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ABSTRACT

Nanoparticles (NPs) are materials ranging in size between 1-100 nm. The NPs are
used in solar cells due to their unique properties. Solar cells have become an
alternative lead to green energy but their application is limited by factors such as cost,
efficiency and availability. In this study, silver-doped zinc oxide (Ag-ZnO) NPs were
synthesized using Citrus reticulata peel extract. Effects of silver doping concentration
on the structural and optical properties of ZnONPs were studied by varying the
concentration of silver dopant at (0.1, 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mol %). Effects
of growth temperature on the structural and optical properties of ZnONPs was studied
by varying the growth temperature of NPs at (25, 30, 40, 50, 60 and 70 °C). The NPs
were prepared via green synthesis method. The prepared and annealed Ag-ZnONPs
were characterized using X-ray diffraction (XRD), Ultra-Violet visible (UV-vis),
Fourier transmission infra-red (FT-IR) spectroscopy and photoluminescence
spectroscopy (PL). The XRD pattern of Citrus reticulata capped ZnONPs displayed
hexagonal wurtzite structure. The Debye Scherrer formula was used to calculate the
crystal size of nanoparticles. All nanoparticles formed were in the range of 8-14 nm.
The 0.1% Ag-ZnO had the highest intensity in XRD pattern at plane peak (101). The
crystal size of nanoparticles ranged from 15.29-19.87 nm. At 0.5% Ag-ZnONPs, the
XRD peak shifted to the higher 2 theta degrees compared to other doping
concentrations. At varying growth temperature, the crystal size range from 15.54-
17.87 nm. The FT-IR spectra of Citrus reticulata capped ZnO and Ag-ZnO
nanoparticles showed absorption in both functional group and fingerprint regions. The
stretching vibration of Zn-O was observed between 470-420 cm™'. When concentration
of Ag dopant was varied, the stretching vibration of metal oxide was observed 459-
470 cm™. The PL results of the samples showed UV emission peaks at 350 to 450 nm.
Increase in Ag concentration shift emission to a higher wavelength. The bandgap
energies of nanoparticles were estimated using Tauc’s plot. The bandgap energy
increased from 3.00 to 3.29 when capped. When doped with different mol % of silver,
the bandgap energies increase at lower concentrations from 3.30 for pure ZnONPs to
3.69 and 3.61 for 0.25 and 0.5 Ag-ZnONPs mol% respectively. At higher
concentrations, the bandgap energy decreased to 3.03, 3.13, 3.10 and 3.17 eV for 2.0,
1.5, 1.0 and 0.75 mol% respectively. The bandgap energy decreased from 3.03 eV at
25 and 40 °C to 2.94 eV at 30, 60, and 70 °C and 2.85 eV at 50 °C. The Ag-ZnONPs
were successfully synthesized by the green synthesis method, and doping the ZnO
with higher mol % of silver at a growth temperature of 50 °C presents good
crystallization, good optical and luminescence properties that can be tested as a
photoanode component in dye sensitized solar cells.
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DEFINITION OF OPERATIONAL TERMS
Annealing - The use of heat to treat material or compound at a high temperature and
slowly cooled at a control rate to remove stress, or to alter its structural, chemical and

physical properties of material.

Bandgap energy — This is the distance in energy level separating the valence band

and the conduction band in metal, semiconductors and insulators.

Capping agents — they are molecules that inhibit overgrowth of nanoparticles and

prevent coagulation during colloidal synthesis.

Characterize — The application of scientific methods such as microscopy to interpret

the composition of material or compound.

Crystal size — is the physical dimension of individual crystal in material. It is used to
describe the distribution of crystal in the material, and to analyze the physical,

chemical and mechanical parameters of crystalline substances.

Doping — refers to the incorporation of foreign material into the lattice crystal of the

host material to modify its structural, electrical, optical and morphological properties.

Photoanode — is a component of a solar cell responsible for the production of

electrical energy from light energy.

Synthesis — It is a process of obtaining a compound, material or a substance by

combining individual elements or molecules in a systematic manner.

xiii



CHAPTER ONE

INTRODUCTION
1.1 Background Information
Silicon solar cells use the sun for generation of energy and in the last decade they have
received considerable attention. Silicon solar cells use solar energy to generate
electricity. Despite using solar they are expensive and less efficient compared to fossil
fuels. Global warming occurs as a result of emission of harmful gases like CO> from
fossil fuel to atmosphere (Ebhota & Jen, 2020). Therefore, there is need to improve on

solar cells efficiency and reduce the cost to reduce the use of fossil fuels is advocated.

When the amount of silicon used in the manufacture of solar cells is decreased, the
solar cell cost will also decrease. Thin silicon wafers produced solar cells that have an
efficiency of up to 26.81% (Lin et al., 2023). When several solar cells are arranged in
series and parallel such that they can produce a certain amount of power output
referred to as solar panels. The main components of photovoltaic cells (PV) are solar
panels, inverters and supercapacitors. The solar panels use the PV mechanism to
produce electricity by absorbing then transforming the photon energy; supercapacitors
are used on sunny days to deliver additional energy; and inverters are used to transform
the generated direct current (DC) to alternating current (AC) mainly for domestic used

(Arefeen & Dallas, 2021).

The main component of photovoltaic solar cell is the solar panel; this is where the
electrical features such as voltage, resistance and current are located (Al-Ezzi &
Ansari, 2022). Figure 1 shows how the PV operates. From the diagram when the
photons of light strike the cell p-n junction, they generate the charge carriers. The
photon energy given by (E=hv) is higher than the bandgap energy (Eg) of the doped
semiconducting materials. Therefore the energy is used to move the electron from the
valence band (Ev) to the conducting band (E.), thus leaving a void in the valence band.
Furthermore, the excess photon energy (hv-hv,) gives the electron or the hole kinetic
energy. The hv, is the minimum energy required to generate the electron-hole. Any
excess energy is released as heat (Zhang, 2014). The electrical current is extracted

once the circuit is closed on an external load.
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Figure 1.1: Schematic diagram of photovoltaic solar cell

Source: (Al-Ezzi & Ansari, 2022)

Scholars have tried to use nanotechnology to improve these demerits but solar cell
efficiency remains low (Banin et al, 2020). In solar cells, nanoparticles have the
ability to reflect light many times within the device, enhancing photocurrent ( Wang
et al., 2021). The unique characteristics of nanoparticles for example small size allow
for innovative approach on light absorption to electron transfer in solar cell design
(Yang et al., 2024). The NPs are categorized into metals and metal oxides. The
common metallic nanoparticles that have been successfully synthesized are silver,

gold, copper, platinum, palladium, iron and nickel (Hasan, 2015).

Metal oxides with nanostructures include NiO, CuO, TiO; and ZnO. These metal
oxides have potential application in the production of energy since they have wide and
thin band gap based p and n type (Igbal ef al., 2019). The ZnO is a binary compound
used in solar cell application as a result of its high electron affinity and excellent

electron mobility (Wibowo et al., 2020).

Pure ZnONP cannot be used as photocatalytic material since it does not meet the
practical requirements; activating ZnO catalyst leads to a decrease in efficiency in the
visible and near infrared thus necessitating high UV light (Yildirim et al., 2013). The
photocatalytic activity of ZnONP is affected by rapid recombination of photo
generated electron pair (Lee ef al., 2016).



To overcome these problems semiconductor combination is used to enhance the
photocatalytic activity, transitional metal doping or noble metal deposition (Berehe et

al., 2023). Dopants are expected to occupy the interstitial site of ZnO.

1.2 Statement of Problem

About 70% of the global carbon dioxide emission is caused by combustion of fossil
fuels in urban mainly in transport and industry (Desa et al., 2014). Urbanization is
expected to extend across all regions globally by 2050 with Africa and Asia leading
compared to other regions. The projection of urbanization by 2050 in Africa is 56%
while Asia is 64% (Desa, 2014). Energy production is the dominating source of CO»
and other green house gases (GHG). According to global anthropogenic emissions,
70% of all emissions of greenhouse gases originate from the energy sector, with
carbon dioxide emission from burning fossil fuels contributing the most (Ebhota &
Jen, 2020). United Nation have pushed for clean energy, and urban energy is expected

to emit low to zero CO2 (Hepburn et al., 2021).

Alternative sources of energy will reduce consumption of fossil fuels, resulting in a
decrease in the amount of GHG released into the atmosphere. Solar energy is one
alternative source of green energy that can be used to replace fossil fuels. To harness
the solar energy the solar cell is a requirement and its efficiency is paramount. Solar
cells have low efficiency and can be improved using nanoparticles. Properties of
nanoparticles used in solar cells are influenced by various components such as the
synthetic method, pH, crystal shape and size of the nanoparticle synthesized. Green
synthesis of nanoparticles for use in solar cell application is an alternative that is safe
and utilizes materials that are not treated before being release to the environment.
Nanoparticles have excellent optical properties which have been employed in solar
cells due to their ability to convert the sun rays to photo current (Y. Chen et al., 2021).
Doping is used to improve properties of MONP such as optical properties. When metal
is used as dopant it lowers the activation energy thus reducing the working temperature
and improving the sensing efficiency(Yoon et al., 2022). The concentration of dopant
and temperature variation are key factors that influence the efficiency of solar cells

(Javed et al., 2016).



1.3 Significance of the Study

The aim of the research was to synthesize and characterize silver doped zinc oxide
nanoparticles using Citrus reticulata peel extract as capping agent. The synthesis
method is referred to as green synthesis method since it uses less chemicals and most
toxic chemicals are replaced with extract from plants which are naturally available and
less harmful to environment. The nanoparticles obtained were characterized to
determine their efficiency when used in solar cells. The results obtained from this
project gave useful information in the manufacturing of solar cell and guide on how
the nanoparticles can be obtained from environmentally friendly method. The research
findings improve knowledge on the synthesis of nanoparticles and the importance of
doping metal oxides for various application. It also form a basis on how to minimize

the pollution during the synthesis of nanoparticles for various uses.

1.4. Objectives of the Study
1.4.1 General objectives of the Study

To synthesize and characterize silver-doped zinc oxide using Citrus reticulata peel

extract for potential application in solar cells.

1.4.2 Specific Objectives
i.  To synthesis and characterize silver- doped zinc oxide nanoparticles using
Citrus reticulata
ii.  To determine the effects of silver doping concentrations on the structural and
optical properties of zinc oxide nanoparticles
iii.  To determine the effects of temperature on the growth of Citrus reticulata

capped silver-doped zinc oxide nanoparticles.

1.5 Research Questions
1. Is Citrus reticulata peel extract effective capping agent for synthesizing Ag-
ZnONPs?
2. How does varying the concentration of silver affect structural and optical
properties of ZnONPs?
3. Does varying growth temperature affect the structural and optical properties of

citrus capped silver-doped zinc oxide nanoparticles?.



1.6 Scope and Limitation

The research entail synthesis and characterization of silver-doped zinc oxide
nanoparticles capped with Citrus reticulata peel extract. Optimization of a growth
temperature, mole % of Ag dopant used were done. Citrus reticulata peel extract was
used as capping agent and reducing agent only. Only silver ions was used as dopant.
The characterization techniques that were used include XRD, FT-IR, UV-vis, PL and
SEM. Additionally, the metabolite of Citrus reticulata were not analyzed but used as
extracted for the synthesis. The research study was limited to using only Citrus
reticulata peel extract as a reducing and capping agent. Only silver ions were used as
dopant. Optimization of growth temperature and concentration of dopant only were

carried out.

1.7 Contributions of the Thesis
The contributions made by this study are highlighted below

I.  Citrus reticulata capped ZnO and Ag-ZnO nanoparticles were successfully
synthesized via green synthesis method and hexagonal wurtzite structure
stretching vibration, confirmed by FT-IR analysis at 470 cm™ wavenumber.
The use of capping agent lead to a decrease in crystal size. PL analysis showed
a shift in emission bands towards NBE when nanoparticles were doped. UV-
Vis spectroscopy showed a slight increase in bandgap energy when
nanoparticle was doped. Lastly, SEM analysis showed less porous compounds
when capping agent was used and confirmed the decrease in crystal size.

ii.  Different concentration of Ag was successfully doped to ZnONPs via green
synthesis method. The XRD spectra showed an increase in crystallinity as
doping concentration increase to optimum level and hexagonal wurtzite
structure was maintained. The FT-IR analysis confirm stretching vibration at
466 cm™! associated with Zn-O. The intensity of peaks and stretching vibration
increased with increase in doping concentration. PL analysis confirms
emission at 350-450 nm, with Ag-ZnO doped with 1.5% silver having the
highest intensity. At higher silver concentration the optical properties were
improved. UV-Vis analysis showed a decrease in bandgap energy with increase
in dopant concentration. EDS confirms that only ZN, O and Ag were present

in the sample and SEM images showed confirm an increased in particle size



with increase in concentration. The porosity of the material decreased with
increased in silver concentration.

iii.  Ag-ZnONPs were successfully synthesized via green synthesis method at a
varying growth temperature. The sample prepared at 40 °C had the highest
intensity in the plane (101) in XRD analysis which confirms better crystal
structures. The crystal size of nanoparticles were large at higher temperature.
The FT-IR analysis showed stretching vibration at 467 cm™! which is associated
with Zn-O and the intensity of the peaks were higher at 40 °C. For optical
analysis the PL analysis showed higher emission at 50 °C and the UV-Vis
analysis showed a decrease in bandgap energy at this temperature. SEM
images showed higher rate of agglomeration at 70 °C and an increased in

crystal size.

1.8 Organization of the Thesis
The thesis has been arranged into five chapters, with chapter one having the
background information of the study, statement of problem, objectives of the study,

research questions, significance, scope and limitation of the study.

Chapter two discuss the literature information of the study that include, solar cells,

nanoparticles, methods of synthesizing nanoparticles and characterization techniques.

Chapter three outline the materials and reagents that were used in the synthesis process
and procedure of obtaining the nanoparticles for the study. It outline how each
nanoparticle were obtained as per the objectives and the techniques that were used to

characterized nanoparticles.

Chapter four discuss the results obtained from characterization of nanoparticles using
XRD, UV-Vis, FT-IR, PL and SEM. The results are discussed as per the objectives

order.

Chapter five highlights the summary and conclusions. It has been summarized based
on the order of objectives. The recommendation from the study and recommendation

for future work has been outlined



CHAPTER TWO
LITERATURE REVIEW

2.1 General Introduction

This chapter focus on scholarly findings on solar cells, nanoparticles and techniques
used to synthesize nanoparticles. It mainly focuses on the properties of solar cell and
how they can be modified to improve their efficiency using nanoparticles. It also
explains the different methods that have been employed to synthesize nanoparticles
and mainly focuses on the green synthesis techniques and why this technique is
considered environmentally safer than physical and chemicals techniques that have

been used in synthesis.

2.2 Solar Cells

Electrical energy is obtained from light energy via photovoltaic effects in solar cells,
this phenomenon is both physical and chemical (Bagher et al., 2015). Edmond
Becquerel in 1839 discovered this and is referred to as the photovoltaic effect. Solar
cells are the major components of solar panels. The energy produced by the sun in
one hour is more than what is consumed globally in one year (Brainly.com, 2022). The
energy from the sun is in the category of electromagnetic radiation and consists of a

wide spectrum of wavelength.

For a material to be a component of solar cell, they must be able to convert sun energy
to electrical energy (Bagher et al., 2015).This occurs when an electron hole pair is
created and photons corresponding to an energy similar to or greater are absorbed by
the material as shown in Figure 2.1. The amount of light reaching the earth surface is

reduced in the atmosphere via the air mass.
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Figure 2.1: Structure of solar cell and effect of light
Source: (Bagher et al., 2015)

Solar cells consist of semiconducting materials for example silicon, gallium and
indium. These materials have narrow band gap with quantized energy between the
valence band and conduction band (Ranabhat ef al., 2016). Insulators have a large
band gap, therefore need a large amount of energy to move an electrons to the
conduction band (Chiang & Wager, 2017). Figure 2.2 demonstrate the difference

between insulators, semiconductors and metal/conductors in terms of their band gap.
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Figure 2.2: Schematic diagram of insulators, semiconductors and metals
Source: (Tian et al., 2017)
Insulators have large bandgaps and this prevents electron from gaining enough energy
to move to conduction band making them immobile (Tian et al., 2017).
Semiconductors have bandgap energies that are less than that of insulators and under
certain conditions such as high temperature the electron can conduct electricity, they
require less energy for excitation to conduction band (Makuta et al., 2018). In metals

electron flow freely. The highest conduction band that electron occupy is the



conduction band and the lowest unoccupied energy state is the valence band (Endres
et al., 2016). Incident photons from sun are used to excite or move electrons from

lower energy (valence band) to higher energy (conduction band).

2.3 Electrical Properties of Solar Cells
Figure 2.4 shows the amount of current versus voltage of solar cell in the dark and

under illumination.
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Figure 2.3: Organic solar cell curve of current-voltage

Source:(Leilaeioun, 2018)

There is minimal amount of current flowing in darkness unless the contact initiate
significant injection at forward.The point at which the amount of voltage and current
is at maximum determine the greatest power output. Fill factor is obtained by dividing

power output by current-voltage product (Leilacioun, 2018).

(a) Is the Maximum current generated flow at short-circuit current condition. (b) At
flat band condition photo generated current is balance to zero. At maximum power
point (MPP)(a-b) power is generated and the product of current voltage is at maximum
(Leilaeioun, 2018). Equation 2.1 and 2.2 are used to obtain the efficiency at which

photovoltaic power is converted in solar cell.

The conversion efficiency of photovoltaic power in solar cell is determined by:

|4
.rl — l;f{SCFF (2.1)
light
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Lnppv.
FF = _mPP7mpp (2.2)
ISC XVOC
where Isc is short-circuit current, FF is the fill factor, Voc is the open circuit voltage
and Pi, is the incident light power density standardized at 1000 W/m? for solar cell

testing. The current (/mpp ) and voltage (Vwmpp) at the maximum power point between

aandb.

Wien’s displacement law state that black body maximum shift towards higher
wavelength with its temperature. This means solar cell with large energy band gap has
high radiator temperature. Silicon solar cell has a band gap of 1.12 eV (Wagner,
2016).

2.4 Metal Oxides Nanoparticles and their Application in Solar Cells

Metal oxides haves been researched for decades in their advanced application field
such as microelectronics and energy conversion (Augusto et al., 2017). The widely
used manufactured nanomaterials include engineered MONPs (Chavali & Nikolova,
2019). The distinct properties of these NP’s are highly ductile at high temperature,
behave like super magnet and very selective (Alarcon et al., 2016). Bulk materials

have higher melting point compared to Nano sized materials.

These distinctive properties of MONP’s stem from denser and fewer size of corners
and edges of the surface(Chavali & Nikolova, 2019). Alteration of cell structure, such
as in NPs of CuO, AgO, CeO2, ZnO&TiOs. Structural perturbation occurs as a result
of an increase in number of interface atoms due to decrease in size of NPs (Cojocaru
et al., 2017). Size of nanoparticles alters the properties such as the electronic and

magnetic (Jo et al., 2015). Reduced size nanoparticles enhance reactivity.

CuO nanoparticles are extensively used in several fields such as redox catalyst,
irradiation process in microwave and photo thermal application (Sreeju et al., 2016).
MgO nanoparticles are used in chemical industries as scrubbers to eliminate pollutants
that are gaseous such as CO2& SOx. and in organic synthesis as a catalyst (S. Li ez al.,
2024). ZrO> nanoparticles have been used in structural ceramics, solid electrolyte,
catalyst and gas sensing material (Dziubaniuk et al., 2024). TiO; nanoparticles are

applied in solar cell and material science it is also applied in industries related to photo
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catalysis of pollutants (Mahlambi et al., 2015). The ZnO is considered to be potential
alternative to TiO; since they both have a band gap of (3.2eV) and their photocatalytic
efficiencies are high (Dorraj, 2018).

The ZnO has a wide band gap that have been exploited for specific properties such as
intrinsic, they have few industrial applications such as sunscreen cream in lotion and
in solar cells (Sharma et al., 2022). Photo chemist had demonstrated that effective dye

uptake can be realized with ZnO nano crystallites (Umar ef al., 2015).

2.5 Types of Dopants

Doping involves the addition of new material into the crystal structure of the metal
oxide (not originally present in the starting material (Carofiglio ef al., 2020). It is a
way of controlling metal oxide nanoparticle properties for example electrical
conductivity and oxygen vacancies(Yoon et al., 2022). Metal oxides are doped to
enhance their properties. The structure of nanoparticles is affected by dopants like Ni,
Ag, Co and Mn are used (Tiirkyilmaz ef al., 2017). When metal oxides are doped with
rare earth metal, they readily combine with functional groups due to the vacant 4f.
Some MONP have been doped with both metal and non-metal dopants for solar cells
application. In visible regions nitrogen doped titanium oxide have extensive
absorption spectrum, this is important in solar cell application since it make use of
large part of solar spectrum. Other non-metals used to dope metal oxides for solar cell
applications include carbon, sulphur and phosphorus (Marschall & Wang, 2014). In
the non-metal doping, carbon and nitrogen are dominant dopant. Zhang et al. (2015)
detect a decline in band gap upon C-doping. Highest absorption in visible light was
30% carbon doped sample. Table 2.1 shows examples of non-metal dopant used with

Zn0O (Patil., et al. 2023).
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Table 2.1: Synthesis techniques and morphology of non-metal doped ZnO
(Patil., et al. 2023).

Dopant | Precursors Synthesis Morphology/particle | Binding
method size energy
(eV)
S Thiourea (0.25g Solid state Rectangular and 3.07-3.09
and 0.5 g) and reaction square shape
Zn0O
N Guanidine nitrate | Micro- Spherical/particle 2.40
and ZnO emulsion size 15-60 nm
method
P Zinc acetate Sol-gel Hexagonal to 3.31-3.27
dihydrate, method spherical/particle size
methanol, 22-40 nm
ammonium
dihydrogen
phosphate (2, 4, 6
and 8%)
C Zn(Ac)2.2H>0, Co- Sandwich 3.26-3.31
precipitation | structure/particle size
5-14 nm

When MONP are doped with metals they show different optical and structural
properties compared with undoped MONP. (Abass et al., 2018) doped copper in ZnO
for solar cell application and found out that the band gap range for undoped ZnO (3.61
eV) was higher than that of ZnO doped with copper nanoparticles (3.53eV). Shalan et
al. (2013) found out that M-doped TiO; shift spectrum to conduction band and that the
dopants occupy the interstitial sites of TiO2. When the conductivity properties of cobalt
doped nickel oxide nanoparticles were analyzed. Kaneko et al. (2019) observed that
the conductivity improved from 3.83x10° to 6x10° S cm™. Another metal that has
been widely used as dopant is silver, which has been used as dopant with several
oxides of metal such as Fe>O3, CeO2 and ZnO (Sivaranjani ef al., 2024). Despite being
doped to all these materials, it is commonly doped to ZnO because of its ability to
enhance photocatalytic activity, electrical conductivity and tunable properties

(Wibowo et al., 2020).
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2.6 Effects of Capping Agents

Growth rate, shape & stability of nanoparticles formed depend on the type of capping
molecule used to synthesize (Javed et al., 2020). The capping molecules prevent
excessive size of nanoparticles during colloid synthesis and stop aggregation from
taking place (Javed et al., 2020). They are amphiphobic with non-polar tail and polar
head. The polar and non-polar interact with metal atom and surrounding medium
respectively (Gulati et al., 2018). Some of the capping agents that have been
successfully used to synthesize nanoparticles are polymers such as polyethylene
glycol and polyethylene oxides, acetic and oleic acids (Radini et al., 2018). Jin & Jin
(2019) synthesized ZnONPs using tea, oleic acid and thioglycerol. The nanoparticles

of tea and oleic acid had low luminescence intensity compared to that of thioglycerol.

2.7. Structural Properties of Metal Oxides Nanoparticles
Nanoparticles exist in various forms such as nanowires, nanotubes, Nanocones,

nanopillars, nanobelts, nanocombs and nanorods (Alshammari et al., 2023).

2.7.1 Nanowires
Nanowires- they are structures with diameter of order of nanometer and extensive
surface area causing length to ratio of equal or more than 1000. In fluorescent MRI

magnetic and fluorescent nanowires are used (Nana et al., 2019).

2.7.2 Nanotubes

Nanotubes- they have distinct properties because they rely on geometry and their
composition (Schulz et al., 2014). TiO> are used in dye sensitized solar cell as
photoanode because of its shape that allow large surface area to volume ratio and

greater electron mobility (Sengupta et al., 2016).

2.7.3 Nanocones
Nanocones- nanocones have high absorption compared to nanowires because they
have smaller tip, the reduced tip size leads to less reflection of incident light resulting

to improve absorption (Magdi et al., 2018).
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2.7.4 Nanopillars
Nanopillars are grouped in the lattice and have pillar shaped structures with diameter
of about 10 nm (Valiei et al., 2022). These structures are extensively used in solar

panels.

The study of form comprising of appearance, construction and dimension is referred
to as morphology. The nanomaterials optical, chemical and structural properties are
influenced by morphology; thus, morphology determines the various applications of
material. The morphology of nanoparticles is analyzed using scanning or transmission
electron microscopes. The morphology of nanoparticles is affected by; quantity and
strength of surfactant which passivate the surface, dioctylphosphine oxide (DOPO) is
a weak surfactant used to make CIS wires (TOPO) (Van Embden et al., 2015).
Surfactants have lengthy hydrocarbon chains which play a significant function in
controlling particles size (Song ef al., 2021). The pH affects the sol gel synthesis, the
morphology of MONPs relies mainly on the H" or OH concentration on the sol, the
ions determined the bond between oxygen and metal (Arya et al., 2021). The Table
2.2 shows how pH affects the size of nanoparticles and the energy band gap (Alias et
al., 2010).

Table 2.2: Effects of pH on the band gap, particle size and crystal size of ZnO
nanoparticles (Alias et al., 2010).

Item pH values Observation
8.0 9.0 10.0 | 11.0
Size of particle (nm) | 48.97 | 48.31 | 38.32 | 36.65 | Inversely proportional
Crystallite size (nm) | 24.96 |25.36 | 21.87 | 18.37 | Inversely proportional
Band gap energy (eV) | 3.25 |3.24 3.23 | 3.14 | Inversely proportional

Post treatment annealing, suitable growth temperatures and accumulation of particular
dopant control the morphology of nanoparticle (Hui et al., 2017; Mohar et al., 2016).
Table 2.3 shows how annealing temperature affect the morphology of nanoparticle

(Kayani et al., 2015).
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Table 2.3: Effects of annealing temperature on structural size, band gap and

crystal size (Kayani ef al., 2015).

Annealing Ambient 300 | 500 | 650 | 700 | Observation at

temperature (°C) temperature increasing temp

Crystal size (nm) 20.0 279 | 28.4 | 28.9 | 32.6 | Direct
proportional

Structural size (nm) | 28.0 31.4 | 46.0 | 48.0 | 54.0 | Direct
proportional

Energy of band gap | 3.00 3.10 | 3.13 | - 3.20 | Direct

(eV) proportional

2.8 Optical Properties of Nanoparticles

In photocatalytic applications, to uncover the mechanism of photochemical process
photo chemist have develop a strong understanding since these techniques are used to
determine the optical characteristics of nanoparticles (Khan & Khan, 2019). Optical
characterization is based on beers-lambert law & light principles (Hassan & El-mallul,
2025). The techniques convey information on nanoparticles such as absorbance,
luminescence, band gap and reflectance. Light can be absorbed or scattered when it is
incident on nanoparticle depending on size of nanoparticles (Carvalho et al., 2018).
At a diameter less than 20 nm nanoparticles experience both scattering and
absorptions. The diameter of nanoparticles is obtained from SEM. SEM is a reference
analytical technique for dimensional properties of nanoparticles. The measurement
properties are obtained from secondary electrons. The diameter of NP can be

calculated using equation 2.3 (Crouzier, Delvallee, et al., 2019)

u(pl) = u(p2) (23)

Where pl and p2 are the position of the pixels and a is the pixel size set as 1nm.

Equation 2.4 shows uncertainty associated with Deq measurement on u (Deq)

u(Deq) = Ju(p1)? + u(p2)? (24
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Where Deq correspond to the distance between pixels (Crouzier, et al., 2019)

The UV-vis is fully equipped device which can measure reflectance and transmittance

of NP. It is mainly applicable in measuring the bandgap of NPs and nanomaterials.

Band gap of materials determines its conductance and photo activity. Liu et al., (2015)

concluded that the photo ability of carbon Nano dot-carbon nitride is closely linked

with the band gap value 2.70-2.80 eV, it was obtained from UV-vis spectroscopy. This

technique is also used to observe the effect of dopant on the absorption shift.

Semiconductors NP have various application such as luminescent materials,

optoelectronic lasers (Hossain et al., 2023), light emitting diodes white. Aguilar

Jauregui et al. (2022) obtained photoluminescence spectra of pure and doped

nanoparticle of ZnS, with excitation wavelength of 330 nm and the transmission

wavelength in the blue was 368 nm for the pure nanoparticles. When doped with Ce*?

the wavelength shifted towards blue at 447 nm with two times luminescence intensity

than pure nanoparticles (Aguilar et al., 2022). Figure 2.4 shows the emission spectra

obtained by Aguilar ef al., when ZnO was doped with Ce.
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Figure 2.4: Emission spectrum at (a) 330nm (b) 368nm and (c) 433 nm of ZnS
Source: (Aguilar et al., 2022)

2.9 General Properties of Zinc Oxide Nanoparticles

2.9.1 Electronic Properties

Semiconductors in group II-VI are used in solar cell (De Melo, 2023). (Pieniazek et

al., 2016) reported that the excitation radius of bulk ZnO is 2.24 nm. This is similar to

confinement note able effect, ZnO particles of less than 4 nm can be observed in
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solution phase synthesis as a result of small effective mass of ZnO , me = 0.26m,, my
=0.59m, and (m,) free electron mass (S. Singh et al., 2024). The ZnO particles have
high electron mobility making it an excellent material for photo anode application in
solar cell, the mobility of bulk and nanorod ZnO are 205-300 and 1000 cm? v'! s°
Irespectively (Pan et al., 2016).

(Ahmad et al., 2018) reported that electron diffusion coefficient of ZnO nanoparticles
is 1.7 and that of bulk is 5.2 cm? v''s™\. Conversely, the electron diffusion coefficient
for TiO2 nanoparticles and bulk is 10 -10* and 0.5 cm? v''s™! respectively (Mugambi
et al., 2023). The structure of ZnO nanoparticles depend on method of synthesis, it
comprises of nanospheres, nanorods, nanowires, nanocrystals, nanotubes and 3D
nanostructure. The ability to mold into different structure has led to wide application

of ZnO nanoparticles.

The orientation and size of ZnO nanorod determine its photovoltaic characteristics
(Mwankemwa ef al., 2022). Power conversation efficiency is low in ZnO nanorods if
they are aligned vertically and have sensitization of N179 (Wibowo et al., 2020,). Pure
ZnO nanostructures have weak optical properties as a result of point defect such as

oxygen vacancy or interstitial Zn, these factors limit its pure uses in the industry.

2.9.2 Crystal Structure

The ZnO have different structures for example zinc blende, rock salt and wurtzite ; at
normal condition it exist as wurtzite having ionicity between ionic and covalent
semiconductors (Rai & Kondal, 2022). The unit cell for zinc oxide has Zn" encircled
by four oxygen ions forming a tetrahedral each having two formula units (Van Embden
et al., 2023). Non-centrosymmetric coordination in tetrahedral ZnO bring about
defects and crystal growth since they produce piezoelectric properties and crystals
polarity (Goel & Kumar, 2020). The ZnO lattice properties are measured by x-ray
diffraction (Bindu & Thomas, 2014). The parameter ranges from 3.2475 to 3.2501 a,
for ¢ parameters the values range from 5.2042 to 5.2075 A, with difference in lattice

parameters depending on defects, external strain and temperature (Wu et al., 2019).

2.10 Doped Zinc Oxide Nanoparticles
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Doping involves the addition of new material into the crystal structure of the metal
oxide (not originally present in the starting material (Carofiglio et al., 2020). Doping
of ZnO enables the approach to tune in various zinc oxide properties. The sensing
ability of zinc oxide is determined by several factors such as oxygen vacancies.
Dopants can improve sensors’ performance reducing activation energy connecting the

sensing material and the target analyte.

Singh et al. (2019) employed several metals to create metal doped zinc oxide
nanoparticles and found out that metal doping reduces temperature and increase the
sensing efficiency as a result of decrease in activation energy. The concentration of
metallic dopant affect the morphology of material improving its sensing efficiency
(Sarkar et al., 2015). Figure 2.5 shows a typical wurtzite hexagonal shape of pure ZnO;
Ce-ZnO composite morphology changes to nanoparticles as the concentration
increases (2.5b) and further to flocculent structure (Figure 2.5 c), agglomeration
occurs when the concentration of dopant Ce is increased (2.5d) (Flores-Carrasco et

al,, 2021).

Figure 2.5: (a-e) SEM images of Ce-ZnO at different concentration of Ce
loaded: (a) ZnO NPs, (b) 2.02 %, (¢) 3.24 %, (d) 6.24 % and (e) 8.24 %
Source: (Flores-Carrasco et al., 2021)

When dopant concentration of less than 10% is introduced to semiconductor the
absorption edge of photo catalyst shift to visible range (Murashkina et al., 2015). The
interaction of ZnO valence band with metal cations result in formation of intra-band

gap level which induces narrowing of band gap. When metal ions are doped with p-
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type, the p type serves as electron acceptor and introduce level below the original gap,
while n-type when used as electron donors act oppositely by creating a level above the

valence (Samadi et al., 2016).

Masoumi et al., 2018 analyzed the properties of Ag-doped ZnO with first principles
calculation. From the results they obtained, they concluded that Ag was acting as
electron acceptor in the zinc oxide nanoparticle structure. When silver is introduced
inside ZnO it creates acceptor level resulting in decrease of E; value. Silver is used to
create p type of conductor at the same can be used to introduce n type conductivity. In
their calculation they used a concentration of 2.08% silver dopant, which had only one
Ag substitution at an interstitial site, oxygen site and Zn site (Masoumi et al., 2018).
In each formation energy for a single Ag dopant were calculated; the result showed
AgZn substitution has the lowest formation energies which, means that the dopant will

prefer to substitute at Zn site in presence of O rich and Zn site.

Visible light absorption edge occurs when electrons are promoted from valence band
to conduction band. Increasing concentration of silver dopant causes a significant
increase in red-shift absorption edge since more impurities increase mid-gap
states(Samadi et al., 2016). Incorporation of silver ions in zinc oxides lattice structure
has been confirmed by x-rays and spectroscopy techniques. The Ag" radius is larger
than Zn*" radius, thus the unit cell volume is high (Surib et al., 2017). Low XRD 26
values are observed when Ag is substituted in ZnO as shown in Figure 2.6 (Chitradevi

et al., 2020).
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Figure 2.6: The XRD pattern of Ag-ZnO
Source: (Chitradevi et al., 2020)
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When Ag is doped in ZnO the Raman spectra shift to higher wave number indicating
lattice expansion due to doping as shown in Figure 2.7 (Lefatshe et al., 2021).
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Figure 2.7: Visible PL band for the ZnONPs with: (a) undoped (b) 0.5%, (¢)
1.0%, and (d) 2.0% of Ag
Source: (Lefatshe ef al., 2021).
Since Zn*'radius is smaller than Ag" radius (sharwani et al., 2022). Kaningini et al.
(2022) use precipitation method to prepare Ag-ZnO using different concentration of
Ag at low temperature and the observation was that when equal or less than 0.5 mol%
of Ag is introduced, the Ag will occupy the lattice site via the substitution of Zn?".
When the concentration of silver ions was increased above 0.5 mol %, Ag atoms
agglomerate at the ZnO grain boundary. Thabit et al. (2022) showed that if the
concentration of silver dopant is above the optimum there is a decrease in the mobility

of ZnO thin film causing film disorder.

2.11 Synthesis of Nanoparticles

Several techniques have been employed to prepare nanoparticles. These methods are
categorized into three; physical, chemical and biological methods. The most
extensively used methods include; chemical precipitation, sol gel methods and

biological /green synthesis methods.

2.11.1 Chemical Precipitation

When synthesizing zero valent nanoparticles chemical precipitation method is used
(Dandge et al., 2021). The crystal size of nanoparticles is controlled by arrested
precipitation technique (Rajput, 2015). The precipitation reaction process involves the

reaction of precursor material and the suitable solvent. If the reaction involves doping,
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dopant must be added before chemical precipitation. Surface active agents are used to
prevent agglomeration from taking place, nanocrystals are centrifuged, washed and

vacuum dried.

2.11.2 Sol gel techniques

This method is used in industrial production of nanoparticles having the same size and
of high quality (Bokov et al., 2021). It uses bottom up approach whereby nanoparticles
are formed from simple components (Tripathy et al, 2023). Salts with different
compositions and reaction rates are used (Bokov et al., 2021).When the cavities of
polymer gel formed are joint, a 3D structure is obtained which is then dried to get a
rigid solid due to volumetric shrinkage (Danks et al., 2016). When drying condition is
controlled the porosity of nanoparticles can be achieved and the products are of high
quality (Bokov et al., 2021). Figure 2.8 below show the steps involved in the sol-gel
synthesis of nanoparticles. The cryogel, xerogel and aerogel obtained are calcined to

obtain the final products.

t

precursor+solvent = | <ol formation [—1 connected porous supercritical drying
structure (gel) Aerogel

Thermal drying

Figure 2.8: Stages of sol-gel synthesis
Source: (Bokov et al., 2023)

2.11.3 Biological/green Synthesis Method

Nanoparticles are widely applied in areas where they come in contact with human
therefore, there is need to develop process of synthesis without using harmful
chemicals. Green synthesis is rapidly gaining importance over the other methods,
since the process of production is of low cost and it produces limited amount of waste.
Chemical precipitation and green synthesis both uses bottom-up approach to prepare
nanoparticles but in green synthesis the surface reducing agent used is plant extract

such as peel extract, fruits and leave. The term green synthesis is used because the
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harmful chemicals are replaced with plant extract which are friendly to the

environment.

Green synthesis was used to synthesize metal oxides such as titanium oxide and the
plant extract that was used as capping agent was an extract of Aloe vera (Rao et al.,
2015). The concentration of plant extract affect the size of nanoparticles formed. The
properties of nanoparticles synthesized via green synthesis methods differ from those
synthesized by chemical methods for example the biocidal activity of green
synthesized ZnO nanoparticles is high compared to that prepared by chemical
precipitation (Elumalai & Velmurugan, 2015).

Citrus reticulata is a fruit obtained from citrus tree which belong to genus Citrus, they
are mainly associated with oranges and lemons. They produce their own seeds within
the fruits, and the peel contains phytochemicals compounds that have been used in
medical, cosmetics and scientific applications (Apraj & Pandita, 2016). A. K. Ibrahim
et al.,, 2024) observed from the analysis of Citrus reticulata peel extract that it
contained n-hexacosanoic acid (CHs (CH2)24COOH) based on the spectra analysis of
data. The other compounds that were obtained include reticulataursenoside, citrusteryl
and citruslanosteroside which gave positive tests on triterpenic glycosides. These
chemical components play key roles as capping agents when synthesizing
nanoparticles. Other citrus plants that have been used to synthesize nanoparticles
include lemons used to synthesize TiO> (Nabi ef al., 2022) and citron (Citrus midica)
leaf extract which was used to synthesize cobalt oxide (Siddique ef al., 2021). The

current study utilized Citrus reticulata peel extract for the synthesis of Ag-ZnONPs.

2.12 Analytical Techniques used to Characterize Nanoparticles

Various techniques are employed to characterize nanoparticles for different
applications. Characterization is the study of materials properties such as structure,
composition, magnetic electrical, chemical and physical properties. Most of the
techniques can analyze more than one property but some are used to analyze only one
property. They are classified into microscopy for example TEM and SEM,
spectroscopy (FT-IR and UV-vis), X-ray techniques.
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2.12.1 Fourier Transform Infrared Spectroscopy

It measures electromagnetic radiation absorbed at a wavelength of (400-4000 cm™) in
the mid IR region. Molecule is said to be IR active if it absorbs the IR radiation. The
FT-IR identify the molecular structure of compound by showing the functional groups
through spectrum which shows the position and strength of bonds (Blanco 2014). If
organic acids are used to synthesize nanoparticles the spectra will show the presence
of characteristic groups such as -HC=CH- on the surface of nanoparticle. In the mid
infrared region there are two types of vibration observed: the stretching and bending
vibrations. Stretching vibration mainly involve the change in bond length whereas
bending vibration is more of change in the bond angles. The vibration frequencies
depend on bond strength with triple and double bond having the highest frequency as
compared with single bond. Chemical groups have specific vibration frequencies that

depends on atoms involved and the type of chemical bond.

The FT-IR works on the principle that detector receive the absorbance of all
wavelength simultaneously when light is passed through the sample. Fourier transform
which is a mathematical computerized manipulator performed the data so that
absorption of every wavelength is obtained. The FT-IR contained two mirrors which
provide interference of light that help to performed mathematical manipulation.
Among the two mirrors, one is fixed while the other is flexible and beam splitter is
positioned between the two mirrors. Blank scanning is required before any sample is

scanned. Figure 2.9 shows the Shimadzu FT-IR at Murang’a University of Technology.

Figure 2.9: Shimadzu IR spirit FT-IR model
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2.12.2 Ultra Violet Visible Spectroscopy

It is relatively cheap technique used to analyze nanoparticles. It correlates the intensity
of light reflected from the sample to that reflected from the reference material. The
UV-vis analyze the transmittance or absorbance used to determined optical bandgap
energies of nanoparticles. The absorbance mode measures the quantity of light
absorbed by compound as a function of wavelength and a graph of absorbance against
wavelength is obtained. This graph is referred to as an absorption spectrum. In
transmittance mode, the intensity of light transmitted through the sample is evaluated
as a function of wavelength and the graph obtained is transmission spectrum. These
properties are influenced by size and shape of nanoparticle (Blanco Andujar, 2014).
Metallic nanoparticles like Ag and Au interact strongly with certain wavelength of
light, these distinctive properties enable them to be used in plasmonic. Besides
characterizing NP it can also quantify zero valent elements such as gold and silver.
Bindhu ef al., 2020 synthesized Ag NP via green synthesis using the flowers extract
of Moringa oleifera. The UV-vis analysis confirmed the presence of localized surface
plasmon resonance (LSPR) in the particles and the spectra showed a blue shift as the
crystal size of nanoparticle decrease with an increase in concentration of flower
extract. Figure 2.10 shows the evolution one plus model UV-vis spectroscopy at

Murang’a University of Technology.
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Figure 2.10: Evolution one plus UV-Vis spectroscopy

The bandgap energy values of nanoparticles were estimated by plotting a graph of

(ahv)? versus energy (eV) then extrapolated according to Tauc’s equation (2.5)

(ahv)"=A(hv-Eg) (2.5)
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Where Eg is the bandgap energy, A is a constant, h is the plank’s constant, v is the
photon frequency,& symbolize absorption coefficient and y designate the electronic
transition and can be 2 or ' for direct and indirect allowed transition respectively. It
can also denote direct or indirect forbidden transition if its 2/3 and 1/3 respectively. If

Taucs equation is compared to the equation of straight line shown in 2.6 such that

Y=m(x) (2.6)

Putting the y axis equal to zero then, equation 2.7 will be obtained

0=A (hv-Eg) (2.7)

Thus, the bandgap extrapolated will be equal to energy obtained as shown in equation

2.8

hv=Eg (2.8)

2.12.3 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy monitors molecules that have absorbed or
emitted light. It is useful in characterizing quantum dots and metal nanocluster. The
presence of near infrared localized surface plasmon (NIR LSP) resonances in
nanoparticles have major impact on the exciton recombination. Addition of impurities
such as transitional metals into semi-conductors materials makes the luminescence
centers, Some metal oxides such as ZnO nanoparticles are active photo luminescent
(Rodrigues et al., 2020). PL has the ability to measure band gap directly as a function
of carrier concentration. It is convenient for detection of low level impurities, and to

determine the major defects in samples (Ungula, 2018).

In this work, the photoluminescence data were collected using Infitek SP-LF97 model

shown in Figure 2.1. It uses xenon flash lamp for superior sensitivity.
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Figure 2.11: SP-LF97 model PL spectroscopy

2.12.4 The X-ray Diffraction

The X-ray diffraction provides details regarding the structure and size of crystal and
lattice parameters of nanoparticles. Lattice parameter d-spacing are estimated using
Bragg’s equation. The samples to be analyzed by XRD are commonly in thin films
and powder form. XRD cannot be used to analyze amorphous materials and
nanoparticles with grain size of less 3 nm. The XRD methods depend on the ability of
crystals to diffract X-rays in a characteristics way that allow study of crystalline

phases. Figure 2.12 shows the ARL EQUINOX X-ray diffractometer.

Figure 2.12: The ARL EQUINOX X-ray diffractometer
The intensity of the peak is used to obtained details on the crystal structure and texture
of material (Epp, 2016). Radiation sources such as sealed tubes, synchrons and
rotating units are generally used to generate X-rays. When crystalline materials are
analyzed, the principle of the method depend on diffraction of X-ray atomic planes.
Bragg’s explained the geometrical interpretation of XRD using Bragg’s law. Bragg’s

law is given in equation 2.5 below.
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na = ZdhleinB (2.5)

In equation 2.5 n is diffraction order, A is the wavelength in (nm) of incident beam, 6
is the angle of diffracted beam in degrees and dj,is the lattice spacing. Figure 2.13

shows how the lattice planes at different miller indices diffract from different planes.

Figure 2.13: Geometrical condition for diffraction from lattice planes
Once the diffraction pattern has been obtained qualitative phase analysis is carried out
to identify the type of phase. The diffraction pattern is compared with that of standard
obtained from International Center for Diffraction Data (ICDD) other standard can be
obtained from Joint Committee on powder Diffraction Standards (JCPDS) where peak
information is compared manualy for the purpose of identifying the phases present.
The crystallite size was calculated from the peak broadening of diffraction peak using

Debye Scherrer formula shown in equation 2.9. (Mustapha et al., 2019)

.
o pcos6B

(2.9)

Where A is wavelength of X-ray radiation, § is width at half maximum of diffraction

and OB the Bragg’s angle. Lattice parameters was calculated using equation 2.10

n2 A2
a= |——
4sin2 (0)

(h? + k? +1?) (2.10)

Where a is lattice parameter and h, k, 1 are miller indices
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The length of dislocation line was measured using dislocation density dand the
number of dislocations per unit volume of the crystal was calculated using

equation 2.11 (Al-Ansari, 2016)
1
6= oz 2.11)

D is a grain size from the Scherrer formula.

2.12.5 Microscopy Techniques

The most common microscopy techniques used to analyze nanoparticles are SEM and
TEM. These microscopes have primary electrons that provide high energy and
electron gun which act as a creator of electrons at a controlled energy. Fine beam of
electrons are generated from the gun, precisely controlled energy. The TEM operate
on the principle that when electron beam hit the sample some are transmitted while
the excess electrons are scattered (Akhtar et al., 2018). The TEM provides the most
accurate estimation of nanoparticles homogeneity and the nanoparticles size and
shape. For these reasons TEM are used to analyze nanoparticles aggregation of various
applications for example the sensing and diagnostic (Shrestha et al., 2020), where the
aggregations depend on the analyte. Nevertheless, this technique has some limitations
that have to be considered such as orientation effect which leads to production of

misleading images.

Scanning electron microscope (SEM) uses electrons for imaging, cathode generates
electrons that are forwarded to anode. Compared to light microscope, SEM images are
of higher magnification, the image are 3D produced by electrons. The SEM images of
ZnO has been reported to influence by synthesis condition and treatment phase. The

ZnO nanoparticles has been reported to be spherical in shape by (Javed et al., 2016)

Scanning electron microscope (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS) VEGA3 (TESCAN) model was use to study the morphological
properties and elemental analysis of Citrus reticulata capped Ag-ZnONPs.

2.13 Summary
This chapter detailed the literature of zinc oxide properties (ZnO), solar cells, doping,

application, synthesis methods and characterization techniques employed during the
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research. Zinc oxide has either hexagonal wurtzite structure or zinc blende structure
with optical bandgap energy of 3.37 eV. Adding foreign atoms in the lattice crystal

structure has proved that it improve the sensor’s performance and as a results

decreased the activation energy.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Introduction
This chapter outlines the materials and methodology that was applied in the synthesis
of ZnO nanoparticles using Citrus reticula peel extract, doped with silver at different
concentration and varying the growth temperature. Green synthesis method was used

for the synthesize Ag-ZnO.

3.2 Materials

All the chemicals that were used were of analytical grade and were used without any
form of purification. All chemicals were purchased from Sigma Aldrich & A.B Chem.
Co., Ltd. They include zinc acetate dihydrate (Zn (CH3COO).2H>0) (>98%),
ammonia hydroxide (NH4OH) (>99%), silver nitrate (AgNO3) (>99.9%), ethanol
(CH3CH20H) (>99%). The deionized water was prepared in the Murang’a University
of Technology Research Laboratory. Citrus reticulata was obtained from the

Murang’a market sourced from Makueni County, Kenya.

3.3 Preparation of Citrus reticulata peel extract

Citrus reticulata (tangerine) was washed with deionized water to remove surface
pollutants then hand peeled. To obtain the peel extract, the peels were dried in air in
the absence of sunlight at temperatures of about 27 to 28 °C. The dried peels were
milled using an electric mill and sieved to powder. Fifty grams of the sample was
introduced to 500 mL of deionized water and heated at a temperature of 80 °C for 15
minutes (Ehrampoush et al, 2016). After cooling to ambient temperature, it was
filtered with Imm Whatman filter paper and stored in a refrigerator to be used as

capping agent in the analysis.

3.4 Synthesis of Zinc oxide (ZnO) nanoparticles using Citrus reticulata peel
extract

A 3.84 g of zinc acetate dihydrate was dissolved in 50 mL of deionized water and
stirred for 5 minutes at room temperature. Citrus reticuata peel extract 20 mL was
added to the solution and stirred, followed by 10 mL of ammonia hydroxide. The
mixture obtained was stirred at a temperature of 40 °C for 3 hours then allowed to

settle for 24 hours before being washed with analytical ethanol. The NPs formed were
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dehydrated in hot air oven at 100 °C for 2 hours then annealed in a muffle furnace at

a temperature of 450 °C for 3 hours.

3.5 Synthesis of Zinc oxide nanoparticles without Citrus reticulata peel extract

A 3.84 g zinc acetate dihydrate was dissolved in 50 ml of deionized water and stirred
for 5 minutes at an ambient temperature to allow the salt to fully dissolve. Ammonium
hydroxide (10 mL) were then added to the solution and stirred for 3 hours at 40 °C till
they formed a precipitate. The precipitate formed was allowed to settle for 24 hours
then washed with analytical ethanol, dried at 100 °C for 2 hours in an oven, then

annealed in a muffle furnace for 3 hours at a temperature of 450 °C.

3.6 Synthesis of Citrus reticulata capped silver-doped zinc oxide nanoparticles

Zinc acetate dihydrate solution was prepared by dissolving 3.84 g in 50 mL of
deionized water and stirred for 5 minutes at ambient temperature. Peel extract (20 mL)
was added to act as capping agents leading to formation of zinc ions. The mixture was

then stirred for 20 minutes (Anon et al. 2021)

Zn(CH3€00),.2H,0 5 + 2CoHg O7(ag) = ZN%* (1) +
ZCH3COO_(Aq) + ZHzo(Aq) + CﬁH807(Aq) (31)

Zinc ions formed were reacted with 10 mL of ammonium hydroxide to form zinc

hydroxide nanoparticles.
Zniy,y + 2NH,OH 4) = Zn(OH)y4q) + 2NHy ) (32)

Silver nitrate (0.75 mol%) was added and stirred at a temperature of 40 °C for 3 hours
to form silver doped zinc oxide nanoparticles. The Ag-ZnONPs formed were washed
with analytical grade ethanol and allowed to settle for 24 hours before being dried at

100 °C for 2 hours in the oven and annealed at 450 °C.

3.7 Synthesis of silver-doped zinc oxide nanoparticles without Citrus reticulata

A 3.84 g zinc acetate dihydrate was dissolved in 50 mL of deionized water and stirred
for 5 minutes at room temperature, followed by 10 mL of ammonium hydroxide and
the solution was stirred. After which 0.75 mol% of silver was added and stirred at 40

°C for 3 hours. The nanoparticles formed were allowed to settle for 24 hours before
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being washed with analytical ethanol and dried at 100 °C in hot air oven for 2 hours

and annealed in a muffle furnace for 3 hours at a temperature of 450 °C.

3.8 Synthesis of different concentration of silver mol % doping concentration on
the optical and structural properties of ZnO nanoparticles

A 3.84 g zinc acetate dihydrate was dissolved in 50 mL of deionized water and stirred
for 5 minutes at room temperature, followed by 20 mL of Citrus reticulata peel extract
and the solution was stirred. After 5 minutes 10 mL of ammonium hydroxide was
added. Different concentrations of silver ions (0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0 mol
%) were added and stirred at 40 °C for 3 hours. The nanoparticles formed were allowed
to settle for 24 hours then washed with analytical ethanol and dried in hot air oven for

2 hours at 100 °C and annealed at 450 °C for 3 hours in the hot air furnace.

3.9 Synthesis Citrus reticulata capped silver-doped zinc oxide nanoparticles at
different growth temperature on the structural and optical properties of Ag-
ZnO nanoparticles

Citrus reticulata capped silver-doped zinc oxide were synthesized at varying growth

temperatures:

A 3.84 g of zinc acetate dihydrate was dissolved in 50 mL of deionized water and
stirred for 5 minutes to ensure the salt dissolved completely. A 20 mL of Citrus
reticulata peel extract was introduced to a solution of zinc acetate dihydrate followed
by 10 mL of ammonia hydroxide. Silver nitrate was added (0.75 mol %) to the solution
and stirred at a temperature of (25, 30, 40, 50, 60, 65 and 70 °C) for 3 hours, then
allowed to settle for 24 hours, then washed with analytical grade ethanol and dried at
100 °C for 2 hours in the oven and annealed at 450 °C for 3 hours in the hot air furnace.

The nanoparticles obtained were then ground to powder using a mortar and pestle.

3.10. Characterization of the synthesized nanoparticles

3.10.1 UV-Vis characterization

The UV-Vis was turned on and calibrated using the standard reference material
(material of known absorbance at specific wavelength); an appropriate wavelength
was selected (200-1100 nm). Citrus reticulata capped Ag doped ZnO sample was
dissolved in deionized water. The solution obtained was placed in a sample holder (a

cuvette with a path length of 1 cm), and its absorbance spectrum was generated. The
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position of the peaks corresponding to the electronic transition and the bandgap were
also obtained from the wavelength at which the absorption edge occurred. Thermo

Scientific Evolution One plus UV-Vis spectrophotometer was used.

3.10.2 FT-IR Characterization

The instrument was first turned on and allowed to warm up; it was then calibrated
using standard reference, and the background scanning was obtained by scanning an
empty sample holder to account for atmospheric interference. The nanoparticles were
placed in a sample holder then scanned at a wavelength of 400-4000 cm™ to obtain the
spectrum, which was analyzed to determine the functional group present in the
fingerprint and functional group regions. The data obtained was analyzed with the help
of a standard library to identify the functional groups present in the sample. The

Shimadzu IR spirit model was used for analysis.

3.10.3 XRD Characterization

The nanoparticles were grounded into fine powder using a pestle and mortar. The fine
powder of nanoparticles was loaded into the XRD sample holder. X-ray beams were
directed onto the sample. Spectrum of intensity against 2 theta shows the
crystallographic reflection orientation of the X-ray on the nanoparticles. The data
obtained was analyzed with Origin software and compared with JCPDS data base card.
The crystal size of nanoparticles was computed using the Debye Scherrer equation.
The XRD data were obtained from ARL EQUINOX 100 at40 V, 0.9 mA, at a scanning
range of 20 °-100 ° for 240 seconds.

3.10.4 Morphological and EDS Characterization

The sample was loaded onto a carbon stick and run at 20 kV and 50 kV. The images
obtained were analyzed to determine the distribution of size and surface morphology
of Ag-doped ZnO nanoparticles. The elements present in the nanoparticle sample and
their atomic absorption percentages were analyzed with Energy Dispersive
Spectroscopy (EDS). The surface morphology of nanoparticles were analyzed using

SEM Phenom VEGA3 TESCAN model.

3.10.5 PL Characterization
The solid Ag-doped ZnO was dissolved in deionized water. The dissolved

nanoparticles were loaded in a cuvette for scanning. An excitation wavelength of 300
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nm was selected and laser lamp was used to excite nanoparticles. The spectrometer
disperses the emitted light onto a detector. The light emitted by NPs after excitation
was measured. A photoluminescence spectrum was recorded showing the strength of

emitted light as a function of a wavelength.

3.11 Validation
Citrus reticulata capped ZnO and Ag-ZnO nanoparticles were successfully

synthesized. The nanoparticles obtained were in powder form as shown in figure 3.1.

Figure 3.1: The Ag-ZnONPs synthesized using green synthesis method
The powder nanoparticles were characterized to determine the optical, structural,

morphological and luminescence properties.

3.12 Research design

This research used experimental design to investigate the effects of capping agents,
different concentration of dopant (0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2% of Ag dopant)
and effects of growth temperature at 25, 30, 40 50,60 and 70 °C on structural, optical
and morphological properties of ZnONPs and Ag-ZnONPs. Green synthesis method
was use to synthesized nanoparticles.The powder nanoparticles obtained were then
characterized using XRD, FT-IR, UV-Vis, PL and SEM. Data obtained was analyzed
by comparing the average crystal size, bandgap energy and particle size at varying

concentration and growth temperature.

3.13 Summary
This chapter extensively discussed the materials used, the synthesis method as per the

objectives and the characterization techniques employed to analyze data. The
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nanoparticles was synthesized via green synthesis method and the characterization

techniques employed include FT-IR, UV-Vis, XRD, PL and SEM.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Introduction
This chapter discuss the results obtained from FTIR, XRD, UV-vis, PL and SEM of
Zn0O and Ag-ZnONPs prepared using Citrus reticulata peel extract. The results have

been discussed according to the specific objectives

4.2. Effects of Citrus reticulata peel extract on silver- doped zinc oxide
nanoparticles

Chemicals methods for synthesizing nanoparticles are sol-gel, chemical precipitation,
thermal decomposition, micro emulsion and polyol method (Dhand et al, 2015).
Despite being able to achieve the desired properties of nanoparticles, these methods
are considered harmful to the environment due to wastes generated and many toxic
chemicals used in the synthesis process such as sodium borohydride (NaBH4), which
has been extensively exploited in chemical methods as a reducing agent. Alternative
methods have been developed to ensure the nanoparticles are synthesized without the
risk of harming the environment. The synthesis method involve the use of plant
extracts such as leaves (Shafey, 2020), fruits (Ahmed et al., 2018) and stems (Karthiga,
2018). The plant extract acts as a capping and reducing agent for the development of
nanoparticles. The following are the characterization of citrus reticulate capped Ag-

ZnONPs.

4.2.1 The FT-IR Analysis

The FT-IR spectra of the plant extract capped and uncapped ZnO is shown in Figure
4.1. It was recorded in the range of 400-4000 cm™'. The main bands were observed in
both fingerprint and functional groups region. In both spectra, the carbonyl group

dominated due to the fact that the precursor used was zinc acetate dihydrate.
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Figure 4.1: The FT-IR spectra of Plant extracts capped ZnONPs and uncapped
ZnONPs nanoparticles

The stretching frequency of O-H for uncapped ZnONPs were broader compared to
capped ZnONPs and were observed at 3370 and 3372 cm! respectively. The peak at
2081 cm! that was only observed in uncapped ZnONPs was attributed to asymmetric
and symmetric stretching NO». The typical FT-IR peaks for ZnO were observed at 476
and 437cm’!, due to the optical transverse mode of ZnO. The stretching vibration
belonging to C=0O of acetate group was observed at range of 1560 to 1390 cm™. The
FT-IR spectrum for uncapped ZnONPs had a lot of noise and the peaks were not as
sharp compared to that of capped ZnO. When ZnO was prepared by biological
methods the stretching vibration between 450-540cm™ confirmed the presence of

metal oxide nanoparticles (Anbuvannan et al., 2015)

Figure 4.2 shows the FTIR spectra obtained when ZnO was doped. The peaks were
sharp, narrow, high intensities and shift slightly to lower frequencies compared to

those of undopped ZnONPs.
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Figure 4.2: FT-IR spectra of ZnO and Ag-ZnO at (a) 400-4000 cm™' and (b) 400-
650 cm!
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The broad peak at 3372cm! shows the stretching frequency of O-H which was at a
lower frequency than that of uncapped ZnO. The peaks at 1552 and 1328 cm™! showed
the presence of stretching frequencies of carboxylic groups mainly C=C and C-O
respectively. The stretching phase of C-O was observed at 1014 cm™ and a bending
phase of C-H at 828 cm™!. The stretching frequency of metal oxide was observed at
463 cm™ which was slightly lower than what was observed in uncapped ZnO. Minor
and major shift were observed when ZnONPs were doped with transitional metals
(Sagadevan et al., 2017).When Ag is incorporated into ZnO structure it induces
distortion due to the alteration of local bonding environment, this was observed when
Ag-7Zn0O and ZnO were synthesized via hydrothermal and co-precipitation (Ali ef al.,
2024). The FT-IR spectra showed more prominent vibration mode with Ag-ZnO than

for ZnO which clearly indicates that strong doping occurred.

4.2.2 The XRD analysis
Figure 4.3 shows the XRD pattern of pure zinc oxide synthesized with and without
Citrus reticulata peel extract. In both cases, the pattern depicts peaks of ZnO

nanoparticles only, indicating that there were no impurities in the sample.

. Intenfity ta.u).
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Figure 4.3:(a) XRD pattern of capped and uncapped ZnONPs and (b)peak (101)
of capped and uncapped ZnONPs

When ZnO was doped with silver, the structure of ZnO was maintained in the capped

sample. The additional peaks of low intensity were observed at 26 at 40.28°, 44.43°

and 62.34° which corresponded to (111) and (200) in JCPDS card number 84-1108 as

shown in Figure 4.4.
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Figure 4.4: The XRD pattern of capped and uncapped Ag-ZnO nanoparticles

The other two peaks were likely as a result of impurities from citrus peel extract. These
peak are associated with a face centered cubic phase of metallic silver (Phan &
Nguyen, 2017). Crystalline silver luster was formed as indicated by the appearance of
Ag peak in the XRD pattern of the nanoparticle (Khosravi-Gandomani et al., 2014).
The same pattern was observed when 1% and 0.75% silver were added to ZnONPs
and two extra peaks appeared at angles of 38.28° and 38.46° respectively (Jobe et al.,
2022). The XRD pattern for Ag-ZnO prepared without peel extract changed. This can
be associated with local strain or defects. This also shows the importance of using
capping agents when preparing doped nanoparticles. The doping element has larger
ionic radius (1.22A) than Zn** (0.74 A). Therefore Zn*" is replaced at the substitution
sites of ZnO crystal lattice and results in a decrease in peak position (Kareem et al.,
2022). Ag" ions have the ability to occupy both the lattice and interstitial sites of ZnO

just like other monovalent dopants.
Bragg’s law equation, shown in equation 4.1 was used to calculate the d spacing
nid = 2dsin@ (4.1)

Where n is diffraction order, 4 is wavelength and d is the spacing between miller
indices h, k, 1. In the hexagonal wurzite structure of ZnO the d spacing is related to a
and c lattice constants and miller indices. Equation 4.2 shows the relationship between
lattice constant a,c and d.

_4 h2+hk+k2 12

s =)tz

c2

— 4.2)
dhkl
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The lattice constant a=b in hexagonal wurzite, at plane [100] it is given by equation

4.3

2
" V3 sino

a (4.3)

The lattice constant ¢ is given by equation 4.4 at plane [002] (Cullity, 1956)

Table 4.1 summarizes the interplanar spacing (dnk) calculated from XRD and are
compared with JCPDS data card corresponding (h k 1) planes and full width at half

maximum values.

Table 4.1: Calculated d-spacing and the standard JCPDS d-spacing of capped
and uncapped ZnO with their FWHM.

hkl 100 002 101 102 110 103
26 uncapped ZnO 31.902 |34.53 |3642 47.83 56.62 62.61
26 Capped ZnO 31.81 3447 |36.29 47.44 56.53 62.32
dxrd Uncapped ZnO | 2.8029 | 2.5954 | 2.4649 | 1.9001 | 1.62427 | 1.48250
inA
dxrd capped ZnO in 2.81087 | 2.5998 | 2.47348 | 1.91489 | 1.62664 | 1.48870
A
dscpps 2.81155 | 2.6015 | 2.47352 | 1.90948 | 1.62325 | 1.47609
% Uncappe | 0.30516 | 0.2348 | 0.34849 | 0.48662 | -0.0632 | 0.43462
Contracti | d ZnO
on Capped | 0.02418 | 0.0653 | 0.00167 | 0.28327 | 0.20933 | 0.85442
ZnO
FWHM | Uncappe | 0.5755 | 0.7149 | 0.61073 | 0.7133 | 0.80383 | 0.77955
d ZnO
Capped | 0.74037 | 0.7916 | 0.82459 | 0.9943 | 0.95741 | 0.9999
Zn0O

The lattice constant a=b for ZnO was 3.2365 Angstroms and c=5.1908 Angstroms,
c/a=1.6038 and the diffraction peaks obtained from XRD corresponding planes (100),
(002), (101),(102), (110), (103) are consistent with the JCPDS data of ZnO. The lattice
constant for ZnO synthesized with Citrus reticulata peel extract was a=b= 3.2457A

and c¢= 5.1996A, c/a=1.602. The values for FWHM for pure ZnO were varying when
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compared to that of ZnO prepared with peel extract. Similar results were observed

when different methods are used to synthesize ZnO nanoparticles and it matched with

JCPDS card number 01-070-8072 (Srithar et al., 2017).

Table 4.2 shows the summarized lattice parameter d and FWHM of Ag- doped ZnO

nanoparticles.

Table 4.2: Calculated d-spacing and FWHM (A) of Ag-ZnO nanoparticles.

hkl 100 002 101 111 200 102 110 103

20 (°) 32.14 | 3478 |36.52 | 41913 |43.214 | 47.87 56.79 63.86
dxrd 2,782 | 2577 | 2458 |2.153 2.091 1.8987 | 1.6198 | 1.4564
FWHM | 0.5778 | 0.6467 | 0.6062 | 0.99682 | 0.99597 | 0.77067 | 0.90331 | 0.97709

The Crystallite sizes were calculated using Derby-Scherrer equation 4.5:

=—- (4.
PhklcosO (4-3)

Where A is the wavelength of the radiation, (1.54060A for Cu Ka radiation) K is the
constant equal to 0.9, and S is the peak width at half maximum intensity, fis the
peak position, and D is the crystalline size in angstroms. The values obtained are

summarized in Table 4.3.

Table 4.3: Calculated crystal sizes (D) of uncapped ZnO and capped ZnO & Ag-

ZnO nanoparticles

hkl 100 002 101 102 110 103

D ZnO 1436nm | 11.64nm | 13.69nm | 12.18nm | 11.28nm | 11.93nm
D Capped ZnO | 11.16nm | 10.51nm | 10.19nm | 8.73nm | 9.42nm | 9.29nm
D Ag-ZnO 1431nm | 12.87nm | 13.80nm | 11.28nm | 10.00nm | 9.53nm

The average crystallite size for pure ZnO was 12.51 nm, for capped ZnO was 9.88 nm
and for capped Ag-ZnO was 11.97 nm. Crystallite size is different from particle sizes
and is presumed to be the size of diffraction domain (Khosravi-Gandomani et al.,
2014). Capping of nanoparticles leads to reduction in size making them more stable

(Bindu & Thomas, 2014).
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When samples were annealed the XRD pattern became smooth and there was no noise
indicating that there was no impurity and all the hydroxide that might have been
present in the ‘as-prepared’ samples were all removed during annealing. Figure 4.5

shows the XRD pattern obtained.

d Ag-ZnO
A A ~capped Ag-zn

A A A pure Ag-ZnO

N
L

s

Relative intensity(a.u)

Figure 4.5: The XRD pattern of annealed pure and Ag-ZnONPs at 450°C

The peaks were sharp and strong compared to ‘as- prepared’, indicating that the
annealed samples were of higher crystalline than the ‘as-prepared’. The crystal size
increase from 13.69 to 18.65 nm at plane [101] for the pure ZnONPs. The increase in
grain size after annealing indicates a significant growth of grain size due to
displacement of atoms to the suitable position to unite with the adjacent particles thus
large grain (Javed et al., 2016). The XRD pattern for both pure and capped ZnO
nanoparticles maintained the hexagonal wurzite structure of ZnO and Ag-ZnO
nanoparticles. Figure 4.5 shows the XRD pattern of annealed pure and Ag-ZnO
nanoparticles. The Ag patterns disappeared when the samples were annealed; at high
temperatures, any impurities, mainly the hydroxides are vaporized. The pure ZnO
pattern observed indicates that effective doping took place and all the Ag" ions
occupied the interstitial sites or were segregated into the non-crystalline region and

the ZnO lattice structure was conserved (Kim et al., 2011).

Figure 4.6 shows the XRD peaks at plane (101). It can be noted that citrus extract had

a major effect on structural properties of both pure and doped ZnO nanoparticles.
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When citrus was used to prepare ZnO nanoparticles the intensity of the peak

decreased.
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Figure 4.6: The XRD pattern of peak (101)

Doping ZnO with silver decreases the crystalline properties of ZnO due to low peak
intensity when compared to that of pure ZnO. The Ag-ZnO and ZnO NPs capped with
peel extract patterns were broad when compared to other patterns. The patterns also
tend to shift to lower angle, those uncapped shift to a higher angle. The FWHM was
higher for capped nanoparticles than those for uncapped, Table 4.1 and 4.2.

Capping agents are expected to lower the crystal size of nanoparticles. Javed et
al.(2016) synthesized ZnO using polyethlene glycol and polyvinyl pyrrolidone as
capping agents and in both cases, the crystal size reduced when compared with
uncapped nanoparticle (Javed et al., 2016). This might be because the capping agents
diffused onto the surface of ZnO therefore inhibiting the diffusion of growth species

and forming the surrounding solute atom onto the surface of growth.

The dislocation density & represents the quality of defects in the sample. It is defined
as the length of dislocation lines per unit volume of the crystal and is calculated using

equation 4.6.
1
0= oz (4.6)

Where D is the crystal size. The dislocation for each nanoparticle was calculated, Table

4.4 shows the dislocation density of the ZnO and Ag-ZnO nanoparticles.
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Table 4.4: Dislocation density (10~ nm?) of uncapped ZnO and capped ZnO &
Ag-ZnO nanoparticles

hkl 100 002 101 102 110 103
6Zn0O 484 | 738 |5.34 6.74 | 7.86 7.03
6Zn0 capped 803 [9.05 |9.63 13.12 | 11.27 | 11.59
6Ag — Zn0O 488 |6.04 |5.25 7.86 | 10.00 | 11.01

The dislocation density of pure ZnO nanoparticles was 6.53x107 (nm)2. The ZnO
nanoparticles that were prepared with Citrus reticulata peel extract had dislocation
density of 10.44x10° (nm)? and that of Ag-ZnONP’s was 7.50x107 (nm)>.
Dislocation density increased when the nanoparticles were doped with Ag. When
capped with Citrus reticulate the dislocation density increased tremendously. Rabell
et al. (2021) observed a similar pattern of dislocation density when pure ZnO was

doped with silver_for photo-electrocatalysis process (Rabell et al., 2021).

To estimate the lattice strain, Williamson and Hall equation was used.The XRD
pattern of as prepared Ag-ZnONP’s without Citrus reticulata peel extract deviated
from the standard and this can be associated with the stress and strain. When the
nanoparticle was annealed at 450°C the pattern matches that of standard. The strain

was calculated using equation (4.7)

_ _Bhru
" 4tand @.7)

Where ¢ is the strain and Sy, is the FWHM and 6 is the peak position. The XRD

pattern had only two peaks that were used to calculate crystal size using equation (4.5)

and lattice strain using equation (4.7). Table 4.5 summarizes the crystal size, FWHM

and strain obtained from the pattern.

Table 4.5: Calculated strain of uncapped Ag-ZnO nanoparticles

20 degrees FWHM(A) D(nm) &
33.057 0.72306 11.46 0.01063

58.638 1.33202 6.84 0.010348
68.673 1.5411 6.24 0.009844
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The crystal size was directly proportional to strain, this result from atomic movement

when agglomeration takes place for large grain to be obtained.

4.2.3 Photoluminescence spectroscopy

Figure 4.7 shows the PL spectra of pure and Citrus reticulata capped ZnO and Ag-
Zn0O nanoparticles. The PL measurements were performed at standard temperature at
an excitation energy of 320 nm. PL spectrum of ZnO nanoparticles has two emission
bands, near band edge (NBE) which is located at the UV region between the collision
process of exciton-exciton. The second emission originates from the ZnO defects that
lead to electron- hole recombination and is normally observed in the visible region. In

Figure 4.7 it was observed that pure ZnO nanoparticles had the highest emission.
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Figure 4.7: The PL spectra of pure and capped ZnO and Ag-ZnO nanoparticles

When nanoparticles were doped, the emission band decreased and shifted towards the
near band edge. The emission band for capped ZnO was observed at 383 nm and that
of pure ZnO was observed at 409 nm. When doped with Ag the intensity of the peaks
decreased, and enhanced UV emission was observed at 369 nm as compared to that of
pure ZnO, this is as a result of silver enhancing the exciton recombination thus
improving the optical properties of ZnO. Doping ZnO nanoparticles with Ag, leads to
the growth of grain which then results in smaller non radiative relaxation rates over
the surface states hence better exciton diffusion through the crystal and higher UV PL

intensities.
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4.2.4 UV-Vis Analysis

The bandgap energy of pure and Citrus reticulata capped ZnO and Ag-ZnO
nanoparticles was determined with Evolution One Plus UV-vis in the range of 200-
800 nm at an ambient temperature. Figure 4.8 shows the UV-vis spectra of capped and

pure ZnO.
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Figure 4.8: UV-vis spectra of pure and capped ZnO nanoparticles

The capping agents increased the bandgap energy from 3.34 to 3.52 eV.The same
observation was also made by when ZnO was capped with polyvinyl pyrrolidone and
polyethylene glycol (Javed et al., 2016). Capping agents interfere with electronic and
structural properties of material thus altering the energy levels of the conduction and
valence bands. The optical properties of nanoparticles are greatly influenced by the
size of nanoparticles. Bandgap increases with a decrease in particle size (Campisi et
al., 2016). This can be explained using quantum mechanics; the thickness of the band
becomes thinner when the number of overlapping energy levels decreases as the

particle size reaches a nanoscale (M. Singh et al., 2018).

Tauc’s equation (4.8) was used to estimate the optical bandgap of the sample.
(ahv)Y = A(hv — E ) (4.8)

Where «a is the absorption coefficient, h is the planks constant, v is the frequency of
the incident photon’s, A is proportionality constant, y denote the nature of electronic
transition and can be 2 or 2 indirect and direct transition respectively, E; is the
bandgap energy. The Tauc’s equation is compared with straight-line equation where
Y= m(x), when y is equal to zero then 0=A(hv- Eg), the bandgap energy is obtained

directly from extrapolating the linear region of the plot onto the x-axis. The bandgap
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energy of nanoparticles increased due to quantum effect when compared with bulk

Zn0.

When Ag was added to ZnO the bandgap energy increased from 3.34 to 3.85 eV for
uncapped nanoparticles and from 3.52 to 3.68 eV for Citrus reticulata capped Ag-ZnO

nanoparticles as shown in Figure 4.9.
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Figure 4.9: Tauc’s plot of pure and capped Ag-ZnO nanoparticles

When capping agent was added to doped ZnO nanoparticles, the bandgap energy tend
to decrease as compared to uncapped doped nanoparticles. Nanoparticles are also
known to provide discrete energies instead of continuous energy, thus, the increase in

band gap energies.

The refractive index of semiconducting material plays a key role in their optical and
electrical properties. Equation 4.9 was used to calculate the refractive index of capped

and uncapped ZnO and Ag-ZnO nanoparticles.

1 1
n —;+ ’E (4.9)

Where T is the transmittance, semiconductors material with high refractive index traps
incident ray (Bolorinwa et al 2017). A plot of refractive index against photon

wavenumber was obtain as shown in Figure 4.10.
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Figure 4.10: Refractive index of capped and uncapped ZnO and Ag-ZnO
nanoparticles
The refractive index decrease drastically from shorter to longer wavelength (190 to
230 nm), similar results were obtained by (Kayani et al., 2020).Uncapped ZnO
nanoparticles had the highest refractive index at a wavelength of 199 nm, the presence
of capping agents mainly plant extract tends to bind on the surface of nanoparticle and

create dielectric shell which reduces the overall refractive index.

Real and imaginary parts of dielectric constant were calculated using equation 4.10
and 4.11 respectively. The data obtain were plotted against wavelength and a plot in

Figure 4.11(a) and (b) were obtained.
g, =n?—k* (4.10)
g =2nk (4.11)

Where n is the refractive index and k is the extinction coefficient which describe how
strongly a material absorbed light at certain wavelength. The dielectric constant
around the bandgap energy of ZnO increase and this can be attributed to strong
interaction between an electron and a photon. Both real and imaginary dielectric
constants follow the same pattern. The values of real dielectric constant was high
compared to imaginary dielectric constant. The results obtain are in agreement to those
previous reported by (Kayani et al., 2020). Real dielectric constant measure the
amount of energy stored in material when exposed to electric fields, while imaginary

measure the amount of energy lost or converted to heat. Capped Ag-ZnO nanoparticles
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have the lowest imaginary dielectric constant and medium real dielectric constant

making it suitable for potential applications in optoelectronics equipment.
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Figure 4.11: (a) Real and (b) Imaginary dielectric constant

4.2.5 Morphology

Figure 4.12 show the SEM images of pure and capped ZnO nanoparticles, having
similar scale bar of 1um equals to 1000 nm, accelerating voltage of 20.0 kV and
magnification of 4000x and different view field. Capping agents often leads to
irregular and aggregated morphologies (S. Chen et al., 2020). The SEM image
obtained from Citrus reticulata capped ZnO nanoparticle was opposite of the expected
results. Capped ZnONPs displayed a more defined, rod-like morphology with smooth
surface. This means that Citrus reticulata peel extract used as capping and reducing
agent played a role in directing crystal growth. The presence of polyphenols and
flavonoids may have suppress random aggregation. In contrary the uncapped ZnONPs
showed significant aggregation and less define polyhedral like shape nanoparticles
due to absence of stabilizing organic molecules during preparation. This suggest that
capping agent influence the morphology and orientation of nanoparticles which then
affects its application. Uncapped nanoparticles cluster forming large particles. The

increase in particle size is consistent with data obtained in XRD.
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Capped ZnQ

Figure 4.12:The SEM images of pure and capped ZnONPs
When pure and capped ZnO was doped with silver and analyzed under the same
condition the SEM images obtained is shown in Figure 4.13. Uncapped Ag-ZnO had
loosely agglomerated, irregular and roughly spherical shape nanoparticles. Visible
gaps between clusters are observed this might have result from insufficient capping
causing uncontrolled growth (S. Chen et al., 2020). Contrary to this, capped Ag-
ZnONPs had partially fused, more continuous and less void space images which

suggest that high reactivity during the synthesis process.

Pure Ag-ZnO Capped Ag-ZnO

PR o
-

Figure 4.13: SEM images of capped and uncapped Ag-ZnONPs

4.2.6 Elemental and chemical analysis

The EDS analysis of capped and uncapped ZnO is shown in Figure 4.14. It is evident
that the spectra contained the desired elements of Zn and O. The presence of carbon
and silicon can be attributed to glass substrate. The traced amount of sodium was at
high concentration in capped ZnO which might have results from the elemental
composition of Citrus reticulata peel extract. The traced sodium has negligible

structural and optical properties of nanoparticles.
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Figure 4.14: EDS spectra of capped and uncapped ZnO nanoparticles

4.3 Effects of Ag doping concentrations on structural and optical properties of

citrus reticulata capped ZnO nanoparticles

The ZnO is a semiconductor compound used in making the photoanode of solar cells
as a result of its large bandgap of 3.37 eV and excitonic binding energy of 60 meV
(Saenz-Trevizo et al., 2016). The impurity content, shape and size affect the
optoelectronic behavior of nanostructured semiconductors and thus there is a need for
an in-depth understanding of the fabrication of efficient materials. In recent years,
doping has been reported to alter the luminescence properties of ZnO. This has led to
either blue or red shift at near band edge (NBE) emission and in their visible emission
(Wang et al., 2016). Dopants like silver are known to have a great impact on the

luminescence properties of nanostructured semiconductors (Hosseini et al., 2015).

This study reports a low cost, facile, green, one pot method for synthesizing Ag-
ZnONPs using Citrus reticulata peel extract without any additional reducing agent,
acids or organic solvents. The effects of different Ag doping concentrations on the
material properties of Citrus reticulata capped ZnONPs was studied in details to
obtained the optimum conditions for the growth of the Ag-ZnONPs for photovoltaic

applications.

4.3.1 The X-ray diffractions (XRD) analysis

The XRD pattern for Ag-ZnO is shown in Figure 4.15 and it exclusively displays the
hexagonal wurtzite structure of ZnO which matches that of JCPDS file (no. 01-070-
8072).
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Figure 4.15: XRD pattern of different mol % concentration Ag-doped ZnONPs
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The pattern depicts only ZnO peaks. This means that successful doping was achieved
with hydroxyl-free Citrus reticulata peel extract. There were no peak patterns for
Ag, all were incorporated into the ZnO structure. They all occupied the interstitial
site of the ZnO nanoparticles or were partitioned into the nano crystalline region
within the grain boundaries at the same time conserving the original ZnO lattice
structure (Ko et al., 2012). The cell parameter a and ¢ were calculated from peak
(100) and (002) respectively. The results matches that obtained by (Ranjithkumar et
al.,2021)

The crystallite size and d spacing were calculated using the Debye-Scherrer formula
(Bett & Kiprotich, 2024) and Bragg’s equation (Abdulrahman & Haddad, 2020)
respectively for the planes [100,002,101,102,110,103] and the results were

summarized in Table 4.6.

The Bragg’s equation is given by equation 4.12.

nid = 2dsin@ (4.12)

With A being the wavelength, n is interger normally 1 and 6 is the reflected angle, d is
the crystal spacing. The Scherrer formula was used to calculate the crystal size of the
Ag-ZnONPs. Crystal size characterization is important in determining the nature of
particles as either small crystalline (soft), thermal behavior, diffusion and large

crystalline which indicates hard materials (Akbari et al., 2011).

The Scherrer equation 4.13 was used to calculate the crystal size
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K2
Y

(4.13)

D is the crystal size, K Scherrer constant (0.9), § denotes full width at half maximum
for each plane peak and A is the wavelength which was (1.5406 A) for Cu anode x-ray
tube.

In Table 4.6, it was observed that the d-spacing increased when silver was introduced
to ZnO structure. When dopants were added, the d-spacing increased rapidly, and on

addition of higher mol % of silver dopant, the spacing decreased gradually.

Table 4.6: Effects of different concentration of silver dopant on the d-spacing

and lattice parameters a and c.

Sample | 20 degrees for different planes Avera | a c
(mol % | 100 002 101 102 110 103 ge d-
of Ag) spacin

g
0.0 31.52 | 34.52 | 36.17 | 47.48 | 56.36 | 62.49 | 2.129 |3.084 |5.192
0.1 31.79 | 34.54 | 36.12 | 47.42 | 56.29 | 62.41 | 2.162 |3.247 |5.198
0.25 31.10 | 34.72 | 36.33 | 42.67 |56.59 | 62.73 |2.191 |3.318 | 5.163
0.5 31.81 | 34.96 | 36.61 | 47.98 |56.95 | 62.93 |2.134 |3.245 | 5.129
0.75 31.93 | 34.67 | 36.29 | 47.60 | 56.51 | 62.65 |2.142 |3.233 | 5.129
1.0 31.85 | 34.59 | 36.17 | 47.48 | 56.36 | 62.49 | 2.151 |3.242 |5.182
1.5 31.92 | 34.66 |36.27 | 47.49 | 56.49 | 62.63 | 2.147 |3.235 |5.172
2.0 31.78 | 34.82 | 36.45 | 47.81 | 56.73 | 62.89 | 2.141 |3.248 | 5.149

The fluctuation in d-spacing can be associated with a strain defect from varying the
concentration of silver. The d- spacing at plane (002) decreases with an increase in
concentration of silver. The d-spacing effects were directly proportional to the effects
encountered by lattice parameters. The c lattice parameter change from 5.192 A for
undoped ZnO to 5.198 A when doped with 0.1% of silver. This indicates that doping
increases the lattice parameters. When different concentrations were added, it was
noted that the lattice parameter ¢ decreased and the smallest value observed was for
0.75%. This stipulates that all the Ag ions had occupied the interstitial site of ZnONPs.
The shift in peak position towards the higher 2 theta degree was also observed as the

concentration of Ag was added. This is in concurrence with what Sampath et al.

53




observed when ZnO was doped with Ag prepared using Neem leaf extract, Hibiscus
and Tulsi (Sampath et al., 2022). This factor is set down to the fact that Ag" has a

larger ionic radius (0.126 nm) compared to Zn* (0.074 nm).

The crystal size was calculated using the Debye Scherrer formula (equation 4.10). The

average crystal size of nanoparticles is summarized in table 4.7.

Table 4.7: Calculated crystal size (D) and obtained FWHM of varying mol % of
silver dopant in Ag-ZnONPs.

FWHM in degrees at plane
Ag 100 002 101 102 110 103 D(nm)
mol
%
0.0 0.512282 | 0.59797 | 0.52914 | 0.75748 | 0.73448 | 0.87554 | 15.294
0.1 0.43686 | 0.57062 | 0.43902 | 0.67911 | 0.66488 | 0.78343 | 17.505
0.25 ]0.45721 | 0.58684 | 0.46139 | 0.69371 | 0.69204 | 0.80245 | 16.77
0.5 0.43651 | 0.5378 0.45781 | 0.65871 |0.67289 | 0.77519 | 17.562
0.75 ]0.38866 | 0.47395 | 0.40253 | 0.56972 | 0.58283 | 0.65679 | 19.8672
1.0 0.4947 0.6345 0.4903 0.79876 | 0.73629 | 0.89034 | 15.617
1.5 0.52598 | 0.5920 0.52401 | 0.79177 |0.79402 | 0.92176 | 15.239
2.0 0.44006 | 0.54466 | 0.47248 | 0.67631 | 0.66495 | 0.77333 | 17.268

It was noted that the size increased from 15.294 nm to 17.505 nm when pure ZnO was
doped with 0.1% Ag. The largest crystal size was found to be 19.867 nm with 0.75%
Ag dopant. The crystal size in peak (103) was small in all the samples with peak (100)
having the largest crystal size. The crystal sizes were calculated from the average of

the first three peaks [100], [002], and [101].

Figure 4.16 shows the variation in crystal size with FWHM for Ag-ZnONPs. From the

pattern it was observed that the crystal size was inversely proportional to the FWHM:

crystal sizeo m When crystal size increased the FWHM decreased.
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Figure 4.16: Variation of FWHM
and crystal size of pure and doped Ag-ZnONPs
These variations were not constant with variation in concentration, with 0.75% dopant
having the highest FWHM and lowest crystal size. The increase in crystal size is
associated with a decrease in strain. The sudden decrease in crystal size indicates that
the addition of silver dopant had reached its maximum level and could not occupy the

interstitial sites of ZnO (Amit et al., 2015).

Figure 4.17(a) shows the enlarged diffraction pattern of plane [101] at varying
concentration of silver. The plane was used because it had the highest peak as
compared to all the other mol% concentrations of the dopant. From the pattern, it was
observed that when 0.5% Ag was used, the peak shifted to the higher angle compared

to other concentrations.
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Figure 4.17: (a) Enlargement image of diffraction plane [101] for pure ZnO and
doped Ag-

ZnONPs. (b) Variation in FWHM and relative intensity of peak [101] for pure

ZnO and various concentration of Ag dopant.
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The highest peak observed was for 0.1% Ag; this showed that the most crystalline
particles were observed, when lower concentrations of silver were used. As the
concentration of Ag was increased, the peak position shifted towards the lower values.
The shift indicates partial substitution of Ag" at the lattice sites of ZnO, which leads
to an increase in lattice parameters a and c as expected, but from the results obtained,
the ¢ character decreased as the concentration of Ag was added until 0.75%. The ¢
parameter started increasing then decreased; this can be associated with many aspects
such as the formation of silver nano-collection and strains depending on how the ZnO
interacted with the dopant (Hosseini et al., 2015).The peak intensity increased with a
decrease in FWHM, this suggests that the crystallinity of nanoparticles improved
(Ungula, 2018). 1.0% had a slight effect from that of undoped ZnO, the intensity of
the peak and FWHM were almost similar. In Figure 4.17(b) the variation of
concentration with FWHM and relative intensity at plane 101 is displayed. Estimation
of strain, The Williamson-Hall method was used to calculate the strain. W-H plot was
used to determine the crystal size. The broadening caused by crystallite was calculated
using the Debye Scherrer equation in equation 4.13. The lattice strain was calculated

using equation 4.14

_ Pru
E = 2sind (4.14)

Where € is the lattice strain, § is the FWHM of the XRD peak in radians, and 0 is the
Bragg angle. Equation (4.15) was used to calculate the strain induced by crystal
imperfection and distortion (Bindu & Thomas, 2014)

B

&= Atand (4.15)

Where ¢is the micro strain and B is the FWHM. Equation (4.16) which is a

Williamson-Hall equation was used to calculate the crystal size
. K2
BcosO = g(4sinB) + - (4.16)

The equation 4.17 is a function of data which is equal to equation of a straight line

given by
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y=mx+c (4.17)

With ¢ being the slope equal to% , y equal to Scos and ¢ is the slope. When a graph

of 4sinf on the x-axis and fcosf on the y-axis is plotted as shown in Figure 4.18, the
slope obtained showed the microstrain and the crystal size was calculated from the y-
intercept. The strain obtained might have been a result of reduction of lattice
parameters observed from the calculation of lattice parameters. Table 4.8 shows the

strain obtained by Williamson hall equation for different concentrations of silver.

Table 4.8: Variation of strain with concentration from W-H method

Ag (%) Strain

0.1 0.00073236
0.25 0.00085902
0.5 0.00403
0.75 0.00348

1.0 0.01718
1.5 0.02881

2.0 0.00414

0.013 4
0.012 4

0.012 4
0.011 4

0.011 4

[BeosA
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Figure 4.18: Plots of Bnkicoso Versus 4sin0 for (a) 0.1% and (b) 0.25% Ag-ZnO

Figure 4.19 shows the variation of crystal size (D), strain and concentration. It can be

observed that D was inversely proportional to strain.D & i

57



0.030 - 20

n |
0.025 4 -u1-D
L 19
0.020 4
P L 18
0.015 4 . a]
.\ / L 17
0.010 "
L 16
0.005 4 . \, \
—_
/ \.

L
—n =15

Strain

0.000

000 025 050 075 1.00 125 150 175 200 225
%conc of Ag

Figure 4.19: Plot showing the trend of crystal size (D) and strain of Ag-ZnONPs
The highest strain was at 1.5% and this can be associated with higher interaction of
Ag and ZnO at higher concentration that leads to lattice mismatch and distortion of
crystal structure. Nanoparticles with smaller crystal sizes have high surface energy,
which caused higher strain, due to surface area to volume ratio. This leads to increase
in crystal size with decrease in strain. In theory, if all the strain value agree, they form
an angle of forty-five degrees with the x-axis, and they all lie in a straight line (Aly et
al., 2016). The strain increased with the concentration of dopant and was inversely
proportional to crystal size. 0.1% Ag-ZnO had the smallest strain and 1.5% Ag-ZnO
had the highest strain. This might be a result of increase in concentration of Ag caused

stressed on the structure of ZnO thus higher strain with an increase in concentration.

4.3.2 The FT-IR analysis

From the pattern in Figure 4.20, the nanoparticles were absorbed in both the
fingerprint region and the functional group regions. The pattern gives the details on
the functional groups present in the capping, stabilizing and reducing agents used to

synthesize nanoparticles.
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Figure 4.20: FT-IR spectra of annealed and as prepared samples
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The pattern obtained showed that O-H was in all prepared samples, but when the
samples were annealed, it was observed in 0.25, 0.5, 1.0 and 2.0 % Ag-ZnONPs only.
This can be associated with the fact that at high temperature the O-H group could have
been vaporized with other water molecules. The presence of O-H group was shown
by its absorption peak observed in the range of 2978-3633 cm™ in 0.25, 0.5, 0.75, 1.0,
1.5, and 2.0% Ag. The O-H group of the annealed samples 0.25% Ag-ZnONPs had a
very intense and more pronounce peak than in other dopant. The peaks became less
intense when the concentration of silver decreased; this is associated with partial
substitution of silver ions in the ZnO lattice structure thus causing changes in the bond
length (Murtaza et al., 2014). Due to absorption of atmospheric CO; peaks were
observed at 2968 cm™.The low absorption mode at 1557 cm™! corresponds to C=C
stretching modes. The elongated vibration at 1385 cm™ reveal the O-H bending
frequency. At 1042 cm™ a sharp peak was observed which corresponds to C-O
whereas, the sharp stretching frequencies at 667 and 619 cm™ correspond to C-H
bending deformation vibration. The strong bands at 472 and 410 cm™ are related to
the vibration elongation and deformation vibratory of Zn-O (Sorbiun et al., 2018).The
unannealed samples peaks shifted to higher wave numbers as compared to annealed
samples. 0.1% Ag-ZnO had the strongest vibration elongation of Zn-O for unannealed

samples and 0.25% for annealed sample.

4.3.3 Photoluminescence spectroscopy

Figure 4.21 shows the PL spectra of Ag-ZnONPs. ZnONPs were doped with different
concentrations of silver from 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0%. The samples were
analyzed at room temperature at an excitation energy of 300 nm. The study of
photoluminescence of nanoparticles is important since it gives important details on the
purity and value of material synthesized. The PL spectra of ZnO nanoparticles
analyzed at standard temperature usually have two emission bands: at the UV regions
which are normally associated with near band edge emission through exciton-exciton
collision process and at the visible region. The emission at the visible region is
affiliated with electron hole recombination from the deep level emission (DLE) in the
band gap caused by intrinsic and extrinsic defects (Bandopadhyay & Mitra, 2015).
The incorporation of hydroxyl and carboxylates into the crystal structure during the
growth of nanoparticles also contributes to visible region emissions (Kozak ef al.,

2016).
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Figure 4.21: PL emission spectra of varying concentration of Ag-ZnO
nanoparticles
The graph in Figure 4.21 shows that there was a strong emission in the UV region in
all the samples, with a band centered at 323 nm which corresponds to excitonic
emission when excited at 300 nm. The nanoparticles doped with 1.0% silver had the
highest peak intensity and 2.0%Ag-ZnO nanoparticles had the lowest intensity. The
emission peaks at 350-400 nm were also observed. The sample with the highest
intensity in the emission spectra was 1.5% Ag-ZnO nanoparticles and 0.25% had the

lowest intensity.

Burstein moss effect played a key role in shifting the PL emission spectra of Ag-ZnO
nanoparticles to the UV region (Campbell et al., 2020). When ZnO is doped with
metal, the Fermi level shift to the conduction band Ce. It can be confirmed that the
transition moved from the valence band (V) to the conduction band (Cg) in the Fermi
level instead of from Vg to the bottom of Cg (Saw et al., 2015). These changes in the
transitions lead to band gap broadening, thus blue shift. The blue shift emission in the
UV regions changes with doping concentration. In figure 4.22 it was observed that
increase in Ag concentration shifted the emission to a higher wavelength of 364, 365,
364, 366, 368 and 370 nm for 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0% Ag-ZnONPs.
Similar results were also observed by Ungula et al. (2022).
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Figure 4.22: The PL emission spectra of Ag-ZnO at varying Ag % mol

4.3.4 Optical Properties
The absorption spectra of pure ZnO and silver doped ZnONPs are shown in Figure

4.23. The analysis was performed at standard temperature in the wavelength range of
200-800 nm. Strong absorption edge in the region between 200-400 nm (UV region)
was observed. The absorption occurred as a result of charge transfer from the valence
band (VB) to the conduction band (CB) (Wagh ef al., 2022). Increase in concentration
of silver dopant increases the rate of absorption. This change in the absorption peak
with concentration of dopants confirms the change in the energy gap (Hosseini et al.,
2015). The weak absorption starts from 500 and maximum absorptions are observed

between 280-400 nm.
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'l —0.75 Ag-ZnO
—1.0% Ag-ZnO
1.5% Ag-ZnO
2.0% Ag-ZnO
—— Pure ZnO

Absorbance (au)

==
250 300 350 400 450 500 550 600 650 700 750 800

Wavelenath (nm)

Figure 4.23: UV-vis spectra of pure and doped Ag-ZnONPs
The band gap energy was obtained by plotting a graph of (ahv)? versus energy (eV)

then extrapolated according to Tauc’s equation (4.18)
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(ahv)"=A(hv-Eg) (4.18)

Where Eg is the bandgap energy, A is a constant, h is the plank’s constant, v is the
photon frequency,a symbolize absorption coefficient and y designate the electronic
transition and can be 2 or ' for direct and indirect allowed transitions respectively. It
can also denote direct or indirect forbidden transition if its 2/3 and '5 respectively. If
Taucs equation is compared to the equation of straight such that the Y in equation 4.19

is equal to zero then equation 4.20 is obtained
Y=m(x) (4.19)
Putting the y axis equal to zero then
0=A(hv-Eg) (4.20)
Thus hv=Eg

Figure 4.24 shows the bandgap energies of different concentrations of silver dopant in
ZnONPs. The band gap energies decrease with an increase in silver concentration from

3.69, 3.61, 3.17, 3.10, 3.13, 3.03 and 3.30 eV for 0.25%, 0.5%, 0.75%, 1.0%, 1.5%,
2.0% and pure ZnO, respectively.
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Figure 4.24: Tauc’s plot showing estimated bandgap energies of pure and doped
Ag-ZnONPs

Zinc oxide bandgap widen when doped with donors but decrease when doped with

acceptors. The bandgap energy increases slightly when doped with lower percentage

of Ag due to quantum effect. Increase in dopant concentration, weakens the
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confinement effects by increasing the defect level, thus decreasing in bandgap

(Amrute et al., 2024).

4.3.5 Morphology

Figure 4.25 shows the SEM images and particles size of 0.25, 1.5 and 2.0 %
AgZnONPs. The nanoparticles obtained were displayed a notable changes when
different concentration of silver dopant was used. At 0.25 %mol Ag-ZnO nanoparticles
the distribution of nanoparticles were relatively uniform with minor distribution, this
suggest that the growth and nucleation of nanoparticles were under controlled
(Cartwright et al 2020). When the concentration of dopant was increased the rate of
aggregation increased and the size of nanoparticles increase. At 2.0 % mol Ag-
ZnONPs the nanoparticles were larger in size and more compacted as observed in

Figure 4.25.

Figure 4.25: SEM images of (a) 0.25, (b) 1.5 and (¢) 2.0% Ag-ZnONPs

The surface of nanoparticles also appeared to be smoother at higher concentration and
this result from reduced repulsion forces in nanoparticles due excessive dopant ions
or coalescence (Cartwright et al 2020). The nanoparticles average sizes were 27.42,
28.22 and 47.52 for 0.25, 1.5 and 2.0 % Ag-ZnONPs respectively. The data obtained
showed that at higher concentration of silver dopant in ZnONPs it can hinders the
homogenous particle formation and affects its surface area and active sites which are

critical in application of ZnONPs.

The energy dispersive X-ray spectroscopy (EDS) was used to investigate the elemental
composition of the synthesized Ag-ZnONPs. The EDS of all the samples prepared
showed the presence of zinc (Zn), oxygen (O) and silver (Ag) only as shown in Figure

4.26. The absence of extra impurity peak in EDS spectra propose that the purity of
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obtained nanoparticles with no sign of any additives left in the final obtained solid

precipitate.

1.5% Apg-ZnONPs

1.0 Ag-ZnONFs

Figure 4.26: EDS spectra of 0.25, 1.5 and 2.0 Ag-ZnONPs

The atomic percentage of silver dopant increased as the concentration of dopant

increased from 0.04 to 0.26 % for 0.25 and 2.0 % Ag-ZnONPs. Table 4.9, 4.10 and

4.11 summarizes the atomic percentage of elements present in 0.25, 1.5 and 2.0 % Ag-

Zn0O nanoparticles.

Table 4.9 Elemental analysis of 0.25 % Ag-ZnONPs

Element Element Element Weight % Atomic %
name symbol number
Zinc Zn 30 83.0 54.49
Oxygen O 8 17.0 45.46
Silver Ag 47 0.1 0.04
Table 4.10 Elemental analysis of 1.5 % Ag-ZnONPs
Element Element Element Weight % Atomic %
name symbol number
Zinc Zn 30 77.8 45.35
Oxygen O 8 22.8 54.50
Silver Ag 47 0.4 0.15
Table 4.11 Elemental analysis of 2.0 % Ag-ZnONPs
Element Element Element Weight % Atomic %
name symbol number
Zinc Zn 30 83.1 55.56
Oxygen O 8 16.2 44.18
Silver Ag 47 0.6 0.26
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The distribution of this elements were observed using EDS layered image. Figure 4.27
shows the elemental distribution of 0.25, 1.5 and 2.0 % synthesized Ag-ZnONPs. An
extensive signal of uniform distribution of Zinc and oxygen throughout the samples
were observed confirming the formation of ZnO nanoparticles. Some region of the
images had brighter colors such as in 2.0 % Ag-ZnONPs the bright red region indicates
the possibility of zinc agglomeration. Silver dopant was uniformly distributed in all

the images confirming that successful doping was achieved.

1:5% Az-ZnONPs

025 % Ag-ZnONPs

Figure 4.27: EDS layered images of 0.25, 1.5 and 2.0 % Ag-ZnONPs

4.4. Effects of growth temperature on Citrus reticulata capped Ag-ZnO
nanoparticles

Growth temperature is one of the thermodynamic parameters that have an impact on
the structural, optical, growth rate and size distribution of nanoparticles. The emission
color and purity of nanoparticles are affected by crystal size and size distribution.
When the growth temperature of nanoparticles is controlled, the size and size
distribution of nanoparticles can be controlled to a certain extent. Good PL properties
can be obtained when the surface structure of nanoparticles is controlled, and this will
help in different applications of the nanoparticles (Kiprotich et al., 2018). The
electrical, structural, physical, chemical and optical properties of nanoparticles depend
on the size of the nanostructure due to quantum confinement effects (Lambora &

Bhardwaj, 2023).

4.4.1 The XRD Analysis

The XRD pattern in Figure 4.28 shows that all the samples had hexagonal wurtzite
structure of ZnO. The increase in temperature shift the peaks to higher 2 theta. As the
temperature increases at 60, 65 and 70 °C a peak at 26:38.11, 38.17 and 38.30 °C
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respectively marked with (*) were observed which belongs to Ag, this indicates that

there was clustering of silver at higher temperatures.
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Figure 4.28: XRD pattern of Ag-ZnO prepared at different temperatures
The effects of growth temperature were examined by monitoring the peak position of
Ag-ZnO diffraction. The vertical lines of JCPDS file no 01-070-8072 matches with all
the XRD patterns of the samples. The XRD pattern of plane 101 was used to determine

the effects of growth temperature on shift position and intensity.

In Figure 4.29 it was observed that at 40 °C the intensity of the peaks was very high
compared to other peaks indicating that the samples prepared at this temperature had

the best crystal structures.

16000

14000

u)

>12000 o

‘% 10000 o

8000

Relative intensity(a

6000

4000 +

2000

———T——T—TT—T—T
354 356 358 360 362 364 366 368 37.0 37.2
26(°)

Figure 4.29: Enlarged image of diffraction plane [101] for capped Ag-ZnONPs

prepared at different temperatures
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The peak position was observed to shift towards the higher angle compared to other
peaks. At a temperature of 25, 50, and 60 °C the intensity of the peaks were almost
similar, nanoparticles prepared at 65 °C had slightly higher intensity. At 30 °C the
intensity of the peak was the lowest, and the FWHM was also the smallest. The peaks
shift towards the higher angle from 50, 60, 65, and 70 °C. The plane [101] had the
highest intensity and was used to calculate the d spacing and lattice parameters of Ag-

Zn0.

Bragg’s equation (4.21) was used to calculate the d-spacing, and Scherrer equation
(4.20) was used to calculate the crystal size of nanoparticles synthesized at varying

temperatures (Fatimah et al., 2022). Table 4.12 shows results obtained.
niA = 2dsin@ (4.21)

Where d is the spacing between atomic planes (the interplanar spacing), A is the
wavelength of the incident wave, n is the order of diffraction peak which was 1 and
is the incidence angle. Equation 4.22 was used to calculate the crystal size of

nanoparticles.

p—_ K

" PBricoso (4.22)

In the Debye Scherrer equation, D is the average crystal size (grain size), k is
dimensionless shape factor typically 0.9, B is the full width at half maximum
(FWHM), A 1is the wavelength of Cu Ka (1.5406) and @ is the peak position. Table
4.12 summarized the calculated lattice parameters, crystal size and FWHM of Ag-

ZnONPs synthesized at different growth temperature.
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Table 4.12: Summarized calculated lattice parameters, crystal size and FWHM
Temper | 0 degrees FWHM degrees | d- a c D Stra
ature 100 | 002 | 101 | 100 | 002 | 101 | spaci in
ng (x1
0
25°C 15. | 17. | 18. [ 0.43 | 0.53 | 0.43 | 2.47 |3.24 |5.18 | 17. | 6.67
92 128 |08 |90 84 15 81 17 65 87 |8
30°C 15. | 17. | 18. 10.48 | 0.56 | 0.48 | 2.47 |3.23 |5.17 | 16. | 7.24
96 |32 |11 |22 88 14 74 48 48 37 |61
40°C 16. | 17. | 18. 1 0.47 | 0.60 | 0.49 | 2.46 |3.21 |5.13 | 15. | 7.40
06 |44 |23 |94 87 09 23 4 8 98 |77
50°C 15. | 17. | 18. [ 0.51 | 0.59 | 0.50 | 2.47 |3.23 | 5.17 | 15. | 7.62
9 (32 |10 |04 54 73 87 48 48 54 |98
60°C 15. | 17. | 18. 1 0.47 | 0.59 | 0.46 | 2.47 |3.23 |5.17 | 16. | 7.24
95 (31 |10 |00 41 82 82 68 63 47 |7
70°C 15. | 17. | 18. 10.45 (052 | 045 |2.47 |3.22|5.16 |17. | 6.74
99 134 |16 |00 71 32 15 89 76 52 | 88

The d spacing obtained from all the temperatures were close to that of standard

2.473520. The crystal size obtained decreased with an increase in temperature up to

50 °C. At 60 °C the grain size started to increase in size this can be ascribed to the fact

that at higher temperature the rate of nucleation is high and large crystals are stabilized.

Liu et al (2020) observed the same trend when Ag nanoparticles were synthesized at

growth temperature above 80 °C where the grain sizes increased tremendously (Liu et

al., 2020). It was concluded that growth temperature had significant influence on the

grain size and interplanar spacing of nanoparticles.

Figure 4.30 shows the variation of crystal size with FWHM of nanoparticles prepared

at different growth temperatures.
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Figure 4.30: Variation of crystal size with FWHM at a temperatures

1

From the graph it can be noted that D « ,
FWHM

the crystal size relatively decreases

with an increase in temperature this might have result due to rearrangement of atoms
at higher temperatures causing the nanoparticles to obtained irregular shape thus
hindering the growth of the grain substitution took place instead of atoms occupying
the interstitial site. After 50 °C the crystal size increase in size due to high temperature
favoring rearrangement of atoms into a favorable position thus facilitating the growth
in crystal size. Similar results was observed when ZnONPs were synthesized at growth
temperature of 35 °C the crystal size obtained was 28 nm and it increased to 34.8 nm

when growth temperature was increased to 75 °C (Shaba et al., 2021)
The lattice strain due to imperfection was calculated using equation 4.23.

_ Bru (

= 4.23)
4tan6

Where ¢ is the strain, Sy, is the FWHM and 6 is the peak position. Figure 4.31 shows

the variation of crystal size with strain at different growth temperatures.
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Figure 4.31: Plot of crystal size and strain of capped Ag-ZnO nanoparticles

prepared at different temperature
The strain was inversely proportional to crystal size.e = %. This can be associated with
grain boundaries, as crystal size decreases the grain boundaries increases this results
to misalignment of lattice parameters. Nanoparticles with smaller crystal size had high
lattice strain and as the crystal size increase the lattice strain decreased. K. Li ef al.,
2018 observed similar results with ZnO nanorod having crystal size of 18 nm having

high strain.

4.4.2 FT-IR analysis
Figure 4.32 shows the FT-IR spectra of Ag-ZnO prepared at different temperatures

and recorded at the range of 400-4000 cm! at transmission mode.
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Figure 4.32: FT-IR spectra of Ag-ZnONPs at a growth temperature of (a) 30, 40,
50, 60, and 65 °C and (b) 25 and 70 °C
From the data obtained, at 40 °C the bands were strong and intense, in Figure 4.32 the
broad peak at 3332 cm™! corresponds to stretching vibration of O-H. The 2977 cm’!
reveal the bending N-H which was very intense at 65 °C. The sharp peaks at 1557 and
1385 cm™! corresponds to stretching symmetric and asymmetric C=0 of carboxylic
acid group. Sharp peaks that were observed at 1052 and 878 cm™ correspond to
bending vibration of CO and CH. The sharp peaks observed between 410 and 520 cm™
! are due to stretching vibrational mode of Zn-O nanoparticles (H. Liu et al., 2020).
Increase in growth temperature lead to a decreased in peak intensity. At the growth
temperature of 25 and 70 °C Figure 4.32(b) showed that in both graph there was no
O-H group and the only peaks observed were at 2339, 1384, 890 and 455 cm™! which
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corresponds to asymmetric and symmetric C-H, C=0, C-O and metal-oxide (Zn-O)

vibration.

4.4.3 Photoluminescence spectroscopy

The PL spectra of the samples prepared at varying growth temperature and measured
at ambiant temperature at an excitation energy of 300 nm is shown in Figure 4.33 (a).
The PL gives the insight of optical and photochemical properties of Ag-ZnO
nanoparticles. From the results it was observed that the spectra exhibit a strong UV

excitation at 320 nm.
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Figure 4.33: (a) PL spectra of Ag-ZnONPs (b) variation of PL FWHM and
intensity at varying growth temperature
Emission was observed in the blue-green region in the near edge emission at 370, 367,
366, 370 and 360 nm for the 25, 30, 40, 50 and 60 °C respectively, when the samples
were excited at 300 nm. There was no near band edge emission for the sample prepared
at a growth temperature of 70 °C. These emissions are associated with structural
defects of material. These defects in ZnO nanoparticles can be neutral, singly or
doubly charged Zn vacancies (Nadupalli et al., 2021). The peaks at 350-390 nm are
assigned near band edge emission (NBE), this red emission is associated with singly
defect which is a result of radiative recombination of electrons in the shallow donor
level (Zni)) (C.-C. Wang et al., 2021), it is also associated with the Ostwald
ripening process which happens when small particles dissolve as a results of higher
surface energy to create larger particles (Kiprotich ef al., 2016). It was clear that the
intensity of the peaks increase with an increase in growth temperatures, given that at
a growth temperature of 70 °C, the strongest luminescence at 323 nm in the UV range

was observed. At a growth temperature of 50 °C the highest emission was observed.
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Higher growth temperatures improves the crystallinity of nanoparticles, this was
verified by a decreased in defect level emission (DLE) with increase in growth
temperature, suggesting there was a decreased in defects. Intrinsic and extrinsic
defects are commonly associated with DLE. These defects include the anti-site oxygen
(Ozn), Zinc vacancies (Vzn), oxygen vacancies (Vo), Zinc interstitial (Zn;), interstitial
oxygen (O;) and substitution of oxygen at Zn position (Oz.) (B. Wang et al., 2024).
Figure 4.33b shows the variation in full width at half maximum (FWHM) and the
intensity of the emission peaks as the growth temperature varies. The FWHM was

inversely proportional to intensity of the peaks and directly proportional to growth

TEMPERATURE
INTENSITY OF THE PEAK *

temperature «

4.4.4 Optical properties

To determine the effects of growth temperature on optical properties of Ag-ZnONPs,
UV spectroscopy was used at standard temperature based on absorbance spectra.
Figure 4.34 shows the absorbance spectra of Ag-ZnONPs synthesized at 25, 30, 40,
50, 60 and 70 °C. The spectra displayed major absorption at 350-400 nm, with 50 °C
growth temperature having the highest intensities. The intrinsic bandgap absorption of
Ag-ZnONPs caused by electronic transition from valence band to conduction band

induced absorption at 390-400 nm as shown in Figure 4.34.
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Figure 4.34: UV-vis spectra of Ag-ZnONPs prepared at different growth
temperatures
Taucs equation 4.24 was used to determine the bandgap energies of nanoparticles

prepared at different growth temperature.
(ahv)"=A(hv-Eg) (4.24)
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Where a is the absorption coefficient, h is the plank’s constants, v is the photon
frequency, E; is the band gap energy and the factor y denotes the nature of the
electronic transition. Electronic transitions are categorized into four sets, they can be
direct allowed transition if y is 2, indirect allowed transition y is %2, direct forbidden
transition y is 2/3 and indirect forbidden transition %. A graph of (ahv)? versus the
energy is plotted and extrapolated to obtain the bandgap energies of nanoparticles. The
results obtained in Figure 4.35 showed that the optical bandgap energies decrease with
increase in growth temperature, this behavior is associated with crystal quality and

larger crystal size at high temperature (Roza et al., 2015).
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Figure 4.35: Tauc’s plot (ahv)? versus Energy (eV) of Ag-ZnONPs at different
growth temperatures 25, 30, 40, 50, 60 and 70 °C
The bandgap energies decreased from 3.03 eV for growth temperature at 40 and 25
°C, 2.94eV for 70, 60 and 30 °C to 2.84 eV for 50 °C growth temperatures. Similar
results were obtained by Abdulrahman et al. when ZnONPs were prepared by the
chemical bath deposition method at varying growth temperature (Abdulrahman et al.,

2021).

4.4.5 Morphological analysis

To study the morphology of capped Ag-ZnONPs synthesized at different growth
temperature, scanning electron microscope was used that is equipped with Energy
dispersive X-ray spectroscopy. When different growth temperature was used to
synthesized nanoparticles, the morphology and size of nanoparticles were affected as
observed in Figure 4.36. At 30 °C the individual nanoparticle appeared to be round

and some spherical in shape.
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Figure 4.36 SEM images of Ag-ZnONPS synthesized at a growth temperature of
(a) 30 (b) 50 and (c) 70 °C

The nanoparticles were unevenly distributed and others aggregate forming a cluster.
The surface texture appears to be porous which could be as a results of presence of
organic capping agents (Vishakha et al., 2023). The presence of phytochemicals such
as polyphenols and flavonoid in Citrus reticulata which stabilize nanoparticles can
also interlink nanoparticles (Sidhu et al., 2023). As the temperature increased as
observed in Figure 4.36 (b) at 50°C the size of nanoparticles decreased and the rate of
nucleation decreased. The size of nanoparticles were non-uniformly distributed as
evidence by the presence of large flat faced grain at the top center which implies that
nanoparticles obtained went through anisotropic growth (Zhao ef al., 2021). At a
growth temperature of 70 °C the rate of aggregation increased and the nanoparticles
obtained were spherical in shape and had no facet. Some of the nanoparticles appeared

to be fused together and are densely packed with low porosity.

Growth temperature has significant impact on the morphology of nanoparticles and
this affects the application of nanoparticles. Other factors that their morphology

include the reaction time and annealing temperature used.

The elemental analysis of Citrus reticulata capped Ag-ZnONPs are shown in Figure
4.37. The EDS spectrum confirm the presence of Ag, Zn and O in the synthesized
nanoparticles. The atomic percentage of the elements shows a slight shift based on
their degree of strength, the presence of distinct silver peak confirm that doping

occurred which is sufficient to influence structural, morphological, optical and
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photoluminescence properties of ZnONPs. The absence of impurity peaks suggest that

the nanoparticles obtained were pure.

Figure 4.37: EDS spectra of synthesized Ag-ZnONP:s at different growth

temperature

Table 4.13, 4.14 and 4.15 summarized the elemental composition of Ag-ZnONPs
synthesized at a growth temperature of 30, 50 and 70 °C. The atomic percentage of Zn

was high in all the samples followed by oxygen since the concentration of precursor

material used was maintained throughout the synthesis process.

Table 4.13 Elemental analysis of Ag-ZnONPs synthesized at a growth

temperature of 30 °C.

Element Element Element Weight % Atomic %
name symbol number

Zinc Zn 30 83.6 56.14
Oxygen O 8 15.9 43.42
Silver Ag 47 0.6 0.44

Table 4.14 Elemental analysis of Ag-ZnONPs synthesized at a growth

temperature of 50 °C.

Element Element Element Weight % Atomic %
name symbol number

Zinc Zn 30 80.4 50.35
Oxygen O 8 19.3 49.53
Silver Ag 47 0.3 0.12

Table 4.15 Elemental analysis of Ag-ZnONPs synthesized at a growth

temperature of 30 °C.
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Element Element Element Weight % Atomic %
name symbol number

Zinc Zn 30 85.7 60.0
Oxygen 0) 8 13.4 38.92
Silver Ag 47 0.9 0.37

The EDS layered images of Ag-ZnONPs synthesized at a growth temperature of 30,
50 and 70 °C is shown in Figure 4.38.

50°C Ag-ZuONPs, 70 °C Ag-ZaONPs,

ol - |

Figure 4.38 EDS images of Ag-ZnONPs synthesized at different growth
temperatures
The image demonstrate the elemental distribution across the surface of synthesized
nanoparticle. In all the images the zinc is uniformly distributed along with oxygen
which confirms that ZnO was successfully synthesized. Silver dopant was sparsely
distributed in all the samples suggesting effective incorporation of silver in trace
amount without forming a separate aggregate. The presence of cyan or carbon coating
(c) on the surface of the nanoparticles confirm the presence of organic material Citrus
reticulata that was used as capping agents. The distribution pattern of the EDS layered
images confirm both doping of ZnO with silver and the surface modification of organic

species which influence material’s optical, structural and morphological properties.

4.5 Summary

Citrus reticulate capped Ag-ZnO nanoparticles were successfully synthesized using
green synthesis method, the FT-IR showed stretching vibration in both the functional
group and fingerprint region. The fingerprint region showed metal oxide stretching
vibration for doped and undoped nanoparticles. XRD confirmed the growth of
nanoparticles and EDS showed the elements present in the nanoparticles. SEM

analysis showed the morphology of nanoparticles that improved when dopant was
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added and high growth temperature was used to synthesized nanoparticles. The PL
emission showed the increase in emission peaks when higher concentration of dopant
was used and lastly the UV-Vis results showed a relatively low bandgap energy at high

growth temperature.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Nanoparticles of ZnO and Ag-ZnO were successfully synthesized using Citrus
reticulata peel extract. The presence of capping agent, different mol % of silver dopant
and growth temperatures enormously affects the properties of nanoparticles. XRD
spectra verify that both capped and uncapped ZnONPs had hexagonal wurtzite
structures. Crystal size calculated from Debye Scherrer equation showed that the use
of capping agents to synthesize nanoparticles reduced the crystal size from 13.69 nm
to 10.19 nm. The use of Citrus reticulata shift nanoparticles to a lower 2 theta as
compared to uncapped nanoparticles. The FT-IR spectra confirms the presence of
functional groups in both capped and uncapped ZnO nanoparticles. The peaks for ZnO
were observed at 476 and 437 cm!, due to optical transverse mode of ZnO. The FT-
IR spectrum for uncapped ZnONPs had significant spectral noise and the peaks were
not as sharp compared to that of capped ZnO. Absorption spectra were obtained when
samples were characterized using UV-vis spectroscopy. The samples were dissolve in
deionized water and scan at a wavelength of 200 to 800 nm. Tauc’s equation was
plotted to obtain the bandgap energies of nanoparticles. The capped ZnONPs had a
larger bandgap of 3.52 eV as compared to 3.4 eV of pure ZnONPs. Capping agents
alters the structural and electrical properties of nanoparticles, and as a results it
changes the energy level between the conduction and valence band. Other factors that
might have contributed to increase in bandgap energy include the failure of ZnONPs
to fully dissolve in the solvent. Only deionized water was used as a solvent to ensure
that the chemical component of materials was no interfere and it had a absorption
index of one. The PL spectra was used to study the electronic and defects in Citrus
reticulata capped Ag-ZnONPs. The spectra of the samples were obtained at room
temperature at an excitation energy of 300 nm. Pure ZnO nanoparticles had the highest
emission when compared to capped ZnONPs. When ZnONPs were doped with silver,
all the samples emit strongly in the UV region, with a band centered at 323 nm which
correspond to excitonic emission when excited at 300 nm. Scanning electron
microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS or
EDX) was used to study the morphological properties and elemental analysis of Citrus
reticulata capped ZnONPs. The use of capping agents helped to reduce the

agglomeration of nanoparticles and the particles obtained were in spherical like shape.

78



When ZnONPs were doped with varying concentration of silver, the hexagonal
structure of ZnO was maintained. 0.1% Ag-ZnO displayed highest peak in XRD
pattern at plane [101]. The crystal size of the nanoparticles ranged from 15.29-
19.87nm. At 0.5% Ag-ZnONPs, the XRD peak shifted to higher 2 theta degrees
compared to other doping concentrations. When the concentration of Ag was
increased, the peak position shifted towards the lower 2 theta. The shift indicates
partial substitution of Ag" at the lattice sites of ZnO, which leads to an increase in
lattice parameters a and c. When doped with 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 % Ag.
The O-H was observed at 2978-3633 cm™!. The peaks becomes less intense when the
concentration of silver decrease, this can be associated with partial substitution of
silver ions in the ZnO lattice structure thus causing changes in the bond length. The
FT-IR spectra showed more prominent vibration mode with Ag-ZnO than for ZnO this
clearly indicates that strong doping occurred. When ZnONPs were doped with silver,
the bandgap energies decrease with an increase in silver concentration from 3.69, 3.61,
3.17,3.10,3.13,3.03 and 3.30 eV for 0.25, 0.5, 0.75, 1.0, 1.5, 2.0 mol% and pure ZnO
respectively. The bandgap energy increases slightly when doped with lower
percentage of Ag due to quantum effect. Increase in dopant concentration, weaken the
confinement effects by increasing the defects level thus decrease in bandgap. The
nanoparticle doped with 1.0 mol% silver had the highest peak intensity and 2.0
mol%Ag-ZnO nanoparticles had the lowest intensity. The emission spectra at 350-
400nm was also observed. The sample with the highest intensity in the emission
spectra was 1.5 mol% Ag-ZnO nanoparticles and 0.25 mol% had the lowest intensity.
When different concentration of dopant was added to capped ZnONPs the SEM
images showed an increase in size of nanoparticles with increase in dopants and the
rate of aggregation also increased. The surface of nanoparticles appeared to be

smoother at higher concentrationsof 2.0% Ag-ZnONPs.

When nanoparticles were prepared at different growth temperature, the intensity of
peaks at plane [101] showed that peaks shift towards the higher angle from 50, 60, 65,
and 70 °C. The crystal size obtained decreased with an increase in temperature up to
50 °C, at 60 °C the grain size started to increase. As the temperature increases at 60,

65 and 70 °C a peak at 20:38.11, 38.17 and 38.30 °C respectively were observed which
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belongs to Ag, this indicates that there was clustering of silver at higher temperatures.
The crystal size and FWHM were inversely proportional to strain. The FT-IR spectra
was used to determine the functional group present in the sample. As growth
temperature was varied, broad and intense peaks were observed at 40 °C. At a
temperature of 25 and 70 °C there was no O-H vibration in the functional group region.
When Tauc’s equation was used to determine the bandgap energy, the bandgap energy
decreased from 3.03 eV for growth temperature at 40 and 25 °C, 2.94 eV for 70, 60
and 30 °C to 2.84 eV for 50 °C growth temperatures. Increase in growth temperature
increases the intensity of the peaks, given that at a growth temperature of 70 °C, the
strongest luminescence at 323 nm in the UV range was observed. At a growth
temperature of 50 °C the highest emission was observed. Higher growth temperatures
improves the crystallinity of nanoparticles, this was verified by a decreased defect
level emission (DLE) with increase in growth temperature, suggesting there was a
decrease in defects.At different growth temperature of nanoparticles, the size of
nanoparticles change and the rate of agglomeration also changed. At 50 °C the SEM
image of nanoparticle showed a facet. The nanoparticles appeared to be round and
other spherical. EDX spectra confirmed the atomic percentage of elements present in

SEM images and in all the samples only silver, zinc and oxygen were present.

5.2. Recommendations

5.2.1 Recommendation for Policy
From the results obtained on the synthesis and characterization of silver doped zinc
oxide nanoparticles using Citrus reticulata peel extract the following are
recommended:
*  Citrus reticulata capped Ag-ZnO to be tested in photoanode of solar cells.
* Other parts of Citrus reticulata be tested to determine their effects as capping
agents

* The effects of other metals and non metal dopants on ZnO be assessed.

5.2.2 Recommendation for Future
Other transitional metal oxides such as titanium oxide can be doped with transitional

metals and analyzed for potential application as photoanode.
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This research recommend further research on doping ZnO with other dopants and co-

doping with both transitional and p type elements for photoanode applications.

Different plant extracts can be used to synthesize nanoparticles and they are safe and
readily available, further research is recommended to analyze the impacts of

phytochemicals on properties of nanoparticles.
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