintesis menunjukkan

v



morfologi sfera dengan saiz zarah berbeza, iaitu dari 28.1 - 36.4 nm bagi CuO-
300 NPs, 27.7 - 33.5 nm bagi CuO-400 NPs, dan 27.3 - 34.5 nm bagi CuO-500
NPs. Analisis EDX menunjukkan kehadiran unsur kuprum dan oksigen sahaja
dalam CuO NPs yang disintesis tanpa sebarang puncak cemar lain. Akhir sekali,
semua CuO NPs yang disintesis menunjukkan struktur monokilinik dengan saiz
kristalit purata masing-masing sebanyak 27.09, 25.22, dan 25.14 nm untuk CuO-

300, CuO-400, dan CuO-500 NPs.
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CHAPTER 1

INTRODUCTION

1.1 Background of study

Nanotechnology is an interdisciplinary field dedicated to the study, manipulation,
engineering of materials and devices at the nanoscale, which ranges from 1 - 100
nanometers (Tongi, 2023). At this nanoscale, materials display distinctive and
significantly enhanced properties compared to those of their bulk forms. These
distinctive characteristics result from an increased total surface area-to-volume
ratio and quantum mechanical effects that predominate at the nanoscale,
enabling diverse applications in medicine, -electronics, energy, and

environmental science (Piyush, 2023).

The origins of this technology can be dated back to 1959 when Richard Feynman,
an American physicist often recognized as the pioneer of modern
nanotechnology, delivered his visionary lecture titled “There s Plenty of Room at
the Bottom” (Bayda et al., 2019). In this presentation, he proposed the concept
of manipulating matter at the scale of individual atoms and molecules (Bayda et
al., 2019). It was introduced later in 1974 by a Japanese scientist, Norio
Taniguchi, to describe the process of precision machining at the atomic scale

(Bayda et al., 2019).



During the 1980s and 1990s, the field of nanotechnology experienced notable
growth, particularly after the invention of the scanning tunnelling microscope
(STM) by Gerd Binnig and Heinrich Rohrer in 1981 (Bayda et al., 2019). This
groundbreaking tool made it possible to observe and manipulate atomic-scale
surfaces, a contribution that earned them a Nobel Prize in Physics in 1986

(Bayda et al., 2019).

Today, nanotechnology continues to evolve rapidly, impacting consumer
products, healthcare, electronics, and environmental technologies. Its
interdisciplinary nature combines physics, chemistry, biology, and engineering

to harness the unique phenomena at the nanoscale.

1.2 Nanoparticles (NPs)

Nanoparticles (NPs) are tiny particles with sizes typically ranging from 1 - 100
nanometers (nm), representing the fundamental building blocks of
nanotechnology. These particles can be spherical, cubic, rod-like, or exhibit
other morphologies, with their size and shape strongly influenced by synthesis
conditions. NPs can occur naturally or be synthesized artificially and are
characterized by their small size and high surface energy. Their applications
range from drug delivery and medical imaging to catalysis and environmental
remediation (Joudeh and Linke, 2022). The versatility of NPs arises from their
diverse compositions, shapes, and sizes, which can be tailored to meet specific

purposes.



NPs are broadly classified into three main categories, as illustrated in Figure 1.1,
and the details for each type of NPs according to their composition and origin

are shown in Table 1.1.

(a) Inorganic
Nanoparticles

@ o o

Magnetic Ceramic | Semiconductor

Alumina NPx

(b) Organic
Nanoparticles

Fﬁifd{vﬁﬁiej
based




(¢) Carbon-based
Nanoparticles
AL

Fullerenes

| I ]

. Carbon black Carbon quantum
Graphene arbon blac dots

Graphene
oxide NPs

Figure 1.1: Categories of NPs, which are (a) inorganic, (b) organic, and (c)

carbon-based NPs (Eker et al., 2024).

Table 1.1: Classification and applications of NPs based on their composition and

origin (Teleanu et al., 2018; Kumari and Sarkar, 2021; Eker et al., 2024).

Types of NPs Description
Composition:
e Lipids, proteins, polymers, and carbohydrate-
based.
Key properties:
e Biodegradable, biocompatible, non-toxic, and
Organic sensitive to thermal and -electromagnetic

radiation.
Examples:
e Liposomes, dendrimers, micelles, and ferritin.

Applications:




Drug delivery system, gene therapy,
cosmetics, food packaging, and biomedical

imaging.

Divided into three types, which are magnetic,

ceramic, and semiconductor NPs.

1. Magnetic
Composition:
e Metal oxides with magnetic behavior.
Key properties:
e Superparamagnetic,  ferromagnetic,  and
magnetic responsiveness.
Examples:
Inorganic e Iron oxide (Fe;03, Fez04)
Applications:

Magnetic resonance imaging (MRI), drug
delivery system, magnetic hyperthermia (MH)
treatment, gene delivery, and tissue
engineering (Ashish Avasthi et al., 2020; Eker

et al., 2024).

2. Ceramic

Composition:

Inorganic non-metallic and metallic solids.

Key properties:




e Hardness, chemical inertness, -electrical
insulators, and high thermal stability.
Examples:
e Silica (S103), titanium oxide (TiO), zirconium
dioxide (Zr0Oy), and alumina (Al>O3).
Applications:
e Endodontic filling materials, biomedicine in
controlled drug release, and bone tissue

engineering (Singh et al., 2014).

3. Semiconductor

Inorganic Composition:
e Solid materials possess a crystalline structure.
Key properties:

e High chemical stability, photostability,
conductivity, mechanical stability, and high
binding energy.

Examples:

e Zircontum dioxide (ZrO2) and zinc oxide

(ZnO)
Applications:
e Catalysis, sensors, optical coatings, solar cells,

and dentistry.




Carbon-based

e Can be divided into five classes, which are
graphene, fullerenes, carbon quantum dots

(CQDs), and carbon black nanoparticles

(CBNPs).
1. Graphene
Composition:

e Two-dimensional carbon atoms.
Key properties:
e High thermal conductivity, hydrophobicity,
and high oxygen-containing functional groups.
Examples:
e Graphene oxide
Applications:

e Photothermal therapy (Yang et al., 2013).

2. Fullerenes
Composition:
e Hollow clusters of spy-hybridized carbon
atoms linked together through covalent bonds.
Key properties:
e Consists of unique chemical reactivity,
electron affinity, and UV-based damage
protection.

Examples:




e Fullerene with 60 carbon atoms (Ceo)
Applications:
e Nanosensors, antioxidants, solar cells,
dermatological applications, and therapeutics

in nanomedicine.

3. Carbon quantum dots (CQDs)

Composition:
e Zero-dimensional, quasi-spherical NPs with
size smaller than 10 nm.
Key properties:
e Environmentally friendly, low-toxicity, cost-
Carbon-based effective, consist of antibacterial activity and
strong photoluminescence.
Examples:
e Functional groups such as amine, carboxyl,
carbonyl, and hydroxyl.
Applications:
e Fluorescence imaging, bioimaging, and

biosensors.

4. Carbon black NPs (CBNPs)

Composition:
e Amorphous carbon.

Key properties:




e High surface area-to-volume ratio, unique
electrochemical properties, and mechanical
reinforcement.

Examples:
e Palladium NPs
Carbon-based Applications:

e FElectrochemical sensors, lithium and sodium
batteries, reinforcing fillers in the rubber
industry, pigments in the plastic industry, and

an immune sensor for cancer cells.

1.2.1 Methods to synthesis nanoparticles (NPs)

NPs synthesis methods are broadly divided into two main groups, which are top-
down and bottom-up approaches (Kumari and Sarkar, 2021). The schematic
representation of the two approaches is illustrated in Figure 1.2. Each approach
can be further divided into different methods as illustrated in Figure 1.3, offering
various techniques for controlling particle size, shape, and properties. Each

offering distinct advantages and suited for different materials and applications.



Nanoscale

\ Structures

Figure 1.2: Schematic representation of the Top-down and the Bottom-up

approach (Kumari and Sarkar, 2021).

Synthesis Method of Nanomaterials

Bottom - Up Method Top - Down Method

Chemical
Method

Green Method
Thermal Decomposition

1
T T 1
| Sol-gel Method Biological
Micro Organisms e b Mechanical Milling
Templates Method

 Spinning Method
m Laser Ablation Method
Soft and Hard .
Bl Templating Method Leaf Sstteon ot
The Arc- Discharge
B pyrolysis Method Method
M  Chemical Vapor Nano Lithography Method
Deposition Mthod

Solvethermal and hydrothermal
Method

— Reverse Micelle Method

Figure 1.3: Different NPs synthesis methods (Mekuye and Abera, 2023).

The top-down approach, also known as the destructive method, entails breaking
down bulk materials into nanoscale particles (Adil et al., 2024). This approach

includes three main methods. First, mechanical methods such as ball-milling and

10



homogenization physically grind bulk materials into NPs; second, lithographic
techniques like electron beam lithography, which use patterning methods to
create nanoscale features; third, physical methods such as laser ablation and
spark discharge vaporize materials, which then condense into NPs (Mekuye and
Abera, 2023). These top-down methods are generally used to produce a large
number of NPs but may introduce defects or irregularities in particle size and

shape (Merkel et al., 2010).

In contrast, the bottom-up approach, also known as the constructive method,
builds NPs atom-by-atom or molecule-by-molecule, allowing precise control
over particle size, composition, and morphology (Adil et al., 2024). This
approach also consists of three key methods. The first is chemical synthesis,
which includes techniques such as the sol-gel process, chemical reduction, and
co-precipitation, where chemical reactions in solution lead to NPs formation;
second is biological synthesis, which employs microorganisms, plant extracts,
or enzymes as natural reducing and stabilizing agents, offering an eco-friendly
and biocompatible alternative; third is vapor phase synthesis, including spray
pyrolysis and chemical vapor deposition (CVD), where gaseous precursors react
or decompose to form NPs (Mekuye and Abera, 2023). Bottom-up methods
typically produce NPs with better uniformity and fewer defects but may require

more complex processing conditions.

The physical method, which is considered a top-down approach, and chemical

and biological methods, which are considered bottom-up approaches, are indeed
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the most commonly employed techniques for NPs synthesis due to their

versatility and ability to produce NPs with desirable properties for various

applications (Altammar, 2023). The details of the advantages and disadvantages

of these three common synthesis methods are depicted in Table 1.2.

Table 1.2: Advantages and disadvantages of NPs synthesis methods (Altammar,

2023; Namakka et al., 2023).

Method Description
Advantages:
e Fast and simple
Disadvantages:
Physical e Poor size control
e High energy consumption
e High capital costs
Advantages:
e Scalable and reproducible
e Precise control over size and shape
Chemical e Produce high-purity NPs
Disadvantages:
e Use toxic chemicals
e Purification process requires
Advantages:
Biological e Eco-friendly and sustainable

e (Cost-effective
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e Less energy-intensive
Disadvantage:

e Slower synthesis

1.2.2 Application of nanoparticles (NPs)

NPs have a wide range of applications across many industries due to their unique
physical, chemical, and biological properties that differ significantly from their

bulk counterparts. Table 1.3 below illustrates the outline of these applications.

Table 1.3: Applications of NPs (Khan, Saeed, and Khan, 2017; Altammar, 2023).

Application area Description

Key benefits:
e NPs enable highly targeted drug delivery
systems, reducing side effects, medical imaging

and diagnostics, and improving treatment

efficacy.

Medicine Examples:

and Healthcare e Lipid NPs are used in COVID-19 vaccines (Seed,
2022).

e Gold (Au) and silver (Ag) NPs are used in cancer

therapy and antimicrobial applications.
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e Iron oxide (Fe3O4) NPs are used as magnetic
resonance imaging (MRI) contrast agents.
e Copper oxide (CuO) NPs are used in the

production of facemasks.

Key benefits:

e NPs enhance food safety by detecting pathogens,
fortifying food with essential nutrients, and
improving packaging materials to extend shelf
life.

Food industry Examples:

e Iron oxide (Fe203) and copper (Cu) NPs are used
to fortify food products.

e Inorganic and metal NPs are widely used as
alternatives to petroleum-based food packaging

plastics (Kumari and Sarkar, 2021).

Key benefits:
e NPs enhance water purification via catalytic
degradation of pollutants and provide

antibacterial coatings to prevent biofouling and

contamination.
Environmental Examples:
protection e Silver (Ag) and titanium dioxide (TiO2) NPs are

used as antibacterial disinfectants in water

purification (Bhardwaj et al., 2021).
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e Gold (Au) NPs are used as sensors for the

detection of mercury in water (Kiran, 2014).

Key benefits:
e NPs enhanced crop productivity, improving soil

health, and enabling sustainable farming

practices.
Examples:
Agriculture e Zinc oxide (ZnO), silicon dioxide (SiO2), and iron
industry (Fe) NPs will improve fertilizer efficiency by

enhancing nutrient uptake by plants and
improving crop yield (Neme et al., 2021).
e Nanobiosensors are used to monitor soil quality,

nutrient levels, and pathogen presence (Neme et

al., 2021).

Key benefits:
e NPs benefit from their antimicrobial, ultraviolet
(UV) protective, durability, and functionality.
Consumer Examples:
products e Silica (SiO2) NPs are used in lipstick (Fytianos,
Rahdar, and Kyzas, 2020).
e Titanium dioxide (TiO) and zinc oxide (ZnO)

NPs are used in sunscreens (Lu et al., 2015).
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1.3  Copper oxide nanoparticles (CuO NPs)

Copper oxide nanoparticles (CuO NPs) are transition metal oxide nanomaterials
that typically crystallize in monoclinic structure, as illustrated in Figure 1.4 (Tran
and Nguyen, 2014). Copper ions (Cu?") in CuO exhibit a valence state of +2 with
an electronic configuration of 34°, coordinating with oxygen ions (O?) in a
distorted square planar geometry due to a coordination number of 4 (Tran and
Nguyen, 2014). This coordination leads to the formation of CuO crystals
characterized by their monoclinic lattice, which imparts unique electronic and

magnetic properties to the material.

k%

Figure 1.4: Crystal structure of monoclinic CuO NPs (Mobarak et al., 2025).

CuO NPs have gained widespread popularity due to their unique combination of
physicochemical and biological properties that make them versatile across
various fields. CuO NPs display a variety of morphologies depending on
synthesis conditions. The morphology and sizes strongly influence their surface
area, reactivity, and functional properties. CuO is a p-type semiconductor with a

narrow bandgap (~1.2 eV), which arises from the presence of holes created by
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copper vacancies and the mixed valence states of copper ions (Tran and Nguyen,
2014). This semiconducting behavior, combined with good chemical and
thermal stability, makes CuO NPs attractive for applications in catalysis, sensors,

antimicrobial agents, and energy devices.

CuO NPs also exhibit potent antimicrobial activity against a broad spectrum of
bacteria, fungi, and viruses by the ability to generate reactive oxygen species that
damage microbial cells, making them valuable in medical, food preservation,
and agricultural applications (Amin et al., 2021). Additionally, CuO NPs possess
anticancer properties, capable of inducing apoptosis in cancer cells, which has
sparked significant interest in nanomedicine and targeted therapies
(ScienceDirect, 2018). Compared to other metal NPs like silver and gold, CuO
NPs are cost-effective and relatively easy to synthesize, which further drives
their popularity for large-scale applications (Amin et al., 2021). These make CuO

NPs a highly attractive subject of research and application.

1.4  Green Chemistry

Green chemistry is a scientific approach that aims to design products and
processes in a way that reduces or eliminates the use and generation of hazardous
substances throughout the entire life cycle, including design, manufacturing,
usage, and disposal (Whiteker, 2019). Its primary goal is to minimize the

negative impact of chemistry on human health and the environment by
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promoting sustainability and safety. This approach is guided by the 12 Principles

of Green Chemistry, which are shown in Figure 1.5.

Green method promotes environmentally friendly and sustainable methods for
synthesizing NPs, often referred to as green synthesis. This approach utilizes
natural biological resources such as plants, microorganisms, including bacteria,
fungi, and algae, and their extracts as reducing and stabilizing agents to convert
metal salts into NPs, eliminating the need for toxic chemicals and harsh physical
conditions (Huston et al., 2021). The general process involves extracting
bioactive molecules from plant parts like leaves, roots, fruits, and flowers, which
then reduce metal ions in solution to form NPs under controlled temperature
(Huston et al., 2021). These bioactive molecules will also cap and stabilize the
NPs, enhancing their stability and functionality. This method is cost-effective,
energy-efficient, and produces biocompatible NPs with controlled size and

morphology.
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Figure 1.5: Principles of green chemistry (Whiteker, 2019).
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1.5  Annona muricata (Soursop)

Annona muricata, also known as soursop, produces the largest fruit in the
Annonaceae family (ScienceDirect, 2019). The generic name Annona is derived
from Latin, which consists of the meaning “annual harvest” or “yearly produce”

(Carlos De Queiroz Pinto, 2025).

A. muricata is an evergreen tree that typically grows to a height of 4 - 8 meters
(Carlos De Queiroz Pinto, 2025). It features evergreen leaves measuring between
6.25 - 20.00 cm in length and produces distinctive flowers with six yellow-green
petals (National Parks Board, 2025). Its fruit is easily recognizable by its yellow-
green color when ripe, has a lopsided heart shape, and a spiny outer skin
(Hafeezul, 2025). Inside, the fruit contains a pulpy interior filled with numerous
seeds and can weigh up to 10 kg (ScienceDirect, 2019). This unique combination
of botanical characteristics and substantial fruit size makes 4. muricata a notable

species both horticulturally and nutritionally.

In Malaysia, A. muricata, also known as “Durian Belanda”, is widely cultivated
and highly valued, thriving in the country’s tropical climate (ScienceDirect,
2019). It is commonly grown in family orchards and commercial plantations
across tropical regions in Malaysia, thriving best in sandy, well-drained soil with
adequate watering and protection from strong winds (Hafeezul, 2025). The tree

grows rapidly and typically starts fruiting within three to five years after planting
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(Hafeezul, 2025). The different plant parts of A. muricata are depicted in Figure

1.6.

3
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(b) Flowers (c) Seeds

(d) Fruits (e) Barks and stems

Figure 1.6: Various plant parts of A. muricata, (a) leaves, (b) flowers, (c) seeds,

(d) fruits, (e) barks and stems.

1.5.1 Various traditional and modern uses of A. muricata (Soursop) parts.

Beyond its distinctive botanical characteristics and widespread cultivation, A.
muricata is highly valued for its diverse uses across different parts of the plant.

Various uses of each plant part of 4. muricata were outlined in Table 1.4.
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Table 1.4: Usages of each plant part of 4. muricata (Gavamukulya,
Wamunyokoli, and El-Shemy, 2017; Solanki, Mandaliya, and Georrge John. J,

2020; Sachdev, 2022; Zubaidi et al., 2023).

Plant parts of 4. Traditional and modern uses

muricata

e Used in traditional medicine
- Treats fever, hypertension, ulcers, and
insomnia due to their diverse therapeutic
properties.
Leaves - Possess anticancer effects which has the
potential to induce apoptosis in cancer
cells.

e Make soursop leaf tea

e Used in traditional medicine
Flowers - Primarily for their anti-inflammatory

and anthelmintic effects.

e Used as a natural pesticide

Seeds - Due to the presence of toxic compounds.

e Make desserts, smoothies, and juices
- Due to its sweet and tangy flavor.
Fruits e Used to alleviate symptoms of fever,
diarrhea, and arthritic pain.
- Valued for its antioxidant and anti-

inflammatory effects.
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1.6 Objectives

This project aimed to synthesize copper oxide nanoparticles (CuO NPs) from
plant extract at various calcination temperatures and characterized them. The

detailed objectives of this study are as follows:

1. To synthesize CuO NPs from the aqueous extract of the barks of A.
muricata through a green synthetic pathway using copper(Il) nitrate

trihydrate, Cu(NO3) 2-:3H20 as precursor salt.

2. To characterize the synthesized CuO NPs using Ultraviolet-Visible
Spectroscopy (UV-Vis), Fourier Transform-Infrared Spectroscopy (FT-
IR), Field Emission Scanning Electron Microscopy (FESEM), Energy

Dispersive X-ray Spectroscopy (EDX), and X-ray Diffraction (XRD).

3. To determine the effect of calcination temperature on the CuO NPs

synthesized via the green synthesis method.
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CHAPTER 2

LITERATURE REVIEW

2.1 Green synthesis of copper oxide nanoparticles (CuO NPs)

Recently, there has been a lot of interest in the green synthesis of CuO NPs over
conventional physical and chemical synthesis methods. This approach utilizes
plant sources as natural reducing, stabilizing, and capping agents to produce NPs
in an environmentally friendly and sustainable manner (Madeshwaran and
Venkatachalam, 2024). Various plant parts, such as leaves, flowers, barks, fruits,
stems, and seeds, are rich in bioactive phytochemicals, which are employed to
reduce Cu®* ions to copper atoms and further decompose into CuO NPs during

the calcination process.

The green synthesis of CuO NPs can occur through two primary mechanisms,
which are chelation-based complex formation and bioreduction, which work
synergistically. First, the chelation-based complex formation mechanism in the
green synthesis of CuO NPs involves the formation of complexes between Cu?*
and bioactive compounds present in the plant extract. These bioactive molecules
contain functional groups like hydroxyl (-OH), carbonyl (C=0), and amine (-
NH) groups that coordinate with Cu®" ions, forming stable Cu-phytochemical
complexes (Mobarak et al., 2025). These Cu-phytochemical complexes then
undergo thermal decomposition during the calcination process, leading to the

release of reduced copper species that nucleate to form CuO NPs (Mobarak et

al., 2025). Thus, chelation serves as a crucial precursor step that controls the
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nucleation and growth of NPs, ensuring uniform size and shape. Furthermore,
the phytochemicals adsorb onto the surface of the forming NPs, acting as
capping agents that prevent aggregation by providing steric hindrance and
electrostatic stabilization (Mobarak et al., 2025). This capping enhances the
stability and dispersity of the NPs in solution. The chelation-based complex
formation mechanism of CuO NPs was depicted in Figure 2.1. In parallel, the
bioreduction mechanism occurs by stabilizing the copper(Il) ions and facilitating
their controlled reduction to copper atoms, followed by further oxidation to form
CuO NPs (Mobarak et al., 2025). During this process, the phytochemicals
themselves are oxidized, acting as reducing agents by donating electrons to Cu**

ions.
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Figure 2.1: Chelation-based complex formation mechanism of CuO NPs

(Mobarak et al., 2025).

2.2 Phytochemical compositions in A. muricata

Phytochemical compositions present in A. muricata extracts are diverse and
include several bioactive groups. These phytochemicals contribute to the plant’s

antioxidant, antimicrobial, anticancer, anti-inflammatory, and other
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pharmacological properties (Anarado et al., 2020). They also play a crucial role

in the green synthesis of CuO NPs by acting as reducing, stabilizing, and capping

agents (Madeshwaran and Venkatachalam, 2024). Table 2.1 indicates the major

phytochemical compositions present in the aqueous extract of the barks of A.

muricata along with the types of tests used and observations (Kazaure et al.,

2025).

Table 2.1: Summary of phytochemical screening of aqueous extract of the barks

of A. muricata along with the types of tests used and observations (Anarado et

al., 2020; Sudhashini et al., 2023; Kazaure et al., 2025).

Phytochemical Test used Observation Result
compound
Mayer’s test A cream color precipitate G
was observed.
Wagner’s test A reddish-brown )
Alkoloids precipitate was observed.
Dragendorft’s An orange-red precipitate )
test was observed.
Flavonoids Ammonium test A yellow-colored solution ()
was observed.
Aluminium A yellow-colored solution )
chloride test was observed.
Ferric  chloride A greenish-black )
Tannins test precipitate was observed.
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Lead(Il) acetate A cream precipitate was (+)
test observed.
Froth was observed at
Saponins Froth test first. After the addition of (+)
olive oil, an emulsion
appeared.
Terpenoids Salkowski’s test A reddish-brown (+)
precipitate was observed.
A brown ring (above) and
Cardiac Keller  Killiani a violet ring (below) were (+)
glycosides test observed.

(+): Positive results (Present)

(-): Negative results (Absent)
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2.3 Green synthesis of CuO NPs using plant extract

2.3.1 Green synthesis and characterization of CuO nanorods using
Muntingia calabura leaves extract

In the study conducted by Selvanathan et al. (2021), Muntingia calabura leaves
extract was utilized to synthesis of CuO nanorods. It is commonly known
worldwide as “Jamaican cherry”, as depicted in Figure 2.2, and is often grown
as roadside trees in Malaysia (Selvanathan et al., 2021). Traditionally, the leaves
of M. calabura have been used in various cultures as a tranquilizer, headache
remedy, and tonic (Selvanathan et al., 2021). The distinctive blend of
phytochemicals present in the M. calabura leaf extract makes it an excellent
natural medium for synthesizing CuO NPs with unique morphology features
(Selvanathan et al., 2021). In this study, Cu(NO3);-3H,O was utilized as
precursor salt, and the paste was calcinated at 400°C for two hours. The detailed
experimental procedure is shown in Figure 2.3(a), while Figure 2.3(b) illustrates

the reaction mechanism for CuO NPs synthesis.

Figure 2.2: Appearance of M. calabura (Ecosostenibile, 2024).
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Figure 2.3: (a) Experimental procedure and (b) reaction mechanism for CuO

NPs synthesis using M. calabura leaves extract (Selvanathan et al., 2021).

The XRD analysis shows that the synthesized CuO NPs exhibited a monoclinic
crystalline structure, which matched with the International Centre for Diffraction
Data (ICDD) Card No. 00-045-0937. In Figure 2.4, the diffraction peaks at 20
were found at 32.51°, 36.32°, 39.20°, 49.42°, 58.87°, 62.26°, 66.90°. 68.70°,
73.05°, and 75.68°, which matched the planes of (03 1),(002),(111),(20 -
2),(202),(11-3),31-1),(113),(311),and (00 4), respectively. Based on
the prominent XRD peaks, the synthesized CuO NPs show an average crystalline

size ranging from 12 - 20 nm (Selvanathan et al., 2021).
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Figure 2.4: XRD pattern of synthesized CuO NPs from M. calabura leaves

extract (Selvanathan et al., 2021).

From Figure 2.5, the synthesized CuO NPs consist of a maximum absorption
peak at 387 nm, and the band gap energy (E;) determined using the Tauc plot

was found to be 3.65 eV.
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Figure 2.5: (a) UV-Vis absorption spectrum, and (b) Tauc plot of synthesized

CuO NPs from M. calabura leaves extract (Selvanathan et al., 2021).
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According to Figure 2.6(a), the structural properties of synthesized CuO NPs,
which were characterized by using FESEM analysis, displayed a rod-shaped
morphology with uniform size and exhibited less agglomeration. The elemental
compositions of synthesized CuO NPs using EDX analysis are shown in Figure

2.6(b) and indicate the absence of contamination.
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Figure 2.6: (a) FESEM image, and (b) EDX spectrum of synthesized CuO NPs

from M. calabura leaves extract (Selvanathan et al., 2021).

The Transmission Electron Microscopy (TEM) images (Figure 2.7) clearly show
that the synthesized CuO NPs consist of a rod shape with a thickness of around
23 nm and a length ranging from 79 - 90 nm, which is larger than the crystalline

size determined from XRD analysis.
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Figure 2.7: TEM images of synthesized CuO NPs from M. calabura leaves

extract (Selvanathan et al., 2021).

Based on the FT-IR spectrum depicted in Figure 2.8(a), the O-H and C=0
stretching bonds can be observed at 3413 and 1630 cm’!, corresponding to
polyphenols and flavonoids, respectively. Absorption bands at 1414 and 1034

cm’!

are from carboxylic acid (-COO) and amine stretch (C-N), respectively.
Furthermore, bands between 1100 - 1000 cm™ indicate the presence of
carbohydrate components in the M. calabura leaf extract. Based on the spectrum
in Figure 2.8(b), the strong absorption bands at 3428 and 1640 cm™ correspond
to the phenolic group and flavonoids, respectively, served as stabilizing and

capping agents during the synthesis of CuO NPs. Lastly, the intense band at 452

cm’! is a significant absorption band that indicates the presence of CuO NPs.
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Figure 2.8: FT-IR spectra of (a) M. calabura leaves extract, and (b) synthesized

CuO NPs (Selvanathan et al., 2021).

2.3.2 Green synthesis and characterization of CuO NPs using Pyrus
pyrifolia leaves extract

In this study, Sundaramurthy and Parthiban (2015) utilized the leaves of Pyrus
pyrifolia in the synthesis of CuO NPs. P. pyrifolia, as depicted in Figure 2.9,
commonly known as “Asian pear”, belongs to the Rosaceae family and is valued
for its large, round to slightly pyriform fruits that typically measure 3 - 4 inches
in diameter (NC State Extension, 2025). In this study, Cu(NO3)-6H>O was
utilized as the precursor salt, and the calcination process was carried out at 400°C

for three hours.
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Figure 2.9: Appearance of P. pyrifolia (NC State Extension, 2025).

The XRD diffractogram (Figure 2.1) showed sharp and narrow diffraction peaks,
indicating that the synthesized CuO NPs have a monoclinic phase and a highly
crystalline structure, which matched the ICDD Card No. 45-0937. The
diffraction peaks at 20 were found at 32.49°, 35.47°, 38.70°, 48.75°, 53.59°,
58.23°,61.57°,66.01°, 68.01°, 72.45° and 74.92°, which matched to the planes
of (110),(002),(111),(202),(020),(202),(113),311),(220),(31
1) and (0 O 4) respectively. The average size was found to be 22 nm

(Sundaramurthy and Parthiban, 2015).
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Figure 2.10: XRD pattern of synthesized CuO NPs from P. pyrifolia leaves

extract (Sundaramurthy and Parthiban, 2015).
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Based on FESEM analysis illustrated in Figure 2.11(a), the synthesized CuO NPs
are small, uniform in size, and mostly spherical in shape, which are free from
agglomeration. The particle size ranged from 17 - 30 nm, and the average particle
size detected was 24 nm, which is nearly identical to XRD analysis. The atomic
determination of synthesized CuO NPs, as illustrated in Figure 2.11(b), showed

that only Cu and O elements are present.
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Figure 2.11: (a) FESEM image, and (b) EDX spectrum of synthesized CuO NPs

from P. pyrifolia leaves extract (Sundaramurthy and Parthiban, 2015).

Based on the FT-IR spectrum revealed in Figure 2.12(b), the strong absorption
band at 3435 cm™! corresponds to O-H stretching due to the presence of hydroxyl
groups. The absorption bands at 2362 and 1637 cm! indicate the C-H stretching
of alkanes and C=0 stretching, respectively. Lastly, the intense band observed at

528 cm! indicates the presence of CuO NPs.
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Figure 2.12: FT-IR spectra of (a) P. pyrifolia leaves extract, and (b) synthesized

CuO NPs (Sundaramurthy and Parthiban, 2015).

2.3.3 Green synthesis and characterization of CuO NPs using Carica
papaya L. peel extract

This study, which was conducted by Phang et al. (2021), utilized the peels from
Carica papaya L. for the synthesis of CuO NPs. Carica papaya L., as shown in
Figure 2.13, commonly known as papaya, is a member of the Caricaceae family,
which grows in many tropical and subtropical regions around the world. This
Carica papaya L. fruit is valued for its rich content of vitamins such as f-
carotene, vitamin C, and vitamin E, as well as essential minerals like sodium,
calcium, and iron, along with dietary fiber (Phang et al., 2021). The juice has
also been traditionally employed in the treatment of diseases such as constipation,
diabetes, high blood pressure, and others (Phang et al., 2021). In this study, the
precursor salt utilized in the synthesis of CuO NPs is Cu(NOs),-3H>0, and
calcinated at 450°C for two hours. The detailed experimental procedure is shown

in Figure 2.14.
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Figure 2.13: Appearance of Carica papaya L. (Phang et al., 2021).
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Figure 2.14: Experimental procedure for CuO NPs synthesis using Carica

papaya L. peel extract (Phang et al., 2021).

The XRD analysis depicted in Figure 2.15(a) revealed that the synthesized CuO
NPs exhibited a monoclinic structure, which is in agreement with the peaks in
the ICDD Card No. 00-045-0937. The diffraction peaks at 20 were found at
32.51°, 35.53°, 38.75°, 46.26°, 48.78°, 53.50°, 58.34°, 61.57°, 66.28°, 68.04°,

72.46°, and 75.0°, which matched to the planes of (-1 10), (002), (1 11),(-11
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2),(-202),(020),(202),(-113),(022),(-220),(311)and(004)
respectively. Lastly, the crystalline size was found to be 28.06 nm (Phang et al.,
2021). The atomic determination of synthesized CuO NPs, as shown in Figure
2.15(b), indicates that only Cu and O elements are present. According to Figure
2.16, the synthesized CuO NPs exhibited an agglomerated spherical shape with

the particle sizes ranging from 85 — 140 nm.
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Figure 2.15: (a) X-ray diffractogram and (b) EDX spectrum of synthesized CuO

NPs from Carica papaya L. peel extract (Phang et al., 2021).
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Figure 2.16: SEM images of synthesized CuO NPs from Carica papaya L. peel

extract with magnification of (a) 9000x and (b) 18000x (Phang et al., 2021).

According to the FT-IR spectrum illustrated in Figure 2.17(b), the absorption
bands at 3368 and 1647 cm™! correspond to the stretching vibrations of hydroxyl
groups and primary amide groups, respectively. The absorption band at 1120 cm’
! is attributed to C-O stretching. The key intense band observed at 532 cm’!

corresponds to the stretching vibration of the Cu-O bond in the monoclinic

synthesized CuO NPs.
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Figure 2.17: FT-IR spectra of (a) Carica papaya L. peel extract and (b)

synthesized CuO NPs (Phang et al., 2021).

2.3.4 Green synthesis and characterization of CuO NPs using Allium
sativum extract

Velsankar et al. (2020) explored the synthesis of CuO NPs by utilizing the Allium
sativum extract. A. sativum, as shown in Figure 2.18, commonly known as garlic,
is a bulbous flowering plant belonging to the member of Amaryllidaceae family
(Velsankar et al., 2020). It is widely valued not only for its distinctive pungent
taste and aroma that enhances culinary dishes worldwide but also for its diverse
medicinal benefits, including antioxidant, anticancer, and anti-inflammatory
effects (Velsankar et al., 2020). In this study, copper(Il) nitrate was utilized as
the precursor salt in the synthesis of CuO NPs, and calcinated at 400°C in the

furnace for three to four hours.

Figure 2.18: Appearance of A. sativum (Chauhan, 2025).
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From Figure 2.19(a), the diffraction peaks at 20 from XRD analysis were found
at 32.22°,35.42°,38.64°, 48.60°, 53.20°, 56.67°, 58.02°, 61.32°, 66.10°, 68.05°,
71.96°, and 74.80°, which are coordinated with the crystalline planes of (1 1 0),
(002),(111),(202),(020),(021),(202),(113),(311),(220),(312),
and (0 0 4), respectively. This showed that the synthesized CuO NPs consist of
a crystalline nature with a monoclinic structure, which matched the ICDD Card
No. 80-1917. The mean crystalline size was found in the range from 25 - 30 nm

by using Scherrer’s equation (Velsankar et al., 2020).

Based on Figure 2.19(b), the absorption bands at 3465 cm™ correspond to O-H
bond of hydroxyl groups. The bands at 2921 and 2851 cm™! are linked to the
stretching vibrations of C-H and -CH; from primary alkanes, respectively. The
band at 1689 cm™! corresponds to amide bond. Furthermore, bands observed at
1466 and 1385 cm™ are related to the stretching vibrations of aliphatic and
aromatic C-N amine, respectively. The bands at 1110 and 1043 cm™ were linked
to carboxylic and phenolic groups, respectively. Lastly, sharp and intense bands

at 584 and 531 cm™! indicate Cu-O bond in synthesized CuO NPs.

The synthesized CuO NPs consist of a maximum absorption peak at 398 nm, and
the band gap energy (Eg) determined using the Tauc plot was found to be 3.20

eV, as illustrated in Figure 2.19(¢c) and (d).
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Figure 2.19: (a) X-ray diffractogram, (b) FT-IR spectrum, (c) UV-Vis absorption
spectrum, and (d) Tauc plot of synthesized CuO NPs from A. sativum extract

(Velsankar et al., 2020).

Based on the SEM study (Figure 2.20), the synthesized CuO NPs mostly exhibit

a spherical, circular, and oval shape and particle size ranging from 20 - 40 nm.
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Figure 2.20: SEM images of synthesized CuO NPs from A. sativum extract at

(a-¢) 200 nm, and (d) at 1 um scale range (Velsankar et al., 2020).

The atomic composition of the synthesized CuO NPs, as determined by using
EDX analysis, as in Figure 2.21, indicated that only Cu and O elements were
present with no contamination. The weight percentages of Cu and O elements

are shown in Table 2.2.

Figure 2.21: EDX spectrum of synthesized CuO NPs (Velsankar et al., 2020).
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Table 2.2: Weight and atomic percentages of O and Cu of CuO NPs from EDX

analysis (Velsankar et al., 2020).

Element Weight % Atomic %
0] 44.40 76.03
Cu 55.60 23.97
Total 100.00 100.00

24 Experimental parameters that influence the synthesis of CuO NPs

The green synthesis of CuO NPs utilizing plant extracts is greatly affected by
several factors. The study conducted by Chan et al. (2022) in the synthesis of
CuO NPs focuses on investigating the effect of the calcination temperature.
Garcinia mangostana L. leaves extract and Cu(NO3)-3H>O are used as
stabilizing agents and precursor salts, respectively. The detailed experimental

procedure is shown in Figure 2.22.

Mangosteen leaf extract  cu(NO,),.3H,0

dried and heated in water
ground ) _andfiltered

Mangosteen leaf powder

Mangosteen (Garcinia mangostana L.)
leaves

mixing |and heating

. : -

“-“-ﬁ Lalcination . ""
Sk L B00°C

sodoeow ]

CuO nanostructures

Dark- brown paste
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Figure 2.22: Summary of experimental procedure for green synthesis of CuO

NPs (Chan et al., 2022).

The crystal structure of CuO NPs, which were synthesized using 30 mL of the
Garcinia mangostana L. leaves extract and calcined at various temperatures of
200, 300, 400, 500, and 600°C, was determined by XRD analysis, and the results
are illustrated in Figure 2.23. It indicates that the synthesized CuO NPs have a
monoclinic phase, which matches the ICDD Card No. 00-045-0937, and the
intensity and sharpness of the diffraction peaks increase with increasing
calcination temperature. The mean crystalline size for the synthesized CuO NPs
at variations of calcination temperature, as shown in Table 2.3, was found in the
range from 12.78 - 28.17 nm by using Scherrer’s equation. The optical bandgap
energy of the synthesized CuO NPs decreases when the calcination temperature
is elevated, as illustrated in Table 2.3, indicating an increase in particle size

alongside a decrease in lattice strain.

Table 2.3: Energy band gap and mean crystalline size of the synthesized CuO

NPs at different calcination temperatures (Chan et al., 2022).

Calcination temperature  Energy bandgap Mean crystalline size
°C) (eV) (nm)
200 341 12.78
300 3.28 14.04
400 3.24 18.32
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Figure 2.23: X-ray diffractogram of synthesized CuO NPs at calcination

temperatures of (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600°C (Chan et al.,

2022).

Atomic composition of the synthesized CuO NPs, as determined by using EDX
analysis, is depicted in Figure 2.24. It indicated that at low calcination
temperatures of 200, 300, and 400°C, a weak carbon signal was detected,
indicating the presence of impurities. As calcination temperature increases to

500 and 600°C, the carbon signal diminishes and eventually disappears, showing
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that the organic components are completely removed, typically converted to

carbon dioxide and water, and only Cu and O elements are present.

Intensity (cps)
Intensity (cps)

Intensity (cps)
Intensity (cps)

Intensity (cps)

Figure 2.24: EDX spectrum of synthesized CuO NPs at calcination temperatures

of (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600°C (Chan et al., 2022).

Figure 2.25 shows the FESEM analysis for the synthesized CuO NPs at various
calcination temperatures. It was observed that particle size increased with rising
calcination temperature, with the reported average size of synthesized CuO NPs

ranging from 50.0 - 458.3 nm.
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Figure 2.25: FESEM images of synthesized CuO NPs at calcination
temperatures of (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600°C (Chan et al.,

2022).

2.5  Concluding remarks

From these studies, it has been proven that plants can be utilized in the synthesis
of CuO NPs. This is because plant extracts contain various bioactive
phytochemicals such as polyphenols, flavonoids, alkaloids, terpenoids, tannins,

and others. They will act as natural reducing, stabilizing, and capping agents in
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the synthesis process. In this study, effect of calcination temperature on the
crystalline size of synthesized CuO NPs was studied due to the limited number
of studies available. Furthermore, the utilization of the barks of the plants in the
synthesis of CuO NPs has been less likely studied. Thus, the barks of A. muricata
was used to synthesize the CuO NPs, and their characterizations were studied.
Table 2.4 depicts the summary of the utilization of different types of plants and
precursor salts in the synthesis of CuO NPs with their characterizations from the

first four literatures.
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Table 2.4: Summary of the utilization of different types of plants and precursor salts in the synthesis of CuO NPs and their characterizations.

Band gap
Type of Plant part Precursor salt  Absorption energy Morphology  Particle Crystal References
plant peak (nm) (eV) size (nm) system
Muntingia Leaves Copper(Il) nitrate 387 3.65 Rod shape Length: Monoclinic  (Selvanathan et al.,
calabura trihydrate 79-90 2021)
Thickness:
23
Pyrus Leaves Copper(Il) nitrate 395 - Spherical 17-30 Monoclinic  (Sundaramurthy and
pyrifolia hexahydrate shape Parthiban, 2015)
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Carica Peel Copper(Il) nitrate 270 3.33 Agglomerate 85-140 Monoclinic  (Phang et al., 2021)
papaya L. trihydrate d spherical
shape
Allium Bulb Copper(II) nitrate 398 3.20 Spherical and 20-40 Monoclinic (Velsankar et al.,
sativum oval-shaped 2020)
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 Materials

The barks of A. muricata were collected from Ipoh, Perak, Malaysia. The
precursor salt utilized in the synthesis of CuO NPs was Cu(NO3)2-3H,0 (Purity
= 99%) with a molecular weight of 241.60 g/mol (CAS number = 10031-43-3).
It was an analytical research (AR) grade and was stored in the drying cabinet
due to its highly moisture-sensitive and hygroscopic properties. In addition,
deionized water acted as a green solvent in this research and was used to clean
the barks of 4. muricata to remove the impurities present and act as the reaction
medium for the synthesis process. In addition, Table 3.1 shows the details of the

chemical reagents for the qualitative phytochemical test.

Table 3.1: List of reagents for phytochemical test.

Molecular
Reagents weight CAS Brand Grade
(g/mol) number
Aluminium
chloride 241.45 7784-13-6 GENE AR grade
hexahydrate Chemical
Chloroform 119.38 67-66-3 Merck AR grade
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98% concentrated

ammonia solution 17.03 1336-21-6 Merck AR grade
Dragendorft’s - - - -
reagent
Glacial acetic 60.05 64-19-7 RCI AR grade
acid Labscan
Iron(III) chloride
hexahydrate 270.33 10025-77-1 Merck AR grade

Lead(Il) acetate

trihydrate 379.34 6080-56-4 QREC AR grade

Olive oil - - - -

Wagner’s reagent - - - -

98% concentrated

sulphuric acid 98.08 7664-93-9 Chemiz AR grade

3.2  Equipment

Table 3.2 shows the details of the equipment used throughout this research.

Table 3.2: List of equipment and their functions.

Equipment Function
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Aluminium foil

Used to cover the reaction vessels to prevent
contamination and minimize solvent evaporation

during the plant extraction process.

Analytical balance

Provides precise measurement of precursor salt and
barks of 4. muricata powder to ensure accurate

reactant quantities.

Serve as reaction vessels for the plant extraction

Beakers process and the mixing of A. muricata extract with
copper precursor during synthesis.
To separate the solid plant materials from the
Centrifuge supernatant during the preparation of the plant

extract.

Centrifuge tube

To collect the supernatant of A. muricata extract after

the centrifugation process.

Ceramic crucible

Act as a stable container to hold the resulting paste

for the calcination process.

Desiccator Maintains a moisture-free environment to store the
synthesized CuO NPs for further characterization.
To allow precise controlled addition of small

Dropper volumes of reagents in phytochemical tests and

precursor solution into the plant extract during the

synthesis process.

Freeze dryer

To remove the water from 4. muricata extract by

sublimation.
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Furnace Provides controlled heating for the calcination
process of the resulting paste into CuO NPs.
Grinder To reduce the dried barks of 4. muricata into fine

powder.

Magnetic stirrer

Ensures uniform mixing of the mixture during the

synthesis of CuO NPs.

Magnetic stirring hot

plate

Combining stirring and controlled heating to

maintain reaction temperature and homogeneity.

Measuring cylinder

To measure precise volumes of liquids such as

deionized water and A. muricata extract.

Micro sample tubes

To store the synthesized CuO NPs for further

characterization.

To grind the synthesized CuO NPs, precursor salts,

Mortar and pestle and freeze-dried solid A. muricata extract with KBr
salts evenly for characterization.

Oven To dry the barks of 4. muricata to remove moisture.

Retort stand and clamp | To support the thermometer in a fixed position to
monitor temperature changes.

Ultrasonic bath | Promoting the dispersion of synthesized CuO NPs in

sonicator the deionized water for characterization.
To transfer the barks of A. muricata powder and

Spatula precursor salts during weighing and sample
preparation.

Test tubes Serve as reaction vessels for phytochemical tests.
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Thermometer

and synthesis process.

To monitor temperature during the plant extraction

Volumetric flasks

To prepare solutions of precise and accurate
concentrations by accurately measuring and diluting

liquids to a fixed volume.

33 Instrumentation

Table 3.3 indicates the details of the instruments used in this research.

Table 3.3: List of instruments and their functions.

Instrument Brand / Model Function
Ultraviolet-Visible Thermo  Fisher | To identify the maximum
Spectrophotometer (UV- | Scientific absorption wavelength and

IR)

Vis) GENESYS 50 | band gap energy of the
series synthesized CuO NPs.
Fourier Transform- To identify the functional
Infrared PerkinElmer groups, present in the A.
Spectrophotometer (FT- | Spectrum FX1 muricata extract,

synthesized CuO NPs, and

the precursor salt.

Field Emission Scanning
Electron Microscope

(FESEM)

JEOL JSM-6701F

To analyze the surface

morphology, shape, and size
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distribution of the

synthesized CuO NPs.
Energy Dispersive X-ray | Oxford To analyze the elemental
Spectrometer (EDX) Instruments ~ X- | composition and purity of
max 50 mm? the synthesized CuO NPs.

To determine the crystalline
X-ray Diffractometer | Shimadzu XRD | structure =~ and  average
(XRD) 6000 crystallite size of the

synthesized CuO NPs.

3.4 Overview of research methodology

The methodology in this research is divided into five parts, which are shown in

Figure 3.1.
Part 1:
Collection and preparation of
Part 5: barks of A. muricata. /\
Qualitative

Part 2:
Extraction of barks

phytochemical tests

of A. muricata bark Overview of
extract. of A. muricata.
Q Methodology
Part 4: Part 3: -
Characterization of Synthesis of CuO NPs from
CuO NPs. v the A. muricata bark
extract.

Figure 3.1: Overview of methodology.
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3.5 Experimental procedure

3.5.1 Collection and preparation of barks of A. muricata

The barks of A. muricata were collected from Ipoh, Perak, Malaysia. After
removing the leaves, the barks were washed with deionized water until all the
contaminants, dirt, and soil were removed. Next, barks were cut into smaller
sizes and dried in an oven at 40°C until the moisture was completely removed.
The dried barks were ground into fine powder using a grinder and stored in a
glass reagent bottle, and sealed with parafilm. This glass reagent bottle was then
stored in a desiccator to prevent absorption of moisture. The flowchart is

depicted in Figure 3.2.

Washed with deionized
water.

Dried in an oven at
40°C.

The barks of A. muricata
were collected from Ipoh,

Perak.
Grinded into fine powder

and stored in dessicator.

Figure 3.2: Flowchart of the collection and preparation of the barks of 4.

muricata.
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3.5.2 Extraction of barks of A. muricata

In the preparation of A. muricata bark extract, a clean beaker was first placed on
the analytical balance and tared to zero. Then, a spatula was used to carefully
transfer the 4. muricata powder into the beaker until 3 g was achieved. 100 mL
of deionized water, which was measured using a measuring cylinder, was added
to the beaker that contained weighed A. muricata powder. Next, the mixture was
stirred continuously and heated at 80 - 90°C for 30 minutes on a magnetic stirring
hot plate. After 30 minutes, the A. muricata extract was cooled to room
temperature and centrifuged at a speed of 5000 rpm for 10 minutes to obtain the
supernatant. The supernatant was then transferred into clean centrifuge tubes for

future synthesis. Figure 3.3 illustrates the flow of this extraction process.

¥ Added 100 mL of deionized = £
water and stirred.

3 g of grinded powder

was weighed

Cooled to
room

Supernatant
was then

transferred %8 = = | temperature. e E -
into clean = {———  Mixture was stirred
centrifuge and heated for 30

tubes minutes at 80-90°C.

Figure 3.3: Flowchart of the extraction of the barks of A. muricata.
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3.5.3 Green synthesis of CuO NPs

20 mL of 4. muricata extract, which was measured using a measuring cylinder,

was transferred to a clean beaker and heated to 80 - 90°C with constant stirring.

Next, copper(Il) nitrate solution was prepared by dissolving 2 g of Cu(NO3)

2-:3H20 in 20 mL of deionized water. The copper(Il) nitrate solution was then

added dropwise to the preheated 20 mL of A. muricata extract under stirring.

The mixture was continued to be heated with constant stirring until a paste was

formed. The resultant paste was then transferred to a clean ceramic crucible and

calcinated at 300°C for two hours in a furnace. The formation of black CuO

powder was transferred to a micro-sample tube and stored in the desiccator for

further characterization. The whole synthesis process was repeated with

calcination temperatures of 400 and 500°C. The flow of synthesizing CuO NPs

is depicted in Figure 3.4.

2 g of copper(Il) nitrate
trihydrate was dissolved
in 20 mL deionized

Copper(II) nitrate
solution was added
dropwise under

water. stirring.

20 mL of extract was
measured and heated to

80-90°C.

Repeated with

calcination <——|
temperature of

400°C and 500°C.

Black CuO powder was The paste was Mixture was heated with
obtatied calcinated at 300°C constant stirring until paste
for 2 hours. was formed.

Figure 3.4: Flowchart of the CuO NPs synthesis.
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3.5.4 Qualitative phytochemical test of A. muricata bark extract

The qualitative phytochemical screening of A. muricata bark extract was
performed to identify the presence of various bioactive secondary metabolites.

The details for each phytochemical test are listed below:

Test for the presence of alkaloids

The presence of alkaloids in the A. muricata bark extract was confirmed using
Wagner’s and Dragendorff’s reagent tests. For each test, 1 mL of the extract was
mixed with 1 mL of the respective reagent in a test tube and thoroughly mixed.
The formation of a reddish-brown precipitate upon the addition of Wagner’s
reagent and the appearance of a reddish-orange precipitate upon the addition of

Dragendorff’s reagent serve as a positive indication.

Wagner’s test and Dragendorff’s test
Added 1 mL of

respective reagent +| Reddish-brown precipitate (Wagner’s test)

l ——% . Reddish-orange precipitate (Dragendorff’s test)

1 mL of extract

7 Positive result:

Figure 3.5: Methodology of the test for the presence of alkaloids.

Test for the presence of flavonoids

The presence of flavonoids in the 4. muricata bark extract was qualitatively
confirmed using two standard chemical tests: the ammonium test and the

aluminium chloride test. For each test, 4 mL of the extract was mixed with 1 mL
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of the respective reagent and shaken thoroughly. The formation of a yellow color

in both tests is a positive indication of flavonoids.

Ammonium test and aluminium chloride test

Added 1 mL of
respective solution Positive result: Yellow color

| —

4 mL of extract

Figure 3.6: Methodology of the test for the presence of flavonoids.

Test for the presence of terpenoids

The presence of terpenoids in the A. muricata bark extract was assessed using
Salkowski’s test. First, 5 mL of extract was mixed with 2 mL of chloroform,
followed by the addition of a few drops of concentrated sulphuric acid along the
side of the test tube. The formation of reddish-brown precipitate at the interface

served as a positive indication for the presence of terpenoids in the extract.

Salkowski’s test

Added 2 mL of chloroform and a few —
l drops of concentrated sulphuric acid . Positive result:

——% :' Reddish-brown precipitate

5 mL of extract

Figure 3.7: Methodology of the test for the presence of terpenoids.

Test for the presence of saponins
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Saponins were detected by mixing 10 mL of the extract with 5 mL of distilled

water, followed by vigorous shaking. The formation of a persistent froth

indicated the presence of saponins. To further confirm this, 3 drops of olive oil

were added to the froth, and the mixture was shaken vigorously again. The

formation of an emulsion upon shaking confirmed the presence of saponins.

Froth test
5 mL of distilled % 3 drops olive oil

water Y\
Vigorous shaking Vigorous shaking Positive result:
l ——% l —% Emulsion upon shaking

10 mL of extract

Figure 3.8: Methodology of the test for the presence of saponins.

Test for the presence of tannins

The presence of tannins was assessed using two complementary tests, which are

the iron(III) chloride test and the lead(II) acetate test. In each test, 3 mL of extract

was treated with a few drops of the respective solutions. The development of a

greenish-black precipitate upon the addition of iron(III) chloride solution and the

appearance of a cream-colored precipitate upon the addition of lead(Il) acetate

solution indicated the presence of tannins.

Few drops of ~— Positive result: "] Cream-colored

respective solution gy o, oo ich black precipitate precipitate

l ——% ®  (Iron(III) chloride test) (Lead(IT) acetate test)

3 mL of extract
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Figure 3.9: Methodology of the test for the presence of tannins.

Test for the presence of cardiac glycosides

The presence of cardiac glycosides in the A. muricata bark extract was detected

using the Keller-Killiani test. First, 5 mL of extract was mixed with 2 mL of

glacial acetic acid containing one drop of iron(III) chloride solution. The mixture

was carefully underlayered with 1 mL of concentrated sulphuric acid by allowing

the acid to flow gently along the side of the test tube to form two layers. The

formation of a brown ring at the interface between the two layers shows a

positive indication of cardiac glycosides. Additionally, a violet ring may appear

just below the brown ring.

Keller-Killiani test
S 2 mL of glacial
1 drop iron(III) [ acetic acid

chloride solution

Underlayered with 1 mL Positive result:
' concentrated sulphuric acid Brown ring at the interface
———% between the two layers

5 mL of extract

Figure 3.10: Methodology of the test for the presence of cardiac glycosides.

3.6 Characterization of synthesized CuO NPs

The synthesized CuO NPs were characterized using Ultraviolet-Visible

Spectroscopy (UV-Vis), Fourier Transform-Infrared Spectroscopy (FT-IR), Field
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Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray

Spectroscopy (EDX), and X-ray Diffraction (XRD).

3.6.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

A Thermo Fisher Scientific GENESYS 50 series of Ultraviolet-Visible
Spectrophotometer (UV-Vis), which was illustrated in Figure 3.11, was used to
confirm the formation of CuO NPs by detecting their characteristic absorption
peak (Amax), Which arises from electronic transitions related to the CuO NPs band
gap (Eg). Around 2 mg of the synthesized CuO NPs were weighed and added to
a beaker that contained 10 mL of deionized water. The resulting sample solution
was then sonicated for 15 minutes to promote dispersion of synthesized CuO
NPs in the deionized water. The solution was then scanned over the wavelength

range from 200 — 1000 nm.

Figure 3.11: Thermo Fischer Scientific GENESYS 50 series of UV-Vis

spectrophotometer.
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After the maximum absorption peaks were obtained, they were used to calculate
the band gap energy of the synthesized CuO NPs by using Equation 3.2. The
calculated values were then converted to electron volts (eV) by multiplying with

1.60218x10'* as 1 eV equals 1.60218x107" J.

Band gap energy, E; = % ---------- Equation 3.2

Where,
h = Planck’s constant (6.626x1073 Js)
¢ = Speed of light (3.00x10% ms™)

A = Maximum absorption wavelength (nm)

3.6.2 Fourier Transform-Infrared Spectroscopy (FT-IR)

The Fourier Transform-Infrared Spectrophotometer (FT-IR) with the model of
PerkinElmer Spectrum FX1, as depicted in Figure 3.12, was utilized to identify
the functional groups present in the 4. muricata bark extract, precursor salt, and
synthesized CuO NPs. The freeze-drying technique was used to obtain the solid
A. muricata extract by removing the moisture through sublimation. Next, each
solid sample was mixed evenly with dry KBr powder in a ratio of 1:10 (solid
sample: KBr), respectively, using a mortar and pestle, and the solid sample was

then scanned from 4000 — 400 cm™.
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Ifyour wish to compare FT-IR spectrd

(before treatment & after treatment),
please use ATR-IR.

By: Lab Officer

Figure 3.12: PerkinElmer Spectrum FX1 model of FT-IR spectrophotometer.

3.6.3 Field Emission Scanning Electron Microscopy (FESEM) and Energy
Dispersive X-ray Spectroscopy (EDX)

The surface morphology, shape, and size distribution of synthesized CuO NPs
were examined using a JEOL JSM-6701F model of Field Emission Scanning
Electron Microscope (FESEM). In addition, an Energy Dispersive X-ray (EDX)
spectrometer with the model of Oxford Instruments X-Max 50 mm?, which is
coupled with the FESEM, was used to analyze the elemental composition of the
synthesized CuO NPs. Both FESEM and EDX instruments are shown in Figure

3.13.
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Figure 3.13: (a) JEOL JSM-6701F model of FESEM, and (b) Oxford

Instruments X-Max 50 mm? model of EDX instruments.

3.6.4 X-ray Diffraction (XRD)

An X-ray Diffractometer, with the model of Shimadzu XRD 6000, as depicted
in Figure 3.14, was used to determine the crystalline structure and average
crystallite size of synthesized CuO NPs. In addition, the crystallite size of
synthesized CuO NPs was determined through the Debye-Scherrer equation, as

shown in Equation 3.3.

D=—— e Equation 3.3

Where,
D = Average crystalline size
K = Scherrer constant, 0.9

A = Wavelength of the X-ray source, Cu Ko radiation = 1.5406 A
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f = Full width at half maximum (FWHM) of the diffraction peak in radian 26

0 = Bragg angle of diffraction in radians

Value of FWHM of the diffraction peak was determined using Equation 3.4.

FWHM in20xm .
B = T50° Equation 3.4

Figure 3.14: Shimadzu XRD 6000 model of X-ray Diffractometer.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Green Synthesis of CuO NPs

In this study, different calcination temperatures were employed as a key
parameter to investigate their effect on structural, morphological, and
physicochemical properties of the synthesized CuO NPs by using A. muricata
bark extract and Cu(NOs3)2-:3H20 as precursor salt. The purpose of choosing
Cu(NO3)2:3H20 was due to its ready dissociation to release Cu®* ions into the
reaction medium, which is essential for effective interaction with the
phytochemicals present in the 4. muricata bark extract. It also has good
solubility and clean decomposition to CuO NPs with minimal impurities,
facilitating the formation of uniform NPs with good crystallinity compared with
other precursor salts, such as CuCl, and Cu(CH3;COO)> (Phiwdang et al., 2013;
Abdullah, Guerrero, and Romero, 2024). Moreover, A. muricata was selected
for the synthesis of CuO NPs primarily due to its rich content of bioactive
phytochemicals such as alkaloids, flavonoids, tannins, and others, which serve
as natural reducing, stabilizing, and capping agents (Selvanathan et al., 2022). 4.

muricata is also widely available in Malaysia.

During the preparation process, the collected 4. muricata barks were washed
with deionized water primarily to remove dirt, dust, microorganisms, and other

surface impurities that could interfere with the extraction of bioactive
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phytochemicals and affect the purity of the resulting NPs. The cleaned barks
were then dried in an oven at a controlled low temperature of 40°C, which serves
to gently remove moisture and prevent microbial growth while preserving the
integrity and activity of the sensitive bioactive compounds. Next, the barks were
ground into fine powder. In addition, the extraction solvent for phytochemicals
from A. muricata bark used in this study is deionized water because it efficiently
extracts a broad range of bioactive compounds in an eco-friendly and non-toxic
manner. Deionized water is a polar solvent that facilitates the solubilization of
these hydrophilic phytochemicals without introducing harmful chemicals. The
extraction efficiency is also enhanced by increasing the extraction temperature
to 80 - 90°C. This moderate heating accelerates the breakdown of cell walls and

increases the diffusion rate of phytochemicals from the plant matrix.

The synthesis of CuO NPs by adding Cu(NO3)2-3H20 solution dropwise into the
preheated bark extract proceeds through nucleation and growth processes.
Initially, as the Cu(NO3)2 solution is introduced gradually into the preheated bark
extract containing reducing and stabilizing phytochemicals, the dissociated Cu?"
ions interact with these bioactive compounds, which serve to chelate the ions
and reduce them to a lower oxidation state. This initiates nucleation, where small
copper or copper oxide nuclei form as seeds for NPs development (Thanh,
Maclean, and Mahiddine, 2014). The system at this stage has a high energy state
due to the presence of these tiny particles dispersed in the solution. As the
synthesis continues, the NPs grow mainly through Ostwald ripening, a process
where smaller, less stable particles dissolve and redeposit onto larger, more

stable nuclei (Zhang et al., 2015). This growth reduces the total surface energy
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of the system, progressively driving the reaction toward thermodynamic
equilibrium (Bastis, Comenge and Puntes, 2011). The transformation of color
of the solution from light blue to dark green hues as nucleation progresses. Next,
the mixture was heated until a paste was formed, and the paste was calcinated at
various temperatures. The equation for each mechanism step in the synthesis of
CuO NPs is depicted in Table 4.1. The schematic diagram for the mechanism for

the synthesis of CuO NPs is also shown in Figure 4.1.

Table 4.1: Equation for each mechanism step in the synthesis of CuO NPs

(Merkel et al., 2010).

Reaction step Chemical equation

Chelation of Cu?" by plant Cu?" + phytochemicals — Cu-phytochemical

extract compounds complex
Reduction of Cu?* by Cu?" + phytochemicals — Cu® + oxidized
plant extract compounds phytochemicals
Oxidation of Cu’in the Cul + % 0, — CuO

presence of oxygen

Thermal decomposition Cu-phytochemical complex — CuO NPs +

(Calcination) CO2 + H20
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Figure 4.1: Two proposed mechanisms for the synthesis of CuO NPs by using

plant extract (Jebali, Gdbmez-Merino, and Colangelo, 2024).

4.2 Qualitative phytochemical test of A. muricata bark extract

The qualitative phytochemical screening results are summarized in Table 4.2. In
the ammonium test, the formation of a reddish-brown color results from the
presence of other phytochemicals, such as tannins or oxidized phenolic
compounds, which may visually overpower or obscure the lighter yellow color
that indicates the presence of flavonoids in the 4. muricata bark extract. As a
result, an aluminium chloride test was performed to confirm the presence of

flavonoids in the bark extract.

72



The extract tested positive for the presence of alkaloids, flavonoids, saponins,
tannins, and cardiac glycosides. The positive identification of these bioactive
molecules in this study aligns well with the established studies by Sudhashini et
al. (2023) and Kazaure et al. (2025). The presence of these phytochemicals
suggests that the 4. muricata bark extract contains compounds capable of acting
as natural reducing and stabilizing agents, which is beneficial for the green
synthesis of CuO NPs. These bioactive components are known to facilitate the
reduction of Cu?* ions and stabilize the formed CuO NPs, thereby enhancing the

synthesis process.

Furthermore, this study demonstrated that the A. muricata bark extract lacked
detectable terpenoids. This absence was primarily due to the lower concentration
of terpenoids in woody tissues such as barks compared to leaves, fruits, and other

plant parts.
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Table 4.2: Qualitative phytochemical results of 4. muricata bark extract.

Phytochemical Test used Pictures (Left: Plant extract, Observation Result
compound Right: After addition of reagent)
Wagner’s test Reddish-brown precipitate was observed. (+)
Alkaloids
Dragendorff’s test An orange coloration was observed. (+)
Flavonoids Ammonium test A reddish-brown coloration was observed. )
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Table 4.2 (continued): Qualitative phytochemical results of A. muricata bark extract.

Flavonoids Aluminium | A yellow coloration was observed. )
chloride test
Terpenoids Salkowski’s test 2 layers were separated, and no reddish-brown (-)
precipitate formed.
Saponins Froth test An emulsion was observed. )
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Table 4.2 (continued): Qualitative phytochemical results of 4. muricata bark extract.

Iron(IIT) chloride

test
Tannins
Lead(I) acetate
test
Cardiac Keller-Killiani
glycosides test

Greenish-black precipitate was observed. (+)
Cream-colored precipitate was observed. )
As the reagent was added too quickly and the two

layers did not form, the characteristic brown ring at (+)

the interface could not be observed. However, a

brown coloration was observed.

(+): Positive results (Present), (-): Negative results (Absent)
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4.3  Characterization of synthesized CuO NPs

The synthesized black CuO NPs, which were calcinated at different temperatures,
were characterized using Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier
Transform-Infrared Spectroscopy (FT-IR), Field Emission Scanning Electron
Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), and X-

ray Diffraction (XRD).

4.3.1 Ultraviolet-Visible Spectroscopy (UV-Vis)

The UV-Vis results indicate distinct absorption peaks for both the A. muricata
bark extract and the CuO NPs synthesized at different calcination temperatures,
which can be interpreted in terms of electronic transitions and NPs properties

such as band gap and particle size.

Based on Figure 4.2, the 4. muricata bark extract exhibited characteristic
absorption peaks at 221 and 279 nm, which are typically associated with T — 7*
and n — w* electronic transitions in aromatic and conjugated phytochemical
compounds, respectively. These peaks confirm the presence of phytochemicals
such as flavonoids, phenolics, and other bioactive molecules that play a crucial
role as reducing and stabilizing agents in the green synthesis of CuO NPs

(Sudhashini et al., 2023).
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Figure 4.2: Absorption spectrum of A. muricata bark extract.

For the UV-Vis analysis of CuO NPs as depicted in Figure 4.3, the absorption
maxima appeared at 368 nm for the CuO-300 and CuO-500 NPs, and at 370 nm
for the CuO-400 NPs. The slight redshift to 370 nm in CuO-400 NPs suggests a
subtle change in NPs characteristics, such as increased particle size and
enhanced crystallinity, potentially reflecting an optimum calcination temperature
for better crystallite growth and reduced defects. These absorption peaks are
generally attributed to charge transfer transitions from the valence band to the
conduction band within the CuO and correspond to the semiconductor band gap
energy of NPs. The calculated E; was 3.37 eV for both CuO-300 and CuO-500
NPs, and slightly lower at 3.35 eV for CuO-400 NPs. The slight reduction in Eg
of CuO-400 NPs suggests improved crystallinity, which reduces quantum

confinement compared to CuO-300 and CuO-500 NPs.
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The E; critically influences the semiconductor properties of CuO NPs. A larger
E, value typically results in higher energy required to excite electrons from the
valence band to the conduction band, affecting both the optical absorption and
electronic conductivity of the material. The higher E; values observed in CuO-
300 and CuO-500 NPs indicate strong quantum confinement that can enhance
photocatalytic activity and photoresponse by tuning of electronic transitions
(Dhineshbabu et al., 2015). Conversely, the slight decrease in E; values in CuO-
400 NPs implies better crystallinity and fewer surface defects, which can
improve charge carrier mobility and reduce recombination rates, thus enhancing
the semiconductor performance for applications such as sensors, photovoltaics,

and photocatalysis (Dhineshbabu et al., 2015).
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Figure 4.3: Absorption spectra of the synthesized (a) CuO-300, (b) CuO-400,

and (c) CuO-500 NPs.

4.3.2 Fourier Transform-Infrared Spectroscopy (FT-IR)

The FT-IR analytical technique was used to characterize the functional groups

present in the 4. muricata bark extract, precursor salt, and the synthesized CuO-
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300, CuO-400, and CuO-500 NPs. It was conducted over a wavenumber range

of 4000 — 400 cm™".

According to the FT-IR spectra for the three CuO NPs samples as illustrated in
Figure 4.4, the broad absorption bands at 3468, 3460, and 3439 cm™! correspond
to O-H stretching vibrations, due to the hygroscopic nature of KBr, which easily
absorbs water vapor from the atmosphere during pellet preparation (Gordon et
al., 2010). The small bands at 2360 and 2359 cm™! are attributed to the stretching
vibrations of CO> from the atmosphere trapped or absorbed on the sample
surface. The absorption bands at 1636 and 1635 cm™ are due to O-H bending
vibrations from water molecules (El-Kemary, Nagy, and El-Mehasseb, 2013).
The bands at 1111, 1110, and 1109 cm™ can be assigned to C-N stretching
vibrations, which are due to the phytochemicals that are involved in stabilizing
the CuO NPs by capping their surfaces. Lastly, the distinct bands at 568, 552,
and 545 cm! correspond to Cu-O stretching and confirm the formation of CuO

NPs. Table 4.3 summarizes the FT-IR spectra of CuO NPs.

Based on the FT-IR spectrum of Cu(NO3)>-3H20, as illustrated in Figure 4.5, the
broad band at 3448 cm™! represents the O-H stretching vibrations of the water
molecules of trihydrate. This broadness typically arises from hydrogen bonding
between the water molecules. The absorption bands at 1763 and 1384 cm’!
indicate C=O0 stretching and symmetric stretching vibrations of the nitrate ions,
respectively (Padmaningrum et al., 2022). The band at 1616 cm™ corresponds to

the O-H bending vibrations of water molecules coordinated in the structure. The
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band at 825 cm™ represents the nitrate bending modes, while bands at 677 and
533 cm’!' represent the Cu-O vibrations. Table 4.3 summarizes the FT-IR

spectrum of this precursor salt.

According to the FT-IR spectrum of A. muricata bark extract, as illustrated in
Figure 4.6, the broad and strong band at 3419 cm’! represents the O-H stretching
vibrations, signifying the presence of phenols and alcohols. This is supported by
the chemical structures of kaempferol, a flavonoid and tannin, depicted in Figure
4.7(a) and (b), which contain multiple hydroxyl groups responsible for this
absorption band. The bands at 2940 cm™ are attributed to C-H stretching
vibrations of aliphatic groups, reflecting the presence of hydrocarbon chains. A
weak band at 2083 cm! is related to alkyne groups. The prominent band at 1618

cm’!

corresponds to C=O0 stretching, likely from flavonoids, tannins, and other
polyphenolic compounds. The absorption band at 1384 cm™ is assigned to the
asymmetric stretching of nitrate ions, possibly due to residual nitrates from
environmental sources. The band at 1248 cm™ is indicative of C-O stretching
vibrations typical of glycosides, as exemplified by the chemical structure of a
typical cardiac glycoside shown in Figure 4.7(c). Additionally, the absorption
band at 1067 cm™ suggests C-N stretching associated with an alkaloid, as
depicted in Figure 4.7(d). In addition, the bands at 817, 772, and 617 cm’!

correspond to aromatic C-H bending vibrations, providing evidence of

substituted aromatic rings characteristic of many secondary metabolites.
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Figure 4.4: FT-IR spectra for the (a) CuO-300, (b) CuO-400, and (c¢) CuO-500

NPs.
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Figure 4.5: FT-IR spectrum for the Cu(NO3)2-3H20.
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Figure 4.6: FT-IR spectrum for the A. muricata bark extract.
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Figure 4.7: Structures of (a) flavonoid, (b) tannin, (c) cardiac glycosides, and (d)

Sugar Maoiety,,
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alkaloid (Coria-T¢llez et al., 2018).
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Table 4.3: Summary of FT-IR spectra of A. muricata bark extract, Cu(NO3)2-3H>0, CuO-300, CuO-400, and CuO-500 NPs.

Wavenumber (cm')

Bark extract [Cu(NO3)2:3H20] Cu0O-300 CuO-400 CuO-500
v(0O-H) 3419 3448 3468 3460 3439
v(C-H) 2940 - - - -
v(CO2) - 2396 2359 2360 2359
2069 2341
v(C=C) 2083 - - - -
v(C=0) 1618 1763 - - -
3(0-H) - 1616 1636 1635 1635

v(NO3) 1384 (as) 1384 (as) 1384 (as) - -




Table 4.3 (continued): Summary of FT-IR spectra of A. muricata bark extract, Cu(NO3)2-3H>0, Cu0O-300, CuO-400, and CuO-500 NPs.

¥(C-0) 1248 - - i ;
»(C-N) 1067 - 1110 1109 1111
3(NO3) - 825 ] - -
817
8(C-H) 772 - ] ] ]
617
1047
¥(Cu-0) - 677 552 568 545
533
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4.3.3 Field Emission Scanning Electron Microscopy (FESEM)

FESEM operates by directing a focused beam of electrons onto the surface of
CuO NPs, which are synthesized at various calcination temperatures. The
electron beam interacts with the atoms to produce various signals, such as
secondary and backscattered electrons. These signals will be collected by the
detector and generate detailed, three-dimensional-like images that reveal shape,

degree of agglomeration, dimension, and particle size.

According to Figures 4.8 - 4.10, the synthesized CuO NPs at various calcination
temperatures exhibit an irregular but more defined spherical morphology, and
the range of particle size obtained for CuO-300, CuO-400, and CuO-500 NPs
were 28.1 —36.4 nm, 27.7 — 33.5 nm, and 27.3 — 34.5 nm, respectively. The range
of particle size of CuO-400 NPs is slightly narrower compared to CuO-300 and
CuO-500 NPs, indicating a more uniform and controlled NPs growth. In addition,
the synthesized CuO NPs also show noticeable moderate agglomeration instead
of being fully discrete particles. Agglomeration appears because NPs possess a
very high surface energy due to their large surface-to-volume ratio, and to
minimize this energy, particles tend to cluster together, thus leading to
agglomeration (Chan et al., 2022). Agglomeration can be reduced by modifying
the pH environment during the synthesis process to enhance the electrostatic
repulsion, which is supported by the study from Valan et al. (2022). In addition,
the large, irregular, square-shaped particles observed in Figure 4.5 are likely

unreacted copper(Il) nitrate precursors.
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Figure 4.8: FESEM images of CuO-300 NPs at magnification of (a) 30000x,

and (b) 50000x
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Figure 4.9: FESEM images of CuO-400 NPs at magnification of (a) 30000%,

and (b) 50000x
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Figure 4.10: FESEM images of CuO-500 NPs at magnification of (a) 30000x,

and (b) 50000x
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4.3.4 Energy Dispersive X-ray Spectroscopy (EDX)

EDX typically works together with FESEM as a complementary technique. The
same electron beam interacts with the atoms, knocking out inner-shell electrons
(Nanakoudis, 2019). This creates vacancies in the inner electron shells and
causes the electrons from outer shells to drop down to fill these vacancies
(Nanakoudis, 2019). The energy will then be released in the form of X-rays. The
detector will measure the energy and intensity of the X-rays, and the relative

abundance of elements present in the sample will be identified.

Based on the EDX images (Figure 4.11), confirm that all the synthesized CuO
NPs consist solely of Cu and O elements, with no impurities detected. For the
CuO-300 NPs, the weight percentages of Cu and O elements were found to be
69.93% and 30.07%, respectively. Similarly, the CuO-400 NPs exhibited weight
percentages of Cu and O elements at 70.20% and 29.80%, respectively. Lastly,
for CuO-500 NPs, the weight percentages of Cu and O elements were found to
be 78.68% and 21.32%, respectively. The information was summarized in Table

4.4.
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Table 4.4: Weight and atomic percentages of the elements present in the

synthesized CuO NPs from EDX analysis.

Sample Element Weight percent (%) Atomic percent (%)
Cu 69.93 36.93
Cu0-300 (0] 30.07 63.07
Total 100.00 100.00
Cu 70.20 37.23
CuO-400 0] 29.80 62.77
Total 100.00 100.00
Cu 78.68 48.16
CuO-500 Q) 21.32 51.84
Total 100.00 100.00
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Figure 4.11: EDX spectra of (a) CuO-300, (b) CuO-400, and (c) CuO-500 NPs.

4.3.5 X-ray Diffraction (XRD)

XRD is a powerful, non-destructive technique extensively employed to analyze
crystallographic structure and phase composition of NPs. This method relies on

the diffraction of X-rays by the periodic atomic planes within crystalline NPs,
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following Bragg’s law, where constructive interference occurs at specific angles
characteristic of the crystal lattice spacings (Chhantyal, 2022). By measuring the
intensity of diffracted X-rays as a function of diffraction angle 260, an XRD
pattern is produced that acts as a unique fingerprint for identifying crystalline
phases present in the NPs. XRD not only confirms the formation and purity of
crystalline phases but also provides quantitative estimates of crystallite size by
evaluating the broadening of diffraction peaks through the Scherrer equation
(Suhail, 2025). The peak positions are compared with standard diffraction data
from recognized databases such as the ICDD Card to verify the phases present

(Suhail, 2025).

Based on Figure 4.12, diffraction peaks observed at 26 values of 32.51°, 35.53°,
38.72°, 48.74°, 53.40°, 58.28°, 61.52°, 65.85°, 66.26°, 67.88°, 72.41°, 75.03°,
and 75.25° correspond to the crystal planes indexed as (1 1 0), (0 0 2), (2 0 0),
(202),(020),(202),(113),(310),311),(113),(311),(004),and (00
4), respectively. The diffraction peaks were 93.3% consistent with the ICDD
Card No. 00-045-0937 as depicted in Appendix C. The synthesized CuO NPs
exhibited a monoclinic crystal structure with lattice parameters of a = 4.6853 A,
b=3.4257 A, ¢=5.1303 A, and a unique interaxial angle B = 99.549°, consistent
with the reported monoclinic CuO phase (space group C2/c). In addition, degree
of crystallinity exhibited by CuO-300 NPs was 18.51% and 81.49% of

amorphous content.
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Figure 4.13 illustrates the XRD pattern of the synthesized CuO-400 NPs,
showing prominent diffraction peaks at 20 values of 32.37°, 35.40°, 38.58°,
46.17°, 48.67°, 53.32°, 58.13°, 61.38°, 65.66°, 66.14°, 67.74°, 72.26°, 74.88°,
and 75.09°, which are indexed to the crystalline planes (1 1 0), (0 0 2), (2 0 0),
(112),(202),(020),(202),(113),310),311),(113),(311),(004),
and (0 0 4). These peak positions and corresponding planes show a 94.4% match
with the ICDD Card No. 01-077-7717, confirming the monoclinic phase of CuO,
as detailed in Appendix D. The refined lattice parameters of the synthesized
CuO-400 NPs were determined as a = 4.6863 A, b =3.4276 A, ¢ =5.1333 A,
and a unique interaxial angle B = 99.520°, consistent with the monoclinic crystal
system (space group C2/c). Furthermore, degree of crystallinity assessed for
Cu0O-400 NPs was 18.63%, with remaining 81.37% attributed to amorphous

content.

Based on Figure 4.14, revealing distinct diffraction peaks at 20 values of 32.53°,
35.55°, 38.73°, 46.27°, 48.84°, 53.41°, 58.28°, 61.53°, 66.27°, 68.13°, 72.40°,
and 75.08°. These peaks correspond to crystal planes of (1 1 0), (0 0 2), (2 0 0),
(112),(202),(020),(202),(113),311),(113),(311),and (00 4),
respectively. The diffraction data exhibited a 95.1% correlation with the
monoclinic CuO phase as referenced in ICDD Card No. 00-005-0661 (refer to
Appendix E). The refined lattice constants for the CuO NPs were found to be a
= 4.6840 A, b =3.4250 A, ¢ = 5.1290 A, and a unique interaxial angle p =
99.470°, agreeing with the monoclinic crystal symmetry of space group C2/c.
Additionally, crystalline fraction of the CuO-500 NPs was evaluated at 18.90%,

with remaining 81.10% comprising amorphous content.
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The crystalline size of the synthesized CuO NPs was estimated from the XRD
data using the Debye-Scherrer equation, as shown in Appendix B, which relates
the broadening of diffraction peaks to the size of crystalline domains. The
calculated crystalline sizes are shown in detail in Appendix B. The results
revealed that the synthesized CuO-300, CuO-400, and CuO-500 NPs had
crystalline sizes typically ranging between 15.81 — 51.77 nm, 16.94 —43.19 nm,
and 16.95 —43.20 nm, respectively. The average crystalline sizes were also found

to be 27.09 nm for CuO-300 NPs, 25.22 nm for CuO-400 NPs, and 25.14 nm for

CuO-500 NPs.
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Figure 4.12: XRD diffractogram of the synthesized CuO-300 NPs.
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Figure 4.13: XRD diffractogram of the synthesized CuO-400 NPs.
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Figure 4.14: XRD diffractogram of the synthesized CuO-500 NPs.

97



CHAPTER 5

CONCLUSION

5.1 Conclusion

In this study, CuO NPs were successfully synthesized through a green synthesis
approach using 4. muricata bark extract. The biosynthesis leveraged natural
phytochemicals as reducing and stabilizing agents, eliminating the need for
hazardous chemicals. However, much research has focused only on CuO NPs
synthesis; this work provides novel insights into the effects of the synthesis
parameter of calcination temperatures on structural and optical properties. The
synthesized CuO NPs were thoroughly characterized using techniques such as

UV-Vis, FT-IR, FESEM, EDX, and XRD.

The CuO NPs synthesized at a calcination temperature of 300°C showed a
maximum absorption peak at 368 nm, corresponding to a band gap energy of
3.37 eV. The FT-IR spectrum revealed prominent absorption bands at 552 cm™,
characteristic of Cu-O stretching vibrations, confirming the formation of CuO
NPs. In addition, it exhibited a spherical morphology with particle sizes ranging
from 28.1 - 36.4 nm. It also exhibited a monoclinic structure and an average

crystallite size of 27.09 nm.

The CuO NPs synthesized at a calcination temperature of 400°C revealed a

maximum absorption peak at 370 nm, corresponding to a band gap energy of
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3.35 eV. FT-IR analysis exhibited prominent absorption bands at 568 cm™, which
are indicative of Cu-O bond stretching vibrations, further corroborating the
successful formation of CuO NPs. Furthermore, it displayed a predominantly
spherical morphology with particle sizes ranging from 27.7 - 33.5 nm. XRD
analysis confirmed a monoclinic crystal structure, with the average crystallite

size of 25.22 nm.

At a calcination temperature of 500°C, the synthesized CuO NPs revealed an
absorption peak at 368 nm, corresponding to a band gap energy of 3.37 eV. The
FT-IR spectrum exhibited a notable absorption band at 545 cm™!, characteristic
of Cu-O stretching vibrations, thus confirming the successful formation of CuO
NPs. Additionally, it demonstrated a spherical morphology, with particle sizes
ranging from 27.3 - 34.5 nm. XRD analysis confirmed the presence of a
monoclinic crystal structure, and the average crystallite size was determined to

be 25.14 nm.

5.2 Further studies

Further characterization of the CuO NPs can be performed using Raman
spectroscopy, which provides valuable insights into the vibrational modes and
crystal quality of the product. Transmission electron microscopy (TEM) is
another essential technique that allows direct visualization of NPs morphology,
size distribution, shape, and dispersion. TEM images offer high-resolution
information that complements XRD data by revealing detailed surface structures

and particle aggregation. Regarding potential applications, CuO NPs have
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garnered interest for their photocatalytic properties, particularly in the
degradation of organic dyes. Their high surface area and enhanced charge
separation mechanisms make them effective catalysts for breaking down
pollutants under light irradiation, demonstrating promising capabilities for

environmental remediation.
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APPENDICES

Appendix A

Calculation for band gap energy, Eg:

hc

Band gap energy, E, = .

Where,
h = Planck’s constant (6.626x1073* Js)
¢ = Speed of light (3.00x10% ms™)

A = Maximum absorption wavelength (368 and 370 nm)
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Appendix B

Calculation for B for CuO-300 NPs:

_FWHMin20xm

ﬁ 180°

_016xm
180°

=2.79 x 1073 radians

Calculation for crystalline size by using the Debye-Scherrer equation for CuO-

300 NPs:

KA
B cos6O

_ (0.9)(1.5406 x 10~1%m)
(2.79 x 1073 radians)(cos 16.255°)

=5.177x10%m

=51.77 nm

A similar approach was applied to the rest of the matched peaks for CuO-300,
Cu0-400, and CuO-500 NPs to calculate their average crystallite sizes, which

are summarizes in the table below:
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Tables: Calculation of the average crystalline size for synthesized CuO-300, CuO-400, and CuO-500 NPs.

Cu0O-300 NPs Cu0-400 NPs
20 Miller’s index FWHM (°) P (radians) D (nm) 20 Miller’s index FWHM (°) P (radians) D (nm)
32.51 (110) 0.16 0.00279 51.77 32.37 (110) 0.32 0.00559 25.83
35.53 (002) 0.32 0.00559 26.05 35.40 (002) 0.32 0.00559 26.05
38.72 (200) 0.36 0.00628 23.40 38.58 (200) 0.36 0.00628 23.39
48.74 (202) 0.36 0.00628 24.24 46.17 112) 0.20 0.00349 43.19
53.40 (020) 0.28 0.00489 31.74 48.67 (202) 0.36 0.00628 24.23
58.28 (202) 0.40 0.00698 22.74 53.32 020) 0.32 0.00559 27.75
61.52 (113) 0.28 0.00489 33.00 58.13 (202) 0.52 0.00908 17.47
65.85 310) 0.48 0.00838 19.71 61.38 (113) 0.32 0.00559 28.84
66.26 (311 0.60 0.01047 15.81 65.66 310) 0.52 0.00908 18.17
67.88 (113) 0.32 0.00559 29.90 66.14 311 0.56 0.00977 16.94
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72.41 311 0.40 0.00698 24.62 67.74 (113) 0.36 0.00628 26.59
75.03 (004) 0.32 0.00559 31.27 72.26 311 0.40 0.00698 24.59
75.25 (004) 0.56 0.00977 17.92 74.88 (004) 0.40 0.00698 25.02
- - - - - 75.09 (004) 0.40 0.00698 25.05
Average 27.09 Average 25.22
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CuO-500 NPs

20  Miller’sindex FWHM (°) B (radians) D (nm)
32.53 (110) 0.28 0.00489 29.54
35.55 (002) 0.32 0.00559 26.05
38.73 (200) 0.36 0.00628 23.40
46.27 112) 0.20 0.00349 43.20
48.84 (202) 0.40 0.00698 21.82
53.41 020) 0.32 0.00559 27.77
58.28 (202) 0.48 0.00838 18.94
61.53 (113) 0.32 0.00559 28.87
66.27 311 0.56 0.00977 16.95
68.13 (113) 0.48 0.00838 19.97
72.40 311 0.44 0.00768 22.37
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75.08

004)

0.44

0.00768

22.77

Average

25.14
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**%* Basic Data
Group : Standard
Data : YLJE Cu0O_300
# Strongest 3 peaks
no. peak 2Theta
no. (deg)
1 4 35.5350
2 7 38.7395
3 3 34.8807

# Peak Data List

peak 2Theta

no. (deg)
1 31.9921
2 32.4908
3 34.8807
4 35.5350
5 36.1000
6 38.1000
7 38.7395
8 43.8243
9 48.8080
10 53.4851
11 55.0812
12 58.2650
13 58.7000
14 59.1800
15 60.7243
16 61.5811
17 65.8400
18 66.3000
19 68.0239
20 72.4006
21 75.0200
22 75.4000

Process

d
(R)
2.52429
2.,32254
2.57013

d

(R)

. 79529
.75351
.57013
.52429
.48607
.36004
.32254
.06413
.86437
.71185
. 66596
.58227
.57158
.55997
.52395
.50478
.41738
.40866
.37710
.30425
.26507
.25963

el el s i el el el i N N WS N A XY

Appendix C

I/I1

100
92
24

I/I1

23
10
24
100

FWHM
(deg)

0.32130
0.37560
0.39700

FWHM
(deg)
.29520
.33300
.39700
.32130
.26660
.23520
.37560
.31040
.36360
.42820
.28960
.42800
.00000
.31840
.42430
.33870
.49140
.40420
.53110
.41610
.32560
.25540

COoOO0000000 00000000000 OO0

Intensity

(Counts)
8286
7604
2004

Intensity
(Counts)
1919
815
2004
8286
255
263
7604
525
1919
507
332
848
299
299
293
1451
780
1122
1065
377
572
369

Integrated Int

(Counts)
140756
170391

44130

Integrated Int

{Counts)
30369
15186
44130

140756
9736
8083

170391

10195
44935
13717
5661
22049
0
8715
8018
30014
20883
26056
34137
11447
11576
6880

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part I).
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*** Basic Data Process ***

# Data Infomation

Group : Standard
Data : ¥YLJE CuO 300
Sample Nmae : Cu0_300
Comment :

Date & Time 08-25-25 11:23:40

'

# Measurement Condition

X-ray tube
target : Cu
voltage : 40.0 (kV)
current : 30.0 (mA)
S5lits
Auto 51it not Used

divergence slit
scatter slit
receiving slit
Scanning

drive axis

scan range

scan mode

scan speed
sampling pitch

1.00000 (deq)
1.00000 (deq)
0.30000 (mm}

[TIETEETIETY

Theta-2ZTheta
10.0000 - 80.0000 (deg)
Continuous Scan
2.0000 (deg/min)
0.0200 (deg)

w8 wE as we ws s

intensity threhold

FWHM ratio (n-1)/n
System error Correction
Precise peak Correction

30 {par mil)
2

NO ]
NO ]

preset time 0.60 (sec)
# Data Process Conditicn
Smoocthing [ AUTO ]
smoothing points : 19
B.G.Subtruction [ AUTO ]
sampling points ;18
repeat times : 30
Kal-a2 Separate [ MANWNUAL ]
Kal a2 ratio 2 50 (%)
Peak Search [ AUTO ]
differential points : 17
FWHM threhold : 0.050 (deg)
[
[

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part II).

117



< Group: Standard Data: YLJE CuO_300 >

ppppp

1EPs)

mmmmmmmmmmm

11cPs)

1EPs)

11CPS)

“ ‘. —— - ‘ i Ly .‘ .“ ‘ I N
« E

Thets-2Tnets (oeg)

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part III).
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Sampio Dats
Fil narme YLJE_Culd_J00.RAW
Filr path CoteddavSiandandLIE_CuD_300
Diata colleciod Aug 25, 2025 12.00:24
Diaka rangs B.960° - T3 9607
Criginnl daka rarge 10,0007 - 80,000
Mumber of paints =0
Swp size D020
Rigbapid refinemaent converged Mo
Alphal subdracied Mo
Background subl Ma
Data smaathiad Ha
et cormection 004"
R adagtaan X-raye
Wavalargih 1540600 A
Matched Phases
lndex  Amourd (%)  Name Formudy sum
& B33 Copper Cide Temoniie, syn Cud
a7 Unidandfipd peak area
A Coppar Cuicke Tenorine,
5y (3.3 %)
Fairmula gum Cul
Eniry rumisar D004 50037
Figung-of-Maril (FoM) 0 H2TELE
Tolal numbed of peaks k-]
Foaks in range 18
Peaks maiched 15
Infensity scale facior 084
SEA0H roup Caie
Cnystal syshem manoclinic
Winit cell = 4 GAS] A be 34287 A o= 13008 A B 50 545
e 250
Mzas. density BASD glem®
Cale. dansity 6507 glem®
Colod Black
Fonlernnos
Candidates
Name Farmia
Silver Copper Onide AQZ2Cuz2 02
Copper Srondum Yirnum Cxide Cud Srd Y304
Copoer Srontum Yarum Coide Cu? Sr2 ¥1.507

Strontium Praseodymum Copper Owds

Sitver Copper Oodde
Sitver Coppar Cxide

Strpntium Noodymium Coppear Caice

Sitver Copper Ouide

Swontiuen Mecdymium Coppsar Chdde
Lead Lanthanum Skonium Copper Cuide

Match! Phase Analysis Report

Universiti Tunku Abdul Rahman, Faculty of Science
Sample: CuQ_300 ()

Martin, K., McCardy, G, North Dakota Stabe Univ, Fargo, ND, USA ICDD Grani-n-Ald (1591)

{ Sr0.83 P47 | Cu 0202

Ag? Cu2 O
AQE CuZ OF

[ 5e0B3 NaQ AT §Cu 02,00

Ag2 Cul OF

[ G086 Nd0.14 ) Cu 02,00
(PE04 58 (Pl Lal 4 505 ) CuZ 0526

Copper Srondum Neodymium Caide

Copper Srondum Nesdymium Chide

Copper Srondum Gallium Lanthanum Cuide

Strantium Lanthanuem Copper Oooide

Swantium Lanthanuem Copper Oxide

Srontium Neodymium Copper Chide

Copper Sronfum Cerium Gadalrium Ruthenium Chode
Copper Sronium kon Yirium Cefium Oude

Gallium Cadmium Coppes Oxide

Copper Srondum Ruenivm Oxide

Copper Sroniem Ruthanivm Oxide

Strontium Lanthanusm Copper Ouide

Basiurm Copger Yirsum Cxide

Yiiriem Skomfum Copper ron Crdde

Lanthanum Stronsiem Copper Tianium Owide

Strantium Neadymium Mercury Vanadium Copper Chide

Mhzrcury Wanadium Stronfum Meodymium Copper Chide

[ SrlBS Mdd. 15y Cu O2
Cu N@D.15 5e0.85 02
La 5r2 Ga Cu2 OF

[ Er6 Lal.n ) Cu 02

[ Se00 La0.1 ) Cu 02

{ Sr 83 NO0AT ) Gu 02 00
G 1.4 Cal & 52 Ru Cu2 010

(Y. Ca)l S CuFa Oy
GaZ Cd.75 CuZ5 04
Sr3{Ru, Cuj2 OT
50 Rl Cul 2 )03

[ 3005 LoD 0d ) Cu 01,85

Ba2 ¥ Cul 08
W2 5 CuFa D65
L2 Srd Cu2 T2 0134

Sr2 { N0 83 SeldT ) (o Hg 02 y006 (W 04 0.4 ) { Cu 02

1@ 00.14

[0S W04 52 [ ND0S3 SrAT b CulZ Of 54

Entry Neo.

01-0BG3TH
0o o B0
00 A-0752
01-070-7219
3107 346753
01-07 8-38:54
0107 0-T 222
310736723
01-070-T223
01-0E6-0504
010821 7
00-040-1745
0.0 50302
010882251
01-07 011G
010707 221
0008 8-05&0
0d)-04 20508
01-0E6-2754
00-05 10307
01-07 7-h648
01-070-T220
01-07 80498
01-080-1837
010871180

01-074-3271
0107 82085

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part IV).
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Copper Sranfumn Samarium Cedum Rueniom Nicbium RulS Mb0S 802 Sm1.2 Ced 8 Cu2 O10-x 000 B 1 0T
Chinder
Strontum Calcium Copper Chdde (5r0.7 Can 3 ) Cu0e 01-075-0190
oehurn Copper Syonfum Cerum Gadalamm Lanthanum | 520,33 5r0.33 Lab.34 12 G30.67 Ce0.33 12 Cul 09,15 00-042.0480
Copper Sronfum Neodymium Chdde Sr0.80 Nd0U14 Su G2 a0t G037
Copper Sronfium Cerium Gallium Neodymium Cxide Ga S Md1.3 Cald T Cu2 08 a0 50303
Miarcury Molybdenum Stranlium Lanthanum Copper Oxide | Hgo 82 Me0 38 ) Sr2 | Se0.45 La0S5 j CuZ 06.93 01-0B0-8210
Coppar Mangansss kon Oud Cal 5 Mn1 5 Fg D4 01-074-2160
Barium Copper Srontium Prasecdymium Thallium Cxide T BaD.4 3018 pPr Cu2 OF-x 004 (-0 850
Cadmiim Capger Chramium Chade (G0 Cud 1 p(Cr2 04 ) 01-07 T-HIES
Barium Copper Sronfum Gerium Reodymium Ruthenium | Rul 5:Cwl.5 b | Sri47 Bal.Z N00 33 ) ({ Nd1.34 Ce0 B5 } 10843654
Chade Cu2 012
Barium Coppar Carum Gadalimium Titaniun Deide Ti2 Ba2 G2 25 Cal.75 Cu2 013 Da-D50-0463
Mercury Lead Sondum Lanfanum Copper Cride (HgO 28 PuOS Cud 22 ) { Sr1.7 Lad3 ) Sr0.44 La0 56 ) 01-0B7-2330
Cu OF 56
Samanum Cenum Baium Copper Oxide { S0 66T Cel 333 M { Sml 333 Bal.6aT M Cudbl 0TG- TEE
78 ’
Barium Copper Yarum Caode Ba2 ¥ Cul Of 0107 Gedadh
Swontium Coppar Oxide 5101 CuO2 01-0E6-0071
Lanthanuen Srongum Coppar Gallium Oxide La 52 CuZ Ga O7 01-080-2387
Copper Sranfem Cerium Gadolinium Mang anese
PRt Chisa Ga1.4 Ce 6 52 Rul.T Mn0.3 CuZ G40 000550590
Coppar Palladium Crode Cu Pd 02 C0-044-0185
Barium Copper Lead kon Oxide Bromide Pb2 Ba GuFe O5 Br 0004 80426
Calcium Coppsar Strantium Rhanium Cide Sr2 Cu Rl 69 Cal 31 ) 08 0107 5-Ba92
Lanthanym Srongum Coppor Gallium Owide LaSrCuGa0s 01-076-0438
Thallium Barium Stronium Prascodymium Copper Cdde  TI0 S9% (| Ba0.4 5016 ) PrQw2 06 87 01-0A2- 1855
Ruthenium Copper Sronium Neodymium Cerdum Cxide t:guﬂ.ﬂ? Culh 0 0S80 Nd0A2 ) (oD T Col.3 2 Cul ) wns somn
LF
Lanthanum Srondum Copper Codde La2 Sr Cu2 O6.03 10881601
Lanthanuen Barium Strondum Copper Crdde {Lat 5 Ba.1 Sr) Cu? 0508 0100801 28T
amd 110 othors...
Search-Match
Settings
Feference daabase used POF.Z Release 2016 RDB
ALtamatc seopoint adaptal on Ve
Khrmum figuee-plmant (Fak BED
Theta wandow for peak corm. (.30 deg.
Mlirirnum el inl. o peak corr. 1
Paramatariniuence 2Thala b0
Parameierinduence indensides. o0
Paramelar mulliplaisingle phase(s) 050
Selection Criteria

ERimants:

Elemupats that must be preseat: 2, Cu
Elomuats that may be prosomd: Al glements not mentaned above

Peak List
Na, vl 7] di] w FAHM  Marched
i .30 30462 25.70 20y
2 3149 2754 232 48 02500
3 325 2757 8607 DAGHY A
£ 3482 5734 24168 DADHY
5 a5 53 25245 1000.00 03200 i
] .72 232348 1847 0 A
7 4372 20688 4543 02400
4 48 74 15608 200 51 50 a
il 5223 17600 22 62 [IR1-01]
10 S3.40 17144 53.00 IS0 A
0" 55,04 16671 asTa 02000
12 $828 15818 a7.2e B AOH A
13 E0TS 15244 3z a2 32y
14 61.52 1.5061 143 65 02500 B
15 G585 14173 7585 DAE0 A
16 B4 .26 1.4083 sz B0y B
17 GT.Be 13787 BG OG5 0220 A
18 T241 13041 3858 B ADH A
19 TH03 1.2649 55.78 032y A
20 7528 12618 5583 0.5500 A

Rietveld Refinement using FullProf

D.E532

0a52E
DES2Z

06508
0500
06403

OG4BT
0 G4B6
06480
DB4TY
D.B4TD

DG4G5

OoBakin
06452
DE449

DE44E

D434
06419
DE417
DE412
00405
w1 ]

06384
0.63TE

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part V).

120



Calculaion was not run of did not converge

Crystallite Size Estimation using Scherrer Formula

Calculation was not run
Degree of crystallinity analysis
Profie arca Counts Amount
Total area 6436128 100.00%
Difracson peaks 1026400 1595%
Background 5400728 8405%
Instrumental background 892103 13 86%
AmOphous phases 4517625 70.19%
Degrooe of crystallinity (DOC) = 18.51%
Amorphous contont (weight %) =81.49%
Integrated Profile Areas
Basod on calculated profile
Profiie arca Counts Amount
Overall dfracion profile 6436128 100.00%
Background radiation 5409728 84 05%
Difracton peaks 1026400 1595%
Peak area belonging 1 selecied ph 502748 021%
Peak area of phaze A (Copper Oxide Tenonte, syn) 592748 921%
Unidentified peak ares 433682 6.74%
Peak Residuals
Peak data Counts Amount
Overall peak intensity 19475 100 00%
Peak imensity belonging 1o selecied p 16560 8503%
Unidentifed peak inmensity 2018 1497%
Diffraction Pattern Graphics
Irel
1000
500 4 I
800 ‘ l
7004 | |
600 4
00 + |
&00
300 ) i
1
200 4 R | . A A f
|Wq',.-'ﬁ B & BRSO SR -.—N‘J-L—-‘\-'b-'l w-‘-h-hv—“-——’fw
e Expermental pattern: Cu0_200 ()
%04 Cakiulaled pamers (exp. peaks) (Re=7 7 %)
800 4 Sacapr -]
700 4 [00-045.0997] Cu O Copper Oxade Tesorte. sy (91.0%)
600 +
%0
w0
%04
200 4
100 =" -t 2
N 1 A L4 ' 1 | N
[ I [ TN BE W I “ k |
| | Sy | |

1500 2000 2600
CuXa1 (1540200 A)

080 300  40.00

4500

000 $500 €000 8560  70.00

POF Database Copyright International Centre for Diffraction Data (IC0D)

700 2000
2Deta

Figure: XRD information of synthesized CuO-300 NPs with 93.3% matching

with ICDD Card No. 00-045-0937 (Part VI).
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*** Basic Data Process

Group : Standard
Data : YLJE CuO_ 400
# Strongest 3 peaks
no. peak 2Theta d
no. (deg) (&)
1 5 35.5199 2.52533
2 6 38.7224 2.32352
3 8 48.8042 1.86451
# Peak Data List
peak 2Theta d
no. (deq) (B)
1 29.2829 3.04744
2 31.9778 2.79650
3 32.4827 2.75418
4 34.8697 2.57091
5 35.5199 2.52533
6 38.7224 2.32352
7 43.8112 2.06471
8 48.8042 1.86451
9 53.4674 1.71237
10 55.0577 1.66661
11 58.2652 1.58227
12 58.7400 1.57061
13 59.1292 1.56119
14 60.7124 1.52422
15 61.5732 1.50496
16 65.8200 1.41776
17 66.2763 1.40910
18 68.0231 1.37711
19 72.3776 1.30460
20 75.1318 1.26346

Appendix D

* kK

I/I1

100
93
24

I/I1

100

FWHM
(deg)
0.31800
0.36720
0.34470

FWHM
(deg)

.23160
.29350
.30280
.41410
.31800
.36720
.28330
.34470
.38060
.28160
.43680
.35120
.41850
.42710
.33470
.54060
.47270
.54350
.33860
.58770

cCooooooooooooooooooo

Intensity

(Counts)
8663
8024
2079

Intensity
(Counts)
267
1993
874
2072
8663
8024
557
2079
553
368
916
310
305
298
1517
807
1200
1085
444
564

Integrated Int

(Counts)
152693
184191

47294

Integrated Int

(Counts)

4393
32051
15255
48266
152693
184191
10879
47294
13598
6007
21078
5432
5971
8405
30459
21547
28579
35341
11517
20089

Figure: XRD information of synthesized CuO-400 NPs with 94.4% matching

with ICDD Card No. 01-077-7717 (Part I).
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*** Basic Data Process ***

# Data Infomation

Group : Standard
Data : ¥YLJE CuQ 400
Sample Nmae : Cul_ 400
Comment :

Date & Time 08-25-25 12:02:29

# Measurement Condition

¥X-ray tube
target : Cu
voltage : 40,0 (kV)
current : 30.0 (mA)
Elits
Auto 5lit not Used

divergence slit

scatter slit

receiving slit
Scanning

drive axis

scan range

scan mode

scan speed

sampling pitch

1.00000 (degqg)
1.00000 (degqg)
0.30000 (mm}

T TR TEET

Theta=2Theta
10.0000 - 80.0000 (deg)
Continuous Scan
2,0000 (deg/min)
0.0200 (deg)

we mE me ke me @a

intensity threhold

FWHM ratio (n=1)/n
System error Correction
Precise peak Correction

30 (par mil)
2

NO 1]
NO 1]

preset time 0.60 (sec)
# Data Process Conditioen
Smoothing [ AUTO ]
smoothing points : 17
B.G.Subtructicn [ AUTO ]
sampling points : 19
repeat times : 30
Kal-aZ? Separate [ MANUAL ]
Kal a2 ratio : 50 (%)
Peak Search [ AUTO ]
differential points : 17
FWHM threhold : 0.050 i(deg)
[
[

Figure: XRD information of synthesized CuO-400 NPs with 94.4% matching

with ICDD Card No. 01-077-7717 (Part II).
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< Group: Standard Data: YLJE CuO_400 >

11EPs)
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Figure: XRD information of synthesized CuO-400 NPs with 94.4%

rrrrr

ﬂ
AWLWAWAY

I
A

AT

Smaciing Profie|

|
N

[EVAVIN

with ICDD Card No. 01-077-7717 (Part III).

&
Thets-2Thets (ceg)

matching

124



Match! Phase Analysis Report

Universiti Tunku Abdul Rahman, Faculty of Science

Sample: Cul_400 ()
Sampie Daty
Filliz i eey YLJE_Cul_a0d RAN
Filis path GCohodalrSandardYLIE_Cul_400
Diata collecied Al.qis\, 2025 123624
Dala rangs BEA0T - TO 40"
rigarial daka rarge: 100007 - B0.000°
Mumber of points s
Bwp aize ilierdi]
Riigbepld refinement converged L]
Alpha2 subbacied Ma
Background sublr Ma
Dala smoohad Mo
Dheta conmecion 0. 18%
Radayion H-fays
Wavalangth 1540600 A

Matched Phases
lngexy  Amou (%) Neme Fofmiia SLum
A A Copper oxide Cul
58 Livncla it o ad anea
A Coppad axice (04,4 %)
Fommnula sum Cu
Ertry fumbser #1-BFF-FTIT
Figung-al-Masil (Fakl) 0817656
Tet@l numbar of peaks T4
Praaks in range 2
Peaks maiched 4
Infznsidty scale facior .05
Space group Ciic
Crystal syshm manioclinic
Uinit cesll A= 4 GEG3 Ab= 34276 A c= 51333 A f=59520%
e 373
Cale. dangity G497 glem?
Refererce Farsyh, J.B., Hull, 5., J. Phys - Condens. Matier 3, 5257 (1991}
Candidates

Madie Fovmiils Entry Na. Fod
Sirontivm Lanthanem Copper Cudde { 5094 Lal0s ) Cu O 50 01-070-TZ20 DTRE
Strontium Ewopium Copper Chide { 5098 Ewd 02 ) Cu i 66 01.070- 7224 0TETD
Strontiven Copgar Oeide S0 Culd 01-085-0071 D.TBSR
Swantium Necdymium Copper Chide { Sn0 96 NaDD4 ) Cu 0202 01-0B2- 1745 DLTEH
Srontium Lanthanusm Copper Culde { 5092 Lal.08 § Cu 00 =9 010707217 UTTEE
Copper Srondum Ouxide Cu B 02 004 3-0022 DT4Z5
l..‘.'.u-ppur Sirondum Cuide SrCu OF 08 010821743 DTa
Smontium Meadymium Copper Chide { Sr0B8 Mdl 12y Cud2 G1-08F- 1314 DTE2
Swontium Macdymium Coppsar Chida { Sn0B2 Mal 18} Cu G2 01-087-1316 07306
Strontium Ewrcpium Copper Chide { S082 Ewl 08 ) Cu 0203 01-074- 2760 D.T268
Smontium Lanthanuen Coppers Cxide { Sr0B6 Lal. 14 ) Cu 00 58 310707218 BFem
Swontivm Calcium Copper Chdde {57 Ca0.3 ) Cud2 010730700 D754
Coppar STondum Rushenivm Oweide 513 (R Cu j2 07 00-059-0207 DTov2
Copper Srondum Ynum Cwide Cud 5rd Y3014 0. 0480558 0LTOGT
Coppar SHOnSum YRsm Cuide CuZ SE Y1507 O0-048-0752 D067
Coppar Sronduem Lanfanum Crdde S 52 La0 08 Cu O 8% D0-051-030% D.T035
Sitver Copper Ouide Ag2 CuZ 02 010736723 oS
Sibvar Coppar Owxide Ag Cu2 03 01 -085-83T8 DEDE4
Strontium Praseodymium Coppeer Chdde { 508 Pro pGu bz 01-087- 1315 05926
Mecdymium Barium Copper Chide { Md0.G28 Bad 078 12 Cu Od.x B0-038-0342 DUsBG2
Copper Srondum Rutheniven Duide G [ RuluB Cuwd 2 )03 01 -077-B548 DEETR
Silvar Copgpar Ceide Agd CuZ 03 010736753 DERTE
Sibwar Coppar Ouide Ag? Cu2 O3 1 07 8- JA54 DEBTE
Smontium Lanthanisn Copper Dxide { S0 Lad. 1§ Cu o2 01-088-2251 DET4E
Barium Coppar Mecdymium Tin Titanium Code BaZ Cu? NdZ 5n T 011 D0-048-05a4 D720
Swontium Lanthanemn Copper Cxide {308 Lad.i j Cu D2 210750119 BT 0
Strontivm Necdymium Coppser Chids { 5083 M AT § Cu O .00 01-070-T222 DEEG4
Swontium Mecdymium Copper Chade 1 5083 MAAT ) Cu L2 .00 01-070-7221 D 5585
Copper Sronfum Neodymium Chdde SrlBE Nl 14 Cu 02 00-04 5-0837 QUSEE3
Sirontium Ewrcpium Copper Chide { ST Ewd 21 ) Cu O 54 01-070-T225 DEsT4
Strontium Meodymium Copper Chade { S0 86 MO 14 ) Cu 02 00 010707223 0 BGS

Figure: XRD information of synthesized CuO-400 NPs with 94.4% matching

with ICDD Card No. 01-077-7717 (Part IV).
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Stodwueoomcoppumde { S10.86 Nd0.14 ) Cu O2 01.085.1546
Syontium Prasecdymium Copper (Sr083Pr0.17)Cu 0202 01-070-7218
Barium Copper Srontum Cerium G:dolnum Titanium Oudde T3 Ba2 Sr G2 25 Ce0.75 Cu2 01600-050-0431
Limium Copper Strontium Tungsien Owde LI05 Cul 5 S 2 WOG-x 00-045-0695
Copper Sronfum Neodymium Oxide {Sr083 N30 17 ) Cu 02 00-051-0308
Copper Srontum Neodymium Owide CuNd0.15 Sr0 85 02 00-045.1745
Copper Sronsum Neodymium Oxide { Sr085Nd0.15 ) Cu O2 01.082-1744
Neodymium Copper Oxide Nc1.888Cu03.78 01-083-0845
Copper Manganese Selenite {(CuD25Mn0.75) (Se O3) 01.072-7831
Neodymium Copper Oxide Na2 Cu Q4 01-084-2178
Neodymium Copper Oxide No2 CuO4 01-082-1734
Copper Copper Oxide (Paramefaconiie) Cus C 01.083-1665
Neocdymium Cenum Copper {Nd183Ce0.17)Cule 01.080-164%
Neodymium Copper Oxice Ne2 Cu 0397 01-082-2077
Neodymium Copper Onide N2 CuO4 01.080-2031
Neodymium Cerium Copper Oxide (N1 B3Ce0.17)CuOe 01.080-1648
Neodymium Cerum Copper Oxide ( Nd1.835 Ce0.165 ) Cu O4 01.082-1740
Copper Neodymium Oxide Na2 Cu 4 01.076-7799
Neodymium Cerum Copper Oxide Nd1.85 Ce 15 Cu 03 546 01.075.-1844
Neodymium Cerium Copper Oxide Nd1.85Ce. 15 Cu 03 862 01-079-1842
Neodymium Cenum Copper Oxide Nd185Ce 15Cu 04 01-079-1918
and 78 others...
Search-Match
Settings
Referenca database used PDF-2 Release 2016 RDB
Automatic Zeropoint adaptaton Yos
Mirimum figuee-of-merit (FoM) 060
Zmeta window for peak corr, 0.30 deg.
Mirdmum rel, int. for peak corr, 1
Paramelerinfuence 2heta 050
Parameterintuencs inkansises 050
Parameter multiple/single phase(s) 050
Selection Criteria

Eloments:

Elormonts that must be present. 0.Cu

Elements that may be present: All elements not mentoned above

Peak List

No.  2theta[7] d[A] o FWHM  Matched

1 29.16 30602 Jas2 0.2000

2 3176 28152 180 91 0.3200

3 3237 27638 9814 03200 A

4 70 2580 23748 0.3600

5 3540 25337 1000.00 0.3200 A

L] 3858 23319 921.10 0.3500 A

7 4366 20701 5726 02800

8 4617 19645 2540 0.2000 A

9 4867 18693 22599 0.3500 A

10 5206 1.7664 2170 0.2400

1 5332 17168 5735 0.3200 A

12 5494 16700 3976 0.3200

13 5813 15856 9194 05200 A

14 5007 15626 2831 02800

15 80561 15267 2896 02400

16 6138 15062 14028 0.3200 A

17 6566 14208 8267 0.5200 A

18 66.14 14117 12085 05600 A

19 6774 13822 8732 0.3600 A

20 7226 1.3064 4022 0.4000 A

21 7488 12670 5098 04000 A

22 75.09 12641 6650 0.4000 A

Calculation was not run of did not converge.

Calculation was not run.

Rietveld Refinement using FullProf

Crystallite Size Estimation using Scherrer Formula

Degree of crystallinity analysis

06304

Figure: XRD information of synthesized CuO-400 NPs with 94.4% matching

with ICDD Card No. 01-077-7717 (Part V).
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Profie arca Counts Amount
Total area 6576302 100.00%
Dvfracion peaks 1058617 16.10%
Background 5517385 83.50%
insyumental 892103 13.57%
Amorphous phases 4625282 7033%
Dogroe of crystaliinity (DOC) = 18.63%
Amorphous contont (woight %) =81.37%
Integrated Profile Areas
Based on calkculated profile
Profie arca Counts Amount
Overall dfracson profie 68576302 100.00%
Background radiation 5517385 8390%
Difracton peaks 1058017 16.10%
Peak area belonging 10 selecied phases 652605 1053%
Peak area of phase A (Copper oxide) 692605 10.53%
Unidentified peak area 366311 557%
Peak Residuals
Poak data Counts Amount
Onvulpcaman 20037 100.00%
cled p 19185 9163%
wmshdmkmmm 1753 837%
Diffraction Pattern Graphics
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Figure: XRD information of synthesized CuO-400 NPs with 94.4% matching

with ICDD Card No. 01-077-7717 (Part VI).
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*** Basic Data Process

Group : Standard

Data : YLJE_CuQ_500

# Strongest 3 peaks
no. peak 2Theta

no. (deg)
1 4 35.5026
2 5 38.7022
3 3 34.8400

# Peak Data List

peak 2Theta

no. (deg)
1 31.9637
2 32.4705
3 34.8400
4 35.5026
5 38.7022
6 43.8069
7 48,4200
8 48.7986
9 53.4583
10 55.0441
11 58.2235
12 58.6800
13 59.1629
14 60.6723
15 61.5590
16 65.7600
17 66.3000
18 68.0006
19 72.3507
20 75.1119

2
2
2

el el el el el el e e el el R R R S SN

d
(R)

.52652
.32469
.57304

d
(&)

. 79770
. 75519
.57304
.52652
.32469
.06491
.87840
.86471
.71264
.66699
.58330
.57207
.56038
.52513
.50527
.41891
.40866
.37751
.30502
.26375

Appendix E

* k&
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0.32230
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FWHM
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.28560
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.25530
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Intensity
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8470
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2155
951
2243
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306
2184
566
417
949
307
340
321
1626
775
1228
1138
439
602
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Integrated Int
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34609
15774
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Figure: XRD information of synthesized CuO-500 NPs with 95.1% matching

with ICDD Card No. 00-005-0661 (Part I).
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**% Basic Data Process w**

# Data Infomation

Group : Standard
Data : YLJE CuQ 500
Sample Nmae : Cud_500
Comment :
Date & Time : 08-25-25 14:02:05
# Measurement Condition
X-ray tube
target 1 Cu
voltage : 40.0 (kV)
current : 30.0 (mA)
53lits
Auto S51it : not Used
divergence slit : 1.00000 (deqg)
scatter slit H 1.00000 (deg)
receiving slit : 0.30000 (mm}
Scanning
drive axis : Theta-2Theta
scan range : 10.0000 - 80,0000 (deg)
scan mode : Continuous Scan
scan speed : 2.0000 (deg/min)
sampling pitch : 0.0200 (deg)
preset time : 0.60 (sec)

# Data Process Condition
Smoothing
smoothing peoints
B.G.Subtruction AUTO ]
gsampling points 19

[ AUTO )
[

repeat times ; 30
[
[

17

Kal-aZ? Separate MANUAL ]
Kal a2 ratio : 50 (%)

Peak Search AUTO ]
differential points 17
FWHM threhold : 0.050 (deqg)
intensity threhold 30 (par mil)
FWHM ratio (n=1)/n 2

System error Correction

Frecise peak Correction

HO ]
HO ]

o b wE

Figure: XRD information of synthesized CuO-500 NPs with 95.1% matching

with ICDD Card No. 00-005-0661 (Part IT).
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< Group: Standard Data: YLJE CuO_500 >

‘\ ‘_ I “ Ly \u.l Al

Figure: XRD information of synthesized CuO-500 NPs with 95.1%

with ICDD Card No. 00-005-0661 (Part III).
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Match! Phase Analysis Report

Universiti Tunku Abdul Rahman, Faculty of Science
Sample: Cul_500 ()

Sampic Daty
Fil narrs YLJE_CuQ_500.Raw
Filw paih CoteddalSiandardYLIE_CuD 500
Data collecled Aupg 25, 2025 14:36:02
Daka rangs 100107 - B0.010°
CHigenial data rarge 10.000° - B0.000°
HNumber of painks asm
Swp size iTerd il
Rebgbaid esinamant converg ed L]
Alphal subYacied MNa
Batkground subly Mo
Dat smogmad Mg
Fhet cormection ouhi®
Radiation X-rayn
Wavalangth 1540600 &
Matched Phases
lngex  Amound (%)  Name Formuia sum
& g5 Copper Cride Terorite, syn Cud

49 Liniardifiod peak ares
Al Copper Oxicke Terorie,
sym (951 %)
Formula sum Cud
Eriry numisar 00-005-0661
Figung-of-Mitit (FoM) ne11288
Total numbed of peaks a7
PeRkS in FARGE 17
Fiealks madched 15
Infensity scale faclor 0Tl
Spach group G
Crystal sysiem manoclinic
Unit cell o= 4 BB40 A b= 34280 A o= 51200 A B= 00ATO®
e 180
Calc. density G510 glem®
Color Biack
Rafarands Swanson, Taige.. Nall. Bur. Saand. (U, 5. ), Circ. 530 1, 40 (1953

Candidates

Name Formula Entry No. FoM
Coppar Saronum Neddymiurm Crids { Sr0.85 NJD.15 ) Cu 02 01-082-1744 Q0.7290
Copper Srondusm Yarum Cuide Cuat Srd Y3004 00-048-0658 07235
Copper Strondum Yarum Cide Cu2 S2Y15607 O0-048-0782 0.7238
Srontium Neodymium Copper Chdde {5083 NdDAT ) Cu O2.00 01-070-7222 0.7006
Sitepr Copper Ouide Ag2 CuZ 03 01.085-6378 05689
Strontium Neodymium Copper Chdde { 5086 M0 14 ) Cu C2.00 010707223 05651
Silear Copper Dxide Agd Cud 03 010736723 e k]
Strontium MNacdymiim Capper Chida {5082 MO8 ) Cu 02 01-087-1316 QE803
Eilver Copper Owide Agd Cu2 03 01-073-6753 QG808
Sitver Copper Oxide Agd Cud 03 01-078-3554 QG868
Smrontium Calcium Coppr Cuida (507 Cal3 ) Cu 010790190 06R56
Copper Srondium Meodymium Chade Lo 25 Nal. 14 Cu 02 00-045-0837 o0&
Srontiven Coppar Dide S Culg 01-086-0071 0G814
Strontium Fraseodymium Copper Cide {5083 ProAT ) Cu O2.02 01-070-721% osan
Strontium Lanthanwem Copper Ondde {5084 Lad0s ) Cudi & 010707220 L]
Strontium Naodymium Copper Chdda {5083 NdD.1T ) Cu O2.00 01-070-7221 0AT52
Strontium Lanthanwsm Copper Ouide {508 Lad.1 pCul2 10750119 O&745
Strontium Neodymium Copper Chdde { 5086 Md0_14 ) Cu 02 010851548 06T
Strantium Prasecdymeun Copper Cide (508 P ) Cu O2 01-087-1315 QETH
Strontium Lanthanism Coppar Cuide (509 Lad1 pCul2 01-088-2251 QemM7
Strontium Necdymium Copper Crdda { Sr0.88 Md0.12 ) Cu 2 01-087-1314 QTG
Srontiuen Eurcpium Copper Cuice {508 EWp0g ) Cuw 01,06 01-070-7224 05661
Strontium Lanthanism Coppar Cuide (5092 Lalos ) Cu &l o1-g70-7217 Qo613
Strontium Necdymium Copper Crdda { 5006 M08 ) Cu 0202 01-082-1745 05809
Copper Ssronduem Neddymium Chidg {5083 NJDAT ) Cu OF 00-051-0308 QE590
Copper Strondusm Ruthenivm Cude Sr(Ru0E Cuwd2) 03 01-077-8548 06550
Copper Stronfum Neodymium Chdde CuNdd .15 S 88 02 00-045.1748 O68TE
Coppar Manganess Selendie (Cul.25Mn0.75) (50 03 ) 01-072-7831 0A511
Strontium Europium Copper Chdide {5082 Eu 08 ) Cu 02.03 010742760 05810

Figure: XRD information of synthesized CuO-500 NPs with 95.1% matching

with ICDD Card No. 00-005-0661 (Part IV).
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Srrontium Ewepium Copper Oxdda {5079 Ewd 21 ) Cu 01,54

Syontium Lanthanemn Copped Cxide { 51066 Lal.14 ) Cu 0158
Bawium Copper SronSium Cerium Gadobnium THanium Owide Tid Ba2 Sr Gd2 25 Ce0 75 Cu2 016
Barium Copper Yirsum Cudde Bad ¥ Cud OF

Calcum Magnesiven Coppar Vanadium Cxide Call Mgs Cud V1Z (M8
Yitrium Barum Copper Cuide ¥ Ba2 Cud Of.34

Copper S0 i wm Lanfanum Cuddeé Sal) 2 La 08 Cou 01 A6
Wirium Banium Copper Cide ¥ Ba2 Cud 04
Gadglinium Copper Chide G2 Cu 04

Eurcpium Coppser Chida Eu2 (Cw O )

ELHopaim Coppbr O Eul Cu 04

Barium Coppar Yinum Cuide BaZ ¥ Cud OF
Gadalinium Copper Owide G2 [ Cu s )

Coppar Eunspiim Caica Eu2 Gu D4

Gadaolinium Copper Chide Gl [ Cou O )

Gadaolinium Copper Owide Gdl1. 726 Cu O
Gagolinium Copper Owide G728 Cud4

01-070. 7228
01-070-7218
00-050-0431
010750488
010721418
01-082-0245
O0-051-0505
01-082-0244
01-081-0E80
01-080- 2566
01-081-0&75
01-075-0485
010851182
0521719
01-080-2367
01087 1448
01-087T- 1440

Mtzrcury Mtolybdanium Stronbum Lanthanum Copper Cueide  { HgB2 Mo0.38 | 52 { 5r0 45 La0 55 } Cu2 06.9301-089-8210

Barium Copper Sronfum Praseodymium Thallium Cxide T Bad4 S0 &) Pr CuZ OFx

“Witrium Baium Copper Cide ¥ Ba2 Cud O08.35
Lanth Bariwn Calcium Coppar Crody (LD 5 Bal5 )i Lalks Cans ) Culd 06 46
Copper Varadium Oxide Cuv2 s
Gadalinium Copper Thida G2 G 04
and 26 others...

Search-Match
Serngs
Raferende dalabase used POF-2 Relsase 2018 RDB
Judomak g0int adapiad Vs
KirEmum g uen-ol-maenit [FoM) DEQ
Zhetn window lor peak cor, 0.20 deg.
I ral. il Ao peak coe, 1
Faramegierirduence 2Hata -]

Fammeierinfuence intensiies 084
Paramater multiglaisingle phaseis) 0.50

Selection Critoria
Emmints!

Elerments thal must be presear: 0, Cu
Efemanis thad may be prosom; All glorreents not manoned above

Peak List
Mo, Ziweia [T dfA] W FAHM Mafched
1 20.28 30480 2583 02000
2 a2 #7940 20054 020
a 3253 2 7504 fa.73 D2E00 A
F] 34 85 2ETHE 23878 03500
5 385,84 ZE2A 100000 03200 A
8 3873 23233 o5 54 03500 A
7 4384 20633 5834 03200
] 45327 1.8605 2054 02000 I3
] 4584 18634 Fr T D400 A
10 5220 1.7508 74.48 02400
1 5341 1.7141 5037 02200 '
12 £5.03 16874 3548 02400
13 s8.28 15820 45 47 04200 A
14 s8.24 15585 a2 O2400
18 B0.7% 18298 8l DADD
16 61,53 15053 134 57 03200 A
17 6527 1.40562 190 54 05500 A
i BE1E 13752 11507 DABD A
16 724D 1.3043 4015 D400 A
20 T5.08 12642 84 52 Da400 &

Rietveld Refinement using FullProf
Calculation wads nod rum of did not convanga
Crystallite Size Estimation using Scherrer Formula
Calculation was not run.

Degres of crystallinity analysis

O0- 0450880
01-082-0255
01-089-8500
O0-043-0080
01-07%-0102

05480
06425
05381
&3S
QBT
0ETT
&2
05261
05237
06236
05238
o518
as2n
Q5209
05205
&6
oEie2
Q5187
OEITE
QE173
QE1E1
Q&89
QE158

Figure: XRD information of synthesized CuO-500 NPs with 95.1% matching

with ICDD Card No. 00-005-0661 (Part V).
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Profite arca Counts Amourt
Total area 6815064 100.00%
Dfracion peaks 1128797 16.47%
Background S177T167 8353%
Instrumental background 892103 12 90%
Amorphous phases 4885004 7063%
Dogree of crystallinity (DOC) = 18.90%
Amorphous content (woight %) =81.10%
Integrated Profile Areas
Based on calculated profile
Profite arca Counts Amount
Overatl gfracson profle 6915964 100.00%
Background radiation 57177187 8353%
Difracson peaks 1138797 1647%
Peak area b ging 10 d p 801339 1159%
Peak area of phase A (Copper Cuide Tenonte, syn) 801339 11.59%
Unidentified peak ares 337458 488%
Peak Residuals
Peoak data Counts Amourdt
Overall peak inlensity 21563 100.00%
K ir ity bel 19086 0242%
Unidentifed peak imensity 1637 758%
Diffraction Pattern Graphics
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Figure: XRD information of synthesized CuO-500 NPs with 95.1% matching

with ICDD Card No. 00-005-0661 (Part VI).
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