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Abstract 

 

The need to reduce environmental pollution and make planet Earth safer for her inhabitants 

has led to the adoption of scientific methods which yield safer by-products. Nanoparticles 

which have in the Science world recently attracted much attention, have been synthesized and 

put into a wide range of applications but the main concern has been to ensure that the by- 

products from such processes are less toxic, and that their sizes are controlled for specific 

applications. Though chemical and Physical methods can be used for their synthesis, the 

biosynthesis option reported to be fast, cheap and environmentally friendly and more recently 

the use of plant leaf extracts has been preferred because the plant extracts through their 

inherent biomolecules do not only make the nanoparticles, they cap and can stabilize them. 

In view of this, this work studied the effect of Ocimum gratissimum (Og) and Vernonia 

amygdalina (Va) plant leaf extracts on the synthesis of silver and zinc oxide (ZnO) 

nanoparticles. The resulting nanostructures were characterized using optical spectroscopy and 

electron microscopy. 

Boosting food production can make it more affordable especially to the low-income earners 

in any society therefore this work also investigated the interactive effect of pH of synthesis 

and concentration of colloidal solution of the ZnO nanoparticles (used as Nano fertilizer) on 

the growth parameters (seedling characteristics and vegetative growth) of Amaranthus 

cruentus. Amaranthus cruentus is widely eaten in my country Nigeria but is still not within 

the reach of the average Nigerian. This research therefore used the zinc oxide nanofertilizer 

to grow this plant (A. cruentus) and determined the plant treatments which give best seedling 

characteristics or enhance the vegetative growth of the plants. The critical limit for the 

nanoparticles used were also determined.  While the Amaranth studies showed that the ZnO 

Nano fertilizer enhanced the growth of the plant, it was discovered that beyond 500mg/L 

concentration, the colloidal solution of the ZnO nanofertilizer became toxic and even resulted 

in chlorosis in some cases.   

Furthermore, from available literature, it is obvious that not much has been done on the 

electrodeposition of silver on gold in the presence of plant leaf extracts particularly the ones 

listed for this research. This therefore was also explored using cyclic voltammetry and 

chronoamperometry techniques and the morphology of the silver thin films from aqueous 
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silver nitrate in the presence of each of the chosen two leaf extracts was examined using the 

Atomic Force Microscope (AFM). The electrodeposition experiment gave silver films whose 

thickness and grains sizes were refined and found to be plant leaf extract dependent. 
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Chapter 1   

Research background, motivation and aim  

 

1.1 Introduction 

 

The production of nanoparticles and the creation of thin films for the purpose of 

producing materials and providing services which can improve man’s living condition 

has taken the centre space in the discourse of scientists. Not only are researchers 

interested in producing these materials, they are much more concerned about making 

them using methods whose by-products are not detrimental to man, his health and 

environment. 

Nanoparticles have been produced by physical and chemical methods but the need to 

adopt a more environmentally benign method has made many researchers opt for the 

biosynthesis of nanoparticles specifically using plant leaf extracts which is an aspect of 

this research. 

1.2 Motivation 

In this research, Ocimum gratissimum (Og) and Vernonia amygdalina (Va) plant leaf 

extracts were used. Among the plants or herbs used in traditional medicine, these two 

plants are top of the list and are widely used in Nigeria as food particularly by the 

natives of the south-eastern region of Nigeria where I come from. There are also a good 

number of publications which attest to the efficacy of these plant leaf extracts for the 

treatment of different diseases.  
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1.3  Aim of this research 

 Beyond the use of these listed two plant leaf extracts for culinary and medicinal 

purposes, this work hopes to find out what kind of nanostructures these Og and Va plant 

leaf extracts produce when used for the biosynthesis of silver and zinc oxide 

nanoparticles and also how the optical properties of these nanoparticles will change 

with concentration and type of leaf extract used. The electrodeposition of silver thin 

films on a gold substrate in the presence of leaf extracts has not received much 

attention.  Thus, the electrodeposition of silver on a gold substrate, with and without 

each of the plant leaf extracts in turn was done and electrodeposition techniques like 

cyclic voltammetry, chronoamperometry and linear sweep voltammetry was employed. 

The produced silver and zinc oxide nanostructures were characterised to see the role of 

the chosen leaf extracts in the created nanostructures.  

Sabir et al [1] report that nanoparticles can be used as fertilizers for growing crops In 

this work, this assertion was explored as the biosynthesized zinc oxide nanoparticles 

was used as Nano-fertilizer for planting Amaranthus cruentus (A. cruentus). The 

seeding characteristics and vegetative growth, of A. cruentus were studied and the 

concentration of the ZnO Nano fertilizer which enhanced the growth of this plant was 

determined. Furthermore, the critical point of the ZnO nanofertilizer (concentration of 

zinc oxide Nano fertilizer beyond which 50 % of the plants died) was also determined. 

The outcome of this research hopefully will add to knowledge and probably chart a new 

course for the two plants Ocimum gratissimum and Vernonia amygdalina.  

1.4 Summary of chapters 

Because most nanoparticle characterisation apparatus use light, Chapter 2 gives the 

theoretical background of the research. It discusses earlier atomic models which could 

not adequately explain the behaviour of light when shone on a material. The explanation 

goes on to the quantum mechanical model as the one that best describes the behaviour 

of electrons in a material when light interacts with it. Furthermore, the existence of 

energy bands in solids as well as the formation of energy band gaps are explained. The 

role of energy band gaps in the broad classification of materials as conductors, 
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insulators and semiconductors are also presented. Light absorption by different 

materials and media and the role played by the dielectric constant and refractive indices 

of material are also discussed. Plasmon resonance as it applies to bulk materials as well 

as nanoparticles is explained and the optical properties of light such as reflection, 

transmission, as well as photoluminescence and the production of infrared (IR) spectra, 

X-ray diffraction patterns and peaks are also discussed.  

A brief theory of electrochemical deposition techniques (cyclic voltammetry, 

chronoamperometry and linear sweep voltammetry) is also given and a description of 

the three-electrode electrochemical cell used as well as the reason for the chosen 

working, reference and counter electrodes are given. 

Chapter 3 discusses the apparatus and experimental techniques used for the 

characterisation of the biosynthesized silver and zinc oxide nanoparticles. It explains 

how each of the apparatus used functions to enable data collection and shows the 

method of data acquisition and analysis employed for each sample.  

Chapter 4 gives an analysis of the two plants (Ocimum gratissimum and Vernonia 

amygdalina) whose leaf extracts were used for this work. It lists their uses in folklore 

medicine for treating certain ailments and relates their abilities to do so with the results 

of other researches which studied the phytochemical constituents of the aqueous and 

ethanolic extracts of these two leaves.  It also lists some of their medicinal and health 

benefits from available literature and expresses the hope that this present research which 

involves the biosynthesis of silver and zinc oxide nanoparticles using leaf extracts of 

our chosen plants, will chart a new course for the plant extracts and add to their already 

known food and medicinal values.  

Chapter 5 discusses the biosynthesis of the silver and zinc oxide nanoparticles showing 

the precursor materials, the preparation of the needed solutions, as well as the imposed 

experimental conditions and results achieved in each case. It gives data on the two 

nanoparticles from optical spectroscopy and electron microscopy analysis and discusses 

the observed features, while Chapter 6 deals with the leaf-based electrodeposition of 

silver thin films and shows how the response of the analytes used (in a three-electrode 
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cell) for the Cyclic Voltammetry, Chronoamperometry and Linear Sweep Voltammetry 

techniques is leaf extract dependent. Chapter 7 illustrates the use of the biosynthesized 

zinc oxide nanoparticles as nanofertilizer for growing Amaranthus cruentus from the 

seedling stage. It explains the effect of the pH of synthesis of the ZnO nanoparticles and 

the concentration of colloidal solutions of the ZnO nanoparticles used, on the seedling 

characteristics and vegetative growth of the studied Amaranthus cruentus. It also shows 

that though this zinc oxide nanofertilizer enhanced the growth parameters of the plant, 

beyond a certain concentration, the zinc oxide nanofertilizer becomes toxic as is evident 

by some yellow coloration of some of its leaves. The writeup therefore states this 

critical level for each type of the applied Nano fertilizer.   Finally, chapter 8 gives the 

summary of the whole work, its main outcomes and makes suggestions for further work. 
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 Chapter 2   

Theory Background of Research 

2.1 Introduction 

Some models have been used for explaining how solids behave. The Drude model 

which is a classical model [2] assumes that a metal consists of atoms represented by 

fixed positive ion cores in the midst of a sea of delocalised electrons (conduction 

electrons) donated by the constituent atoms (Figure 2.1). An application of an electric 

field to this system can make the electrons experience a force F = e E and hence an 

acceleration a and elastic collisions between the electrons and the positive ion cores can 

occur. This model assumes that the valence electrons of the atoms which make up a 

crystal can freely move about within the crystal as conduction electrons.  

 

Figure 2.1: Illustration of Drude model 

Though the Drude model enabled properties of metals such as electrical and heat 

conductivity as well as reflection to be explained, it could not however account for the 

Zeeman and Stark effects. This led to an extension which is the Drude - Sommerfeld 

model. This model agreed with Drude’s ideas but considered the energies of electrons to 

be discrete and used Fermi-Dirac statistics to describe electron behaviour.  

electron 

Positive ion 

cores  
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The Quantum mechanical concept of conduction by metals assumes that metals contain 

free electrons which are localised and restricted to a three dimensional well and have 

quantised energies.  

The Hamiltonian which excludes the electrostatic attraction but includes the kinetic 

term is: 

⟨𝐻|𝜓𝑛(𝑥)⟩ = −
ћ2

2𝑚

𝑑2

𝑑𝑥2
𝜓𝑛(𝑥) = 𝐸𝑛𝜓𝑛(𝑥)         (2.1) 

In one dimension, the solution for Equation 2.1 is of the form: 

𝜓𝑛(𝑥) = 𝐴 𝑆𝑖𝑛 (
𝜋𝑛

𝐿
) 𝑥    and will result in Eigen energy values 𝐸𝑛 given as 

  𝐸𝑛 =
ℏ2

2𝑚
(
𝜋𝑛

𝐿
)
2

   (n = 1, 2, 3….)     (2.2) 

Equation 2.2 gives the possible levels that electrons can stay in and represents a 

standing wave with nodes inside a potential well. Thus, for n =1, 2, 3 etc the 

corresponding L values are  
𝜆

2
, 𝜆, and 

3𝜆

2
 . 

Therefore, electrons in a 3D well will have energy: 

𝐸(𝑛𝑥 , 𝑛𝑦, 𝑛𝑧) =
𝜋2ħ2

2𝑚𝐿2 
   (𝑛𝑥

2 + 𝑛𝑦
2 + 𝑛𝑧

2)                (2.3) 

 

Thus   (𝑛𝑥
2 + 𝑛𝑦

2 + 𝑛𝑧
2) =

2𝑚𝐿2

𝜋2ħ2    𝐸(𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧)       (2.4) 

This gives a large number of energy levels and forms a continuum. 

According to Pauli’s exclusion principle, no two fermions can have the same set of all 

four quantum numbers: Thus, it is possible for any two electrons to be in the same 

energy level, but with different spin components.  

The highest energy level where electrons can be found is known as the fermi energy 

level 𝐸𝑓 and defined as the highest possible energy quantum state in which an electron 

can exist when the metal is at absolute zero temperature. Thus, when energy is given to 
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a material, the electrons in it get excited but cannot jump to the energy levels directly 

above them as these are already filled. The only electrons which can jump to the upper 

levels and contribute to the conduction current are those which are closest to the fermi 

level. Consequently, solid materials are classified according to the varied abilities of 

their constituent electrons to do so.  

The classification of solid materials as conductors (metals), insulators or 

semiconductors depend on the relationship between their filled bands and their empty 

bands. Solid materials are made up of atoms separated a distance r from one another and 

their energy bands are a function of this separation. 

2.2 Energy bands in solid materials  

Energy bands are formed when the separation between neighbouring atoms in a material 

decreases and there is some coupling between the atoms and the atomic orbitals in 

which electrons are arranged such that there is an overlap of their corresponding wave 

functions. This results in a combined energy, which is less than the sum of the energies 

of the separate atoms and the system becomes more stable. 

Considering any two atoms in a solid separated a distance r from one another; If their 

separation r decreases, the energy levels of their shells can split into many other energy 

levels: Any two, levels  represented by 𝐸1 and 𝐸2  can split into many energy levels 

and overlap as shown in Figure 2.2 creating  two regions: one of allowed energy levels 

and the other of energy levels which are not allowed. The CB region represents the 

conduction band while the VB region is the valence band.  

The gap between these two ( 𝐸𝑐 − 𝐸𝑣) is the energy band gap 𝐸𝑔 which is the 

difference between the lowest energy of the conduction 𝐸𝑐 and highest energy of the 

valence band 𝐸𝑣. The presence of the energy band gap 𝐸𝑔 for materials helps in their 

classification as insulators or semiconductors.  
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Figure 2.2 Overlapping of split energy levels of atoms in a silicon crystal to form 

energy bands [3]. 

Materials which have large energy gaps are called insulators. Examples of insulators 

include diamond, plastic, rubber and, glass. Insulators do not conduct electricity but can 

be made to conduct by the application of very large energies which make them 

breakdown and begin to conduct. 

Conductors have a partially filled band or an overlap of the valence band with the 

conduction band thus have no energy band gap. These materials are highly conducting 

and are the metals. Some examples include gold and silver which this research worked 

with.  

VB 

CB 
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Figure 2.3 Diagram showing the conduction band (CB), Valence band (VB) and Fermi 

energy 𝐸𝑓  for (a) insulator (b) conductor (c) semiconductor 

The semiconductors on the other hand are those materials with small energy gap (𝐸𝑔)  

between their filled valence band and their conducting band. They have conductivities 

between those of conductors and insulators. Semiconductors can however be made to 

conduct by the application of heat or addition of impurities. Examples of 

semiconductors are silicon, germanium, zinc sulphide (ZnS) and zinc oxide (ZnO) used 

in this research. Furthermore, semiconductors can be classified as direct or indirect band 

gap semiconductors. 

 

Direct and indirect energy band gap semiconductors. 

When light falls on a material such as a semiconductor, it does so in the form of photons 

of energy 𝐸𝑝 and momentum p respectively given by  

𝐸𝑝  = h𝜈        (2.5) 

                       p = 
ℎ

𝜆
                    (2.6) 

 

𝑬𝒈 

𝑬𝒇 

𝑬𝟏 CB 

VB 

B 

VB 

CB 𝑬𝒇 

𝑬𝒈 𝑬𝒇 

CB 

VB 

INSULATOR CONDUCTOR SEMICONDUCTORTOR 
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The direction in which the photon travels is given by the wave vector. The wave 

number k is defined as  

 k = |𝑲| = 
2𝜋

𝜆
 (wave number equals the magnitude of the wave vector) 

(where 𝐊 the wave vector and λ is the photon wavelength) 

Thus, the photon momentum is given by: 

  p = 
ℎ𝑘

2𝜋
    or p = ℏ𝑘 (where ℏ = 

ℎ

2𝜋
 )   (2.7) 

and the photon momentum is proportional to the wave number k

 

Figure 2.4 Energy transitions in Direct and indirect band gap material [4]  

 

When a photon of energy 𝐸𝑝 is shone on a semiconductor material and gets absorbed, 

the electrons in the semiconductor material get translated from the valence band (VB) to 

the conduction band (CB). If for this transition, the wave number at the maximum of the 

valence band coincides with the wave number at the minimum of the conduction band 

(Figure 2.4), we refer to that material as a direct band gap semiconductor.  

A 

B B 

D D 
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Some examples of direct band gap materials are gallium arsenide (GaAs), gallium 

antimonide (GaSb) and Gallium nitride (GaN) [5] and they are used for making light 

emitting diodes (LEDS) and Lasers.  Conversely, if this transition occurs, such that the 

k value at the maximum of the valence band does not coincide with the k value at the 

minimum of the conduction band, that material is said to be an indirect semiconductor. 

Some examples include silicon (Si), aluminium antimonide (Al As) and germanium 

(Ge). For both direct and indirect band gap semiconductors, transitions to and from the 

conduction band requires that both energy and momentum of the system should be 

conserved.  

After electrons are moved to a higher energy level 𝐸2 , they are unstable and need to 

return to the ground state with lower energy level 𝐸1 to be stable, so they give out 

whatever energy they had received as they recombine with the holes in the valence 

band. This recombination is radiative and does not need extra momentum because the 

returning electrons fall back directly and release photons whose energy 𝐸𝑝 = 𝐸2 − 𝐸1. 

For indirect band gap materials however, this is not the case because as earlier 

explained, the k values at the maximum of the valence band is not the same as that at 

the minimum of the conduction band. Thus, when the translated electrons want to return 

to their ground state, they have to first move from state A to state B (Figure 2.4) before 

they can return to the valence band for the recombination process [6]. That deflection 

from A to B results in the electrons losing energy and momentum in the crystal lattice. 

The electrons achieve this feat by interacting with a phonon or lattice vibrations, in 

order to recombine with the holes in the valence band. This recombination process 

unlike the first type, is non-radiative and phonon driven. Thus, for indirect band gap 

semiconductors photons as well as phonons are given off. If, however 𝐸𝑝 > 𝐸2 − 𝐸1, 

photons may not be absorbed but scattered. 

Absorption spectroscopy technique can be used for the determination of the absorption 

coefficient 𝛼 of a material.  This property shows the light absorbance ability of a 

material and its reciprocal 
1

𝛼
 gives the average distance light can travel in the material 

before it gets absorbed.  
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The relationship between absorption coefficient 𝛼 and light intensity 𝐼 is given by: 

𝐼(𝑥) = 𝐼0𝑒
−𝛼𝑥  

where 𝐼0 is the incoming light intensity, x is the thickness of the sample.  

Figure 2.5 shows the light absorbance abilities of direct and indirect band gap materials. 

 

 

Figure 2.5 Light absorbance by direct and indirect band gap materials.  

 

 

From Figure 2.5, it implies that for an indirect band gap semiconductor to absorb light, 

it needs to be very thick. Indirect band gap semiconductors are used for making 

photovoltaic and thin film solar cells [7].  
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The variation of absorption coefficient with energy for direct and indirect band gap 

materials are also illustrated in Figure 2.6. 

 

Figure 2.6 Variation of absorption coefficient with energy for (a) direct band gap and 

(b) indirect band gap materials. 

 

2.3 Electron band structures, absorption and emission spectra 

Bohr in his studies of electrons inferred that electrons can behave like standing waves 

do in a string and that each energy level of an electron corresponds to a mode with each 

mode having a fixed number of wavelengths with no wavelength values in-between. 

According to him, wavelengths are like energy levels. Thus, electrons can behave like 

circular standing waves (Figure 2.7) and have an infinite number of modes with each 

mode corresponding to a particular wavelength and while the allowed orbits give a 

constructive interference when 2𝜋𝑟 = 𝑛𝜆, the forbidden ones give a destructive 

interference for 2𝜋𝑟 ≠ 𝑛𝜆 (where n is an integer). 

a b 
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Figure 2.7 Electrons as circular standing waves with modes which are the wavelengths. 

 

When electrons acquire some energy, they can be excited and can move from L1 to L2 

or from L1 to L3 (Figure 2.8) and return along the path shown. The amount of energy 

they receive from the photons shone on them determines how far they can jump and 

hence to which levels they transit. Electrons do not absorb all the photons but only 

accept those (photons) whose energies correspond to their allowed energies. 

Conversely, electrons give up energies which will take them to discrete levels L1 and 

L2 for instance. Thus, as illustrated in Figure 2.8, electrons can move from L2 to L1 or 

from L3 to L2 then finally to L1 and emit photons whose frequencies are a measure of 

the energy they absorbed while transiting to higher energy levels to give absorption or 

emission spectra. 

 

Wave due 
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Nucleus 
Allowed  

orbit 

𝒍 = 𝟑𝝀 
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Figure 2.8 Electron transitions from one level to another (Absorption and Emission) 

 

2.4 Electromagnetic waves (EM waves) 

In the characterisation of the nanoparticles synthesized for this work, instruments which 

work with electromagnetic waves (Light) were used and besides that, the particles 

studied and the materials used in their background are also made to interact with light; 

hence the need to give some background of EM radiations, and the results of their 

interaction with different dielectric materials or particles. Light is an electromagnetic 

wave and has electric and magnetic field components (Figure 2.9) though most times 

electromagnetic waves are represented by electric fields. Light can be reflected, 

refracted, transmitted or even polarised. Light gets linearly polarised if its electric and 

magnetic field components maintain their respective planes with non-rotation of the 

resultant E-field or it can be circularly polarised if two linearly polarised light waves of 

same amplitude are superimposed on each other with a rotation of the E-field.  Elliptical 

polarisation occurs when light waves of unequal amplitudes add up with the E-field of 

the resultant waves rotating elliptically. 
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A plane wave propagating through a medium has a general form: 

𝐸(𝑥, 𝑡) = 𝐸0𝑒
𝑖(𝑘𝑥−𝑤𝑡)        (2.8) 

Where x and k are the position and propagation vectors respectively, and t is the time.  

In travelling from one medium to another, EM wave could do so at normal incidence or 

obliquely. 

Considering a wave travelling in the z-direction, there are no  𝐸𝑦   and 𝐸𝑧  components 

thus: 

𝐸𝑥 = 𝐸0 cos(𝑤𝑡 − 𝑘𝑧) and its associated B-field is     (2.9) 

𝐵𝑦 =
𝐸0

𝑐
cos (𝑤𝑡 − 𝑘𝑧)   

Both the electric and magnetic fields are in phase though the B-field is  
1

𝑐
 weaker. 

 

Figure 2.9 Electromagnetic wave illustrated.  

�⃑⃑� = 𝑬𝟎𝒙 Cos(wt − kz) + 𝑬𝟎𝒚Cos(wt − kz)+𝛿)      (2.10) 

Where   𝛿 is the phase difference between 𝐸𝑥 and 𝐸𝑦. Thus when 𝛿=0, and 𝐸0𝑥 = 𝐸0𝑦 

we have a linearly polarised light with same amplitudes. When 𝛿 = ±
𝜋

2 
  an elliptically 
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polarised light is produced and for 𝐸0𝑥 = 𝐸0𝑦 and 𝛿 = −
𝜋

2 
 we have a circularly 

polarised light. 

 

2.4.1 Maxwell’s equations and EM wave propagation through a medium 

Maxwell’s equations can be used for explaining the propagation of electromagnetic 

waves through a medium or dielectric material. The first two equations are the Gauss’ 

laws, the third is Faraday’s law while the fourth is the Ampere-Maxwell’s law. The 

equations show how a changing electric field can produce a magnetic field and vice 

versa.  

For a wave travelling along the z-direction: 

Since ∇ × 𝐵 = 𝜇0𝐽 + 𝜇0휀0
𝜕𝐸

𝜕𝑡
       (2.11) 

And in a non-conducting medium,     𝐽 = 0,  it can be shown that 
𝜕2𝐸𝑥

𝜕𝑧2 = 𝜇0휀0
𝜕2𝐸𝑥

𝜕𝑡2  

         

Which when compared with the equation for a wave in a string  
𝜕2𝑦

𝜕𝑥2 =
1

𝑣2

𝜕2𝑦

𝜕𝑡2     

gives that 𝑣 = √
1

𝜇0𝜀0
  which is approximately 𝑐0 = 2.99 × 108𝑚𝑠−1 , the speed of light 

in a vacuum.  (In a vacuum, 𝜇0 = 4𝜋 × 10−7𝐻𝑚−1 and 휀0 = 8.854 ×

10−12𝑠2𝐻−1𝑚−1) Thus the speed of light in a vacuum  𝑐0 = √
1

𝜇0𝜀0
 and     

𝑐0

𝑐
= √휀𝑟𝜇𝑟. 

This shows that the ability of light to travel through a material depends on the 

permittivity and permeability values for that medium. 

Conversely, in a conducting medium, 𝐽 = 𝜎𝐸 and   
𝜕𝐵𝑦

𝜕𝑧
= −𝜇(𝐽 + 휀

𝜕𝐸

𝜕𝑡
) hence 

𝜕2𝐸𝑥

𝜕𝑧2 = 𝜇𝜎
𝜕𝐸𝑥

𝜕𝑡
+ 𝜇휀

𝜕2𝐸𝑥

𝜕𝑡2        (2.12) 
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By assuming a solution of the form  𝐸 = 𝐸0𝑒
𝑖(𝑘𝑧−𝜔𝑡) and substituting into (2.12) it can 

be shown that the propagation vector k is given by: 

k = √𝜇휀𝜔2 + 𝑖𝜔𝜇𝜎        (2.13) 

This propagation vector has a real part (Re) as well as an imaginary part(im). The 

imaginary part is the reason for the damping of electromagnetic waves as it travels 

through a medium. 

 Hence 𝑅𝑒(k) = 𝑖𝑚[k] = √
𝜎𝜇𝜔

2
   and    

1

𝑖𝑚[k]
= 𝑑 = √

2

𝜎𝜇𝜔
    (2.14) 

    

𝑑  called the skin depth is a decay constant for the damping of EM radiation as it makes 

its way through a material or medium. Thus, a material with a low skin depth may not 

be able to transmit EM waves at a high frequency. For metals or conductors, two 

quantities namely conductivity 𝜎 and displacement current 𝜖𝜔 are of importance and for 

good conductors like silver and gold which feature in this work, 𝜎 >> 𝜖𝜔. Silver and 

gold have conductivities of 6.30 × 107𝑆/𝑚 and 4.1 × 107𝑆/𝑚 respectively at 20 ℃ 

and white light with a wavelength of 500 nm has a skin depth of roughly 3 nm. 

2.5 Optical properties of materials 

Introduction 

 Bulk metals are ductile, have high thermal and electrical conductivities, delocalised 

electrons, a continuous energy band, high density of states and do undergo plasmon 

excitation. Nanoparticles on the other hand due to their reduced sizes, have large surface 

area to volume ratios, high surface energies, low density of states, plasmon excitation 

and can have quantum confinement (as in the case of ZnO nanoparticles). Nanoparticles 

can be unstable and may not have well defined structures due to aggregation or because 

they can continue growing until stopped using ligands, inorganic capping materials or 

soluble polymers. Metal nanoparticles have sizes which are small compared with the 

wavelength of visible light.  They interact with light and can absorb or scatter it.  
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Metal oxides in their bulk form have a wide bandgap and less ability to react [8] but 

when their sizes are reduced, they become more reactive and their ability to conduct can 

be deduced from their reflectivity and absorbance abilities. Metal oxide nanoparticles 

have reflectivity which depends on their sizes and so also does their light absorbance 

which is discrete due to quantum - size confinement. They (metal oxide nanoparticles) 

show linear and non-linear optical properties because of transitions between electronic 

levels and their (metal oxide nanoparticles) linear optical properties are also dependent 

on their sizes. 

 The Bohr radius of a bulk exciton is given by: 

𝑅𝐵 = 4𝜋휀0
𝜀ħ2

𝜇𝑒2          

Where 𝜇 is the reduced mass of the exciton and 휀 is the semiconductor dielectric 

constant. 

Thus, quantum confinement can either be weak, strong or intermediate depending on 

the nanoparticle size r with respect to 𝑅𝐵. Thus if  𝑟 >> 𝑅𝐵, the quantum confinement 

will be weak but if the reverse is the case, the quantum confinement will be strong. For 

𝑟 ≈ 𝑅𝐵 the quantum confinement will be intermediate [9]. 

2.5.1 Reflection of plane EM waves at normal and oblique incidence 

When plane EM waves are shone on a material, they travel from one medium to another 

and its velocity and wavelength can change depending on the refractive index of light 

for the material. Light incident either at normal incidence (a) or obliquely (b) can get 

reflected or transmitted as shown in Figure 2.10 and the electric and magnetic fields as 

functions of time for the incident, reflected and transmitted waves are also as shown in 

that diagram. 

 (where 𝐸0 is the amplitude of the E-field and 𝑗̂ , �̂�  are the unit vectors) 
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Figure 2.10 Plane waves (a) at normal or (b) oblique incidence on a surface. 

For plane waves at normal incidence [10]: 

For the E –field,  

𝐸 ⃑⃑  ⃑𝑡𝑜𝑡𝑎𝑙 = 𝐸І
⃑⃑  ⃑ + 𝐸𝑅

⃑⃑ ⃑⃑   when 𝑥 < 0 and   𝐸 ⃑⃑  ⃑𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑇  when 𝑥 > 0 and  

For the B- field,  

𝐵 ⃑⃑  ⃑𝑡𝑜𝑡𝑎𝑙 = 𝐵І
⃑⃑  ⃑ + 𝐵𝑅

⃑⃑ ⃑⃑    when 𝑥 < 0 and   𝐵 ⃑⃑  ⃑𝑡𝑜𝑡𝑎𝑙 = 𝐵𝑇  when 𝑥 > 0 and  

Furthermore, at right angles to the incident plane, there are no E or B field components. 

Thus  𝐸1 = 𝐸2 and similarly, 
1

𝜇1
𝐵1 =

1

𝜇2
𝐵2 . 

Hence for the time dependent E terms  

𝐸0𝐼𝑒
𝑖(−𝜔І𝑡) + 𝐸0𝑅𝑒𝑖(−𝜔𝑅𝑡) = 𝐸0𝑇𝑒

𝑖(−𝜔𝑅𝑡)     (2.15) 

𝜔І = 𝜔𝑅 = 𝜔𝑇 = 𝜔 . 

Similarly, the wave propagation vectors  𝑘І = 𝑘𝑅 = 𝑘1, while 𝑘𝑇 = 𝑘2.  

incident wave 

Reflected wave 

Transmitted wave 

휀2𝜇2𝑣2𝑛2 휀1𝜇1𝑣1𝑛1 

Medium 1 Medium 2 

𝐸І 

𝐸𝑅 
𝐸𝑇 

𝐵І 

𝐵𝑇 

𝐵𝑅 

𝜃І 

𝜃𝑇 𝜃𝑅 

Medium 2 Medium 1 

(a) (b)

b 
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For the B –fields also: 

1

𝜇1𝑣1
{𝐸0𝐼𝑒

−𝑖𝜔𝑡 − 𝐸0𝑅𝑒−𝑖𝜔𝑡} =
1

𝜇2𝑣2
𝐸0𝑇𝑒

−𝑖𝑤𝑡   

which yields : 

𝐸0𝐼 − 𝐸0𝑅 =
𝜇1𝑣1

𝜇2𝑣2
𝐸0𝑇 = 𝛽𝐸0𝑇       (2.16) 

(where 𝛽 =
𝜇1𝑣1

𝜇2𝑣2
 ) 

Hence,   𝐸0𝑅 =
1−𝛽

1+𝛽
 𝐸0І 

 and 𝐸0𝑇 =
2

1+𝛽
 𝐸0𝐼 

Thus for 𝛽 < 1 ,the phase difference between the incident and the reflected ray will be 

the same (𝛿𝐼 = 𝛿𝑅 ) , but if 𝛽 > 1 the phase difference between the incident ray and the 

reflected ray will be 180°, such that (𝛿𝐼 + 180°) = 𝛿𝑅 

 

In terms of velocities, 𝐸0𝑅
= |

𝑣2−𝑣1

𝑣2+𝑣1
| 𝐸0І

 

If 𝑣1 > 𝑣2,  𝐸0𝑅
= 𝐸0𝐼 and (𝛿𝐼 + 180°) = 𝛿𝑅.  

Conversely if 𝑣1 < 𝑣2 , 𝛿𝐼 = 𝛿𝑅 

 

In terms of refractive indices of the two media [11], 

𝐸0𝑅 = |
𝑛1−𝑛2

𝑛1+𝑛2
| 𝐸0І

        (2.17) 

If  𝑛1 > 𝑛2 (e.g. from glass to air), 𝐸𝑅 𝑎𝑛𝑑 𝐸𝐼 will be in phase 

If   𝑛1 < 𝑛2 (e.g. from air to glass), 𝐸𝑅 𝑎𝑛𝑑 𝐸𝐼 will be out of phase by180 ° and 

𝐸0𝑇 = |
2𝑛1

𝑛1+𝑛2
| 𝐸0І

        (2.18) 
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From Equation 2.17, the coefficient of reflection R is given by:  

𝑅 =
𝐸0𝑅

𝐸0І

=
𝑛1−𝑛2

𝑛1+𝑛2
        (2.19) 

 

Similarly, from Equation 2.18, the coefficient of transmission T is given by: 

𝑇 =
𝐸0𝑇

𝐸0І

=
2𝑛1

𝑛1+𝑛2
  (2.20) 

       

And it can be shown that 𝑅 + 𝑇 = 1 

 

For the oblique incidence of light, with defined E and B fields and by the same 

reasoning as in the normal incidence case.  

The incident, reflected and transmitted wave vectors at the plane of incidence are related 

as shown below: 

𝑘1 𝑆𝑖𝑛𝜃𝑅 = 𝑘2 𝑆𝑖𝑛𝜃𝑇 = 𝑘1 𝑆𝑖𝑛𝜃𝐼      (2.21) 

Because the angle of incidence equals the angle of reflection,  

𝜃𝑅 = 𝜃𝐼, and 𝑆𝑖𝑛𝜃𝑅 = 𝑆𝑖𝑛𝜃𝐼.  

It can be shown from (2.21) that: 

𝑆𝑖𝑛𝜃𝑇

𝑆𝑖𝑛𝜃𝐼
=

𝑘1

𝑘2
=

𝑛1

𝑛2
 (Snell’s law)   

𝐸0І
+ 𝐸0𝑅

=
𝐶𝑜𝑠 𝜃𝑇

𝐶𝑜𝑠 𝜃І
 �⃑� 0𝑇

= 𝛼�⃑� 0𝑇
      (2.21a)  

Where 𝛼 =
√1−(

𝑛1
𝑛2

𝑆𝑖𝑛 𝜃І)
2

𝐶𝑜𝑠𝜃І
       (2.22) 
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𝐸0𝑇
− 𝐸0𝑅

= 
𝜇1𝑣1

𝜇2𝑣2
[𝐸0𝑇

] = 𝛽𝐸0𝑇
   

𝐸0І
−  𝛽𝐸0𝑇

= 𝛼𝐸0𝑇
− 𝐸0І

       (2.23) 

Thus, the Transmission coefficient 𝑇 =
𝐸0𝑇

𝐸0І

=
2

𝛼+𝛽
    (2.24) 

𝐸0𝑅
= 𝐸0І

− 𝛽 [
2

𝛼+𝛽
] 𝐸0І

       (2.25) 

Thus the Reflection coefficient 𝑅 =
𝐸0𝑅

𝐸0І

= [1 −
2𝛽

𝛼+𝛽
] =

𝛼−𝛽

𝛼+𝛽
   (2.26) 

As before, it can be shown that 𝑅 + 𝑇 = 1 

 

2.5.2 Dielectrics and polarisation 

Dielectric materials are insulators which can store charges. When an electric field is 

applied to a dielectric material, the positive and negative charges in it can be moved to 

opposite sides of the material (polarisation). While the positive charges get moved in 

the direction of the applied field, the negative charges are moved in the opposite 

direction. Some examples of dielectrics include water (used in the preparation of the 

chemical solutions and the leaf extracts used in this work), sodium chloride (NaCl) and 

Diamond 

Properties of dielectrics include polarisation, dispersion, piezoelectricity and absorption 

of electromagnetic radiation. A dielectric like water is a polar dielectric with a 

permanent dipole moment. Another like sodium chloride has a dipole moment and 

shows ionic polarisation. Diamond on the other hand is a covalent solid and shows 

electronic polarisation. Electric polarisation in water is electronic, ionic and 

orientational (due to the arrangement of its molecules). While the electronic 

contribution occurs in the ultraviolet (UV) range, the ionic and orientational polarisation 

takes place in the infrared (IR) and microwave ranges. 
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Figure 2.11 Illustration of dielectric constant as frequency dependent 

Dielectric constants of materials (𝜖) just like refractive indices (𝑛), are frequency 

dependent. Hence the dielectric constant is a function of 𝜔 written as 𝜖(𝜔) just like 

𝑛(𝜔) and 𝜖 𝛼 𝑛2. The value of 𝑛 for a material determines what the phase velocity of 

the EM waves through a given dielectric medium will be and therefore gives the extent 

of the dispersion of the EM waves when it is passed through that dielectric material. 

Polarization (P) on the other hand in dielectrics is also frequency dependent is given by: 

P(ω) = 𝜖(𝜔)𝜒𝑒(𝜔)𝐸(𝜔)        (2.27) 

Where 𝜒𝑒 is the susceptibility of a dielectric material and shows the ease with which a 

material can be polarised. 

 𝜒𝑒 = 휀𝑟 − 1 (where 휀𝑟 is the relative permeability of the material).  

In gases, 𝜒𝑒 = 휀𝑟 − 1 = 𝑁𝛼 (where N is the number of the atomic or molecular dipoles 

per 𝑚3 and 𝛼 is the polarizability and in a vacuum, 𝜒𝑒 = 0.  
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In a static electric field and for spherical atoms, polarizability is proportional to the 

atomic volume thus 𝛼 =
4

3
𝜋𝑎3 (a is the radius of the atom), but in a dynamic medium, 

the equation of motion for a bound electron (2.28) is used. Thus: 

𝑚
𝑑2𝑋

𝑑𝑡2 + 𝑏
𝑑𝑋

𝑑𝑡
+ 𝜔0

2𝑋 = −𝑒𝐸 exp (𝑖𝜔𝑡)       (2.28) 

where 𝜔0 =
𝑘

𝑚
   and 𝑘 is the force constant and 𝑚 is the mass of an atom. 

By using a solution of the form  𝑋 = 𝑋0𝑒
𝑖𝜔𝑡 and substitution into (2.28) we have : 

𝑋0 =
− 

𝑒𝐸0
𝑚

𝜔0
2−𝜔2+

𝑖𝑏𝜔

𝑚

=
𝑖
2
𝑒𝐸0
𝑚

𝜔0
2−𝜔2+

𝑖𝑏𝜔

𝑚

                     (2.29)

          

The complex part of this expression (
𝑖𝑏𝜔

𝑚
) represents the wave damping per unit mass. 

 

Furthermore, the induced dipole moment p is given by: 

𝑝 = −𝑒𝑋0 and the total polarisation 𝑃 =
𝑁𝑒2

𝑚
 𝐸0

𝜔0
2−𝜔2+

𝑖𝑏𝜔

𝑚

= (𝜖 − 1)𝜖0𝐸                  (2.30) 

Thus, the dielectric constant also has a real part associated with wave dispersion and an 

imaginary part associated with wave absorption. The nanoparticles studied in this work 

were suspended in solutions prepared with water. Water as earlier on stated in this write 

up is a polar dielectric which on the application of an electric field has a temperature 

dependent equilibrium polarisation  𝑃𝑒𝑞 given by [12]: 

𝑃𝑒𝑞 = 𝑖𝜔𝑃𝜏 + 𝑃          (2.31)

           

  

This equilibrium polarisation also depends on time t thus: 

Thus 𝑃(𝑡) =
𝑃𝑒𝑞(1−𝑖𝜔𝜏)

1+𝜔2𝜏2         (2.32) 
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Therefore, as before, the polarisation has a real part related to dispersion and an 

imaginary part related with absorption. (Figure 2.11). 

 

Figure 2.11 a Illustrating real and imaginary part of the dielectric constant. 

 

In bulk metals, there are two contributions to the dielectric function: those due to the 

bound electrons and those due to the free electrons. For the free electrons’ contribution, 

the plasma angular frequency 𝜔𝑝 is given by [13]. 

𝜔𝑝 = √
4𝜋𝑁𝑒2

𝑚
          (2.33) 

where N is the free electron density of the metal and m is the effective mass of the free 

electrons, e is the electronic charge 9.11 × 10−31𝑘𝑔), and 휀 is the dielectric constant of 

surrounding medium. 

Equation 2.33 shows that for bulk metals, plasma frequency 𝜔𝑝 does not depend on 

particle size but depends on the free electron density N. 

𝝐′(𝝎) 

𝝎 

dispersion 

absorption 
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For metallic nanoparticles, their dielectric function as a function of the incident angular 

frequency has a real part as well as a complex part [13,14] thus:  

휀 = 휀𝑟 + 𝑖휀𝑖 = 1 −
𝜔𝑝

𝜔2+𝑖 𝛾0𝜔
         (2.34) 

While the real part is given by: 

휀𝑟 = 1 −
𝜔𝑝

2

𝜔2+𝛾0
2          (2.35) 

The imaginary part is given by: 

휀𝑚 = 1 −
𝜔𝑝

2𝛾

𝜔(𝜔2+𝛾0
2)

          (2.36) 

where 𝜔𝑝 is the plasma frequency,   𝛾0   is the damping constant , εm is the imaginary 

part of the dielectric constant and 휀𝑟 is the real part of the dielectric constant. 

At high frequencies,  𝛾0   = 0,  thus  휀𝑟 = 1 −
𝜔𝑝

2

𝜔2  and 휀𝑚 =
𝜔𝑝

2𝛾

𝜔3  

2.5.3 Plasmons and plasmonic resonance 

Introduction 

Materials are composed of atoms and atoms have positive cores which are surrounded 

by negative electrons. When light (EM waves) is shone on the atoms with its 

surrounding electrons, the opposite charges are separated from one another and an 

electric dipole is created. The electrostatic interaction between the negative electrons 

with the protons acts as a restoring force and produces electronic oscillations.  The 

collective oscillation of the free electron gas in a metal on interaction with 

electromagnetic radiations, produce plasmons. Plasmons depend on the nature of the 

dielectric medium surrounding the nanoparticles [15]. 

Plasmons occur on the surface of bulk metals as well as on nanoparticle surfaces. 

Plasmons in bulk materials can have continuous wavelengths (Figure 2.15) whereas in 

nanoparticles, surface plasmons are restricted to a small volume and this affects the 
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range of wavelengths nanoparticle plasmons can have. Surface Plasmon resonance 

(SPR) of nanoparticles give an indication of their aspect ratio. While small 

nanoparticles have large surface areas and high surface energy, the reverse is true of 

large nanoparticles [16]. 

Surface plasmons in nanoparticles have discrete wavelengths and give a distinct peak 

(Figure 2.15).   This also explains why the colours of metal nanoparticles differ 

depending on their sizes or shapes. The energy of surface plasmons is also dependant of 

the number density of electrons N as well as the dielectric constant of the surrounding 

medium.  

Thus  

𝐸𝑝𝑙𝑎𝑠𝑚𝑜𝑛 = ħ√
𝑁𝑒2

𝑚𝑒𝜀
          (2.37) 

where ħ is plank constant. 

Plasmonic resonances 

Electrons are charged particles and can vibrate and produce an electric field which 

interact with incoming EM waves, causing a distortion in the electron cloud to produce 

surface plasmon. If the electron cloud (Figure 2.12) gets excited in resonance with the 

incoming EM waves, there will be a strong light absorbance at a particular wavelength 

and surface plasmon resonance (SPR) occurs. Light absorbance due to surface plasmon 

resonance depends on the size or geometry (such as cylinder, triangle, sphere etc) of 

nanoparticles. For silver, plasmon frequency is not easily calculated by considering its 

electronic structure because of the activities of its d –orbital electrons. Thus, its plasmon 

frequency is estimated using its dielectric constant. For silver or gold, plasmon 

oscillations occur close to the visible light range of wavelengths. Thus if gold 

nanoparticles are irradiated with visible light, green colour will be absorbed, and the 

gold nanoparticles will appear wine - coloured or red. Silver nanoparticles on the other 

hand give a plasmon resonance peak[17] at a wavelength of about 400 nm and the blue 

colour of the visible light gets absorbed making the nanoparticles take on a yellow or 
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yellowish-grey colour. By the same reasoning, Platinum or palladium nanoparticles 

look black. [14]. Surface plasmon resonance also differs depending on the type of liquid 

or dielectric material surrounding the nanoparticles [18] or the size of the nanoparticles 

[19]. If the nanoparticles are surrounded with a dielectric material with a high dielectric 

constant, the plasmon resonance frequency will be low (redshifted) but if surrounded 

with a low dielectric constant material, the plasmon resonance frequency will be high 

(blue shifted).  

 

Figure 2.12 Local surface plasmon resonance phenomenon illustrated. 

 

The plasmon resonance frequency for bulk materials [20]  𝜔𝑝 depends on electron 

density, effective electron mass, [21] and is given by equation 2.33. A high electron 

density produces a high plasmon resonance frequency (blueshift) while a low electron 

density will give a low plasmon resonance frequency.  

For nanoparticles, the plasmon frequency 𝜔𝑠  is lower being given by: 
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𝜔𝑠 =
𝜔𝑝

√2
=    √

4𝜋𝑁𝑒2

2𝑚𝑒𝜀
        (2.38) 

Equation (2.38) shows that the plasmon frequency for nanoparticles, increases with a 

high number density of electrons or concentration of nanoparticles in a given solution as 

well as the nature of the surrounding dielectric medium. That explains why solutions of 

different concentration of the same nanoparticles have varied colours. For instance, 

silver nanoparticles can be reddish brown as the one synthesized in this work but those 

made with other leaf extracts can be yellow, red, pink etc.  Equation 2.38 also shows 

that a high dielectric constant will result in a lower plasmon resonance frequency. 

This research dealt with nearly spherical nanoparticles and the equations which govern 

the behaviour of the nanoparticle in a dielectric medium was discussed. The properties 

considered were the extinction, absorption and scattering efficiencies. The type of 

polarizability for small and large nanoparticles was also treated. 

Considering metal nanoparticles as dipoles and assuming the nanoparticles have a 

dielectric constant 𝜖1:  If they are situated in a medium whose dielectric constant is 𝜖0 

and EM waves of amplitude 𝐸0 is shone on them (metal nanoparticles),  the electric 

field around the nanoparticles is a solution of Laplace’s equation ∇2𝜑 = 0 . The 

relationship between the electric potential 𝜑 the nanoparticles experience and the 

electric field strength around it E is given by 𝐸 = −∇𝜑. 

If the normal component of the electric displacement D [21] as well as the electric 

potential at the nanoparticle surface are assumed to be continuous, the Laplace’s 

equation will have angular as well as radial solutions: 𝑟𝑙 and 𝑟−𝑙+1 (where 𝑙(the angular 

momentum) 0,1.2…) 

For the case 𝑙 = 1 for the electric field in the x-direction and by applying the boundary 

conditions that: 

Within the sphere, 𝑟 < 𝑎,                𝜑 = 𝐴𝑟𝑆𝑖𝑛 𝜃𝐶𝑜𝑠ɸ              ( 2.39) 

Outside the sphere, 𝑟 > 𝑎             𝜑 = −(𝐸0𝑟 +
𝐵

𝑟2
)𝑆𝑖𝑛 𝜃𝐶𝑜𝑠ɸ                      (2.40) 
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Where A and B are constants. 

Thus for  𝑟 > 𝑎             𝐸 = 𝐸0�̂� − 𝛼𝐸0 [
�̂�

𝑟3
−

3𝑥

𝑟5
(𝑥�̂� + 𝑦�̂� + 𝑧�̂�)]                 (2.41) 

Where 𝛼 is the spherical polarizability [22] and is given by: 

𝛼 = (
𝜖1−𝜖0

𝜖1+2𝜖0
)𝑎3        (2.42) 

 a is the diameter of the spherical nanoparticle,  �̂�, �̂�, 𝑎𝑛𝑑 �̂� are unit vectors and 𝛼𝐸0 is 

the induced dipole moment due to the polarization of the conduction electron density. 

Equation (2.41) is true for a radiating dipole and includes contributions to extinction 

and Rayleigh scattering by the spherical nanoparticles. Thus, the extinction 

efficiency 𝑄𝑒𝑥𝑡 [22] is given by: 

   𝑄𝑒𝑥𝑡 = 4𝑥 І𝑚 (
𝜖1−𝜖0

𝜖1+2𝜖0
)       (2.43) 

   

and the scattering efficiency 𝑄𝑠𝑐𝑎𝑡𝑡𝑒𝑟 is also given by [18]  

𝑄𝑠𝑐𝑎𝑡𝑡𝑒𝑟 =
8

3
𝑥4 |

𝜖1−𝜖0

𝜖1+2𝜖0
|
2

       (2.44) 

And  𝑥 =
2𝜋𝑎√𝜖0

𝜆
 

 

 

 

Larger particles display Quadrupole plasmon resonance and this occurs for 𝑙 = 2 . Their 

quadrupole polarizability 𝛽 is given by: 

𝛽 =  (
𝜖1−𝜖0

𝜖1+
3

2
𝜖0

)𝑎5        (2.45) 
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The quadrupole extinction efficiency is given by [22] : 

𝑄𝑒𝑥𝑡. = 4𝑥І𝑚 [
𝜖1−𝜖0

𝜖1+
3

2
𝜖0

+
𝑥2

12
(

𝜖1−𝜖0

𝜖1+
3

2
𝜖0

) +
𝑥2

30
 (𝜖1 − 1)]    (2.46) 

 

While the Rayleigh scattering efficiency is [18]: 

𝑄𝑠𝑐𝑎𝑡𝑡𝑒𝑟 =
8

3
𝑥4 [|

𝜖1−𝜖0

𝜖1+
3

2
𝜖0

|

2

+
𝑥4

240
|
𝜖1−𝜖0

𝜖1+
3

2
𝜖0

|

2

+
𝑥4

900
 |𝜖1 − 1|2]   (2.47) 

Localised SPR occurs when the polarizability is a maximum and for metal nanoparticles 

this can only be true if 𝜖1  is negative. Thus, for the dipole polarizability this occurs 

when 𝜖1 = −2𝜖0 or 
𝜖1

𝜖0
= −2. Similarly, for the quadrupole polarizability the LSPR 

condition will be that  

𝜖1 = −
3

2
𝜖0     or       

𝜖1

𝜖0
= −

3

2
. 

The LSPR maxima for metallic nanoparticles depend on the nature of its surrounding 

media and hence dielectric material. Whatever surrounds the nanoparticles while in 

solution can get adsorbed on its (nanoparticle) surface and alter the nanoparticles 

surface charge distribution thereby changing its optical properties. When that happens, 

the nanoparticles substrate field is no longer homogenous and this invariably influences 

the dielectric function and electrostatic interaction, producing surface plasmon 

resonance, at a lower frequency [22,23].  

It has also been reported that for spherical nanoparticles, plasmon wavelength 𝜆𝑝 is 

directly proportional to the refractive index of the medium surrounding the 

nanoparticles [22]. Thus: 

 𝜆𝑝 = √3 𝜆𝑝.𝑏 {1 +
1

3
(𝑛0 − 1)} 

Where 𝑛0 is the refractive index of the medium in which the nanoparticle is situated, 

and 𝜆𝑝.𝑏 is the bulk plasmon wavelength. 
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Surface plasmons of nanoparticles have lower energy than bulk plasmons. In 

nanoparticles, we have surface plasmons and quantum confinement effects. For 

semiconductor nanoparticles like the zinc oxide (ZnO) nanoparticles, size reduction 

makes the quantum dot optical emission to shift towards higher energies and so light 

emission is towards lower wavelengths (blue shifted). This is because reducing the size 

of metals or semiconductors into nanoparticles makes the Nano material have discrete 

energy levels and a higher bandgap energy (𝐸𝑔), when compared to its bulk counterpart 

(Figure 2.13). 

 

 

Figure 2.13 Diagram showing the discrete energy levels in nanoparticles different from 

the bulk form 

Semiconductor nanoparticles have quantised band levels and a higher bandgap energy 

The effective band gap energy   𝐸𝑔𝑒𝑓𝑓
(𝑅) of a particle of radius r is given by [24]: 

 𝐸𝑔𝑒𝑓𝑓
(𝑅) = 𝐸𝑔(∞) +

ħ2𝜋2

2𝑅2
(

1

𝑚𝑒
∗
+

1

𝑚ℎ
∗
) −

1.8𝑒2

𝜀𝑅
     (2.48) 
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Where 𝐸𝑔 is the bulk band gap, 휀 is the dielectric constant of its bulk material, 𝑚𝑒
∗ and 

𝑚ℎ
∗ are the effective mass of electron and hole respectively, and the last term of this 

equation represents the coulomb’s attraction. 

From equation 2.48,  𝐸𝑔𝑒𝑓𝑓
 ∝  

ħ2𝜋2

2𝑅2   which means that reducing the size (R) of the 

particles will result in a higher   𝐸𝑔𝑒𝑓𝑓
.  Also 𝐸𝑔𝑒𝑓𝑓

 ∝  −
1.8𝑒2

𝜀𝑅
 which also shows that 

reducing R will decrease 𝐸𝑔𝑒𝑓𝑓
. The effect of these two will produce a higher energy 

band gap. 

 

Figure 2.14 A graph showing absorbance spectrum for bulk zinc oxide and zinc oxide 

nanoparticle  

This graph shows that for the bulk semiconductor the absorbance increases over a range 

of wavelengths and there is no peak but for semiconductor nanoparticles there is a peak 

absorbance at a particular wavelength due to SPR. 
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2.5.4 Photoluminescence 

Photoluminescence is a technique in which light is shone on a material and its electrons 

are excited in a process called photoexcitation to higher energy allowed states from their 

equilibrium states. When the electrons return to their equilibrium states from the excited 

states, they give up light which they absorbed [25]. Photoluminescence is used for 

studying the electronic structure of semiconductors and other luminescent materials like 

phosphors, oxides, etc and can be used for ascertaining both how pure they are and also 

defects/impurities. In addition to optical absorption, this technique can be used for 

determining the bandgap of the materials being studied [26].  

 

Figure 2.15 Energy diagram illustrating absorption of light and its emission process as 

well as phosphorescence and fluorescence PL 

Photoluminescence is a non-destructive, contactless technique that can be done even at 

room temperature. Typically, it uses a coherent light source, such as a laser beam for 

pumping electrons into the excited state and when the excited electrons return to their 

former energy levels via recombination with the holes, sharp and distinct peaks for each 

fluorescence 
phosphorescence 
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excited level are produced and for many such transitions, a spectrum of the material 

being studied [27] can be produced. 

Photoluminescence spectra are unique for a particular material and depend on the 

wavelength of the laser excitation used. Photoluminescence can be fluorescence or 

phosphorescence (Figure 2.15). Photoluminescence being an optical technique is only 

suitable for analysing samples which can emit light when irradiated. 

Semiconductors can be investigated using photoluminescence measurements by getting 

their electrons excited with a beam of EM radiations as already explained. Their 

relaxation back to the ground state and recombination of the electrons with the holes 

results in luminescence and is accompanied with photon emission. The emitted photon 

wavelength is in the visible range. 

A change in the size of the nanoparticles changes the emission frequency. With small 

nanoparticles the frequency of the emitted radiation is blue-shifted and for larger 

nanoparticles the frequency of the emitted radiation is red-shifted, hence the 

nanoparticle colour can change accordingly. 

 Luminescence can also be due to Cathode rays (Cathodoluminescence), from 

radioactive particles (Radio-luminescence), from electric field (Electro-luminescence) 

or due to light creating electron-hole pairs (Photoluminescence) which was the one 

employed in this research. The recombination of electron –hole pairs can be radiative in 

which case light is given out or non-radiative with no light emission. The radiative 

domain observed in this work ranges from the ultra-violet to the visible (𝜆 =

300 –  650 nm). 
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2.6 Fourier transform infrared (FTIR)  

2.6.1 Phonon and lattice dynamics 

Lattice dynamics deals with the vibration of the atoms which make up a crystal. Atoms 

of a crystal collectively vibrate about their mean positions producing a collective 

vibration which forms a wave with a given wavelength and amplitude. The vibration 

modes in a solid are quantised and are referred to as phonons. Thus, Phonon is a 

quantum of lattice vibration whose wave vector is k and whose energy is ħ𝜔. In lattice 

dynamics, the determination of the normal modes of vibration in crystals has to do with 

the determination of the phonon energies or frequencies 𝜔 as a function of their wave 

vector k. Thus, phonon dispersion is the relation between 𝜔 and k and shows the 

complete crystal symmetry and provided k is restricted to a unit cell of the reciprocal 

lattice, regarded as the first Brillouin zone whose volume is  
1

𝑣
 . 

2.6.2 Normal modes of vibration of a crystal 

 

 

Figure 2.16 Crystal represented as a system of connected similar particles (atoms)  

For a crystal considered to be made up of an array of similar particles and connected 

with elastic spring as shown (Figure 2.16) : 

 

a 
𝑼𝒏−𝟏 

n-1 n n+1 

𝑼𝒏 𝑼𝒏+𝟏 
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If all the atoms in the crystal are assumed to be oscillating with the same amplitude A, 

the frequency of vibration 𝜔 is given by [28]: 

𝜔 = √
4𝐶

𝑀
 |𝑆𝑖𝑛

𝑘

2
𝑎|        (2.49) 

Where C is the spring constant, ‘a’ is the equilibrium lattice spacing between the atoms 

Thus for   −
−𝜋

𝑎
≤ 𝑘 ≤

𝜋

𝑎
  we have the first Brillouin zone and the maximum frequency 

√
4𝐶

𝑀
   is symmetrical and at the boundaries of the Brillouin zone, 𝑘 = ±

𝜋

2
 (Figure 2.17). 

Thus, the velocity of the wave packet 𝑉𝑔 is given by [28]: 

𝑉𝑔 =
𝑑𝜔

𝑑𝑘
= √

𝐶𝑎2

𝑀
𝐶𝑜𝑠 

𝑘

2
𝑎       (2.50) 

 

Figure 2.17 Dispersion relation showing acoustic mode  
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At the edge of the Brillouin zone, 𝑘 = ±
𝜋

2
 which makes the transmission veleocity for 

the wave energy to be equal to zero. 

When the wavelength of the light shone on the sample is much much greater than the 

atomic separation ‘a’,  𝑘𝑎 << 1, the frequency 𝜔 becomes: 

𝜔 = √
𝐶

𝑀
 𝑘𝑎  , which means that the frequency  𝜔  becomes proportional to the wave 

propagation vector k and the phase velocity 𝑉𝑝 of the plane wave propagated through 

the material will be: 

𝑉𝑝 =
𝜔

𝑘
= √

𝐶

𝑀
 𝑎        (2.51) 

 

 

For a diatomic one-dimensional lattice, two different atoms with masses 𝑀1 and 𝑀2 will 

be connected as in Figure 2.18. 

 

Figure 2.18 Crystal represented as a system of two different atoms connected with 

springs 

 

 

 

a 
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The solution for the travelling mode of these atoms is the result of solving the matrix 

[28]: 

[
𝑈𝑛

𝑈𝑛+1
] = [

𝐴1𝑒
𝑖𝑘𝑛𝑎

𝐴2𝑒
𝑖𝑘(𝑛+1)𝑎

] 𝑒−𝑖𝜔𝑡 

[
2𝐶 − 𝑀1𝜔

2 −2𝐶 𝐶𝑜𝑠 𝑘𝑎

−2𝐶 𝐶𝑜𝑠 𝑘𝑎 2𝐶 − 𝑀2𝜔
2 ] [

𝐴1

𝐴2
] = 0 

 

Which gives 

 𝜔2 = 𝐶 [
1

𝑀1
+

1

𝑀2
]  ± 𝐶√(

1

𝑀1
+

1

𝑀2
)
2

−
4𝑆𝑖𝑛2𝑘𝑎

𝑀1𝑀2
    (2.52) 

Equation 2.52 gives two curves, one for the optical mode and the other the acoustical 

mode (Figure 2.19).  

 

 

Figure 2.19 Dispersion relation showing optical and acoustic modes 
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Thus when 𝜔 = 0, the waves have same amplitude (𝐴1 = 𝐴2) and are in phase and the 

molecule will vibrate as a rigid body as in a mechanical system.  

Increasing the value of the propagation vector k from zero will linearly increase the 

frequency 𝜔 as shown by the acoustic curve. At 𝑘 = 0, there is a peak frequency 𝜔0  at 

the centre of first Brillouin zone given by [28]: 

𝜔0 = √2𝐶 (
1

𝑀1
+

1

𝑀2
)       (2.53) 

For the optical mode, when 𝑘 = 0, 𝑀1𝐴1 = −𝑀2𝐴2, thus optical vibrations in a 

diatomic molecule such as zinc oxide (ZnO) studied in this research occurs with the the 

centre of mass fixed while the two atoms’ movement is out of phase as shown in Figure 

2.20. 

 

Figure 2.20 Out of phase movement of atoms in a molecule 

 

2.7 Molecular vibration modes and FTIR interpretation 

In this research , samples are exposed to EM radiations and their response to these help 

in their characterisation. Every sample contains functional groups and when light is 

shone on functional groups, the bonds associated with each functional group can bend, 

stretch or wag etc. at varied frequencies. The vibration of the molecular bonds can be 

temperature dependent. A functional group (molecular bond) will absorb light if the 
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frequency of the light it receives matches its own frequency of stretching, bending or 

wagging. Thus an infrared spectra gives a pattern which is a combination of the unique 

response of the functional groups and hence molecule bonds present in a given sample. 

As illustrated in Figure 2.15, the spectra consists of a set of absorption peaks which may 

be sharp, broad or narrow and the peak intensity can be sharp or broad and short or 

sharp and long and these occur at specific wave numbers.  

 

Figure 2.21 FTIR of purified silver nanoparticles synthesized using panchakavya leaf 

extract [17] 

An IR spectra has two regions namely the functional group region (1800 - 4000 𝑐𝑚−1 ) 

and the fingerprint region (  0 - 1500 𝑐𝑚−1 ). Every organic molecule has its finger print 

region which is unique to it and this can be ascertained with the help of a chart of 

functional groups and their corresponding wave numbers as well as intensities.  
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2.8 Molecular vibration modes 

Molecular vibration modes are (i) the Stretching vibration modes (Figure 2.22) which 

can be symmetrical or antisymmetrical, and (ii) the Bending vibration modes (Figure 

2.23)  which includes the scissoring, rocking, wagging and twisting modes. These are 

the modes which determine the frequencies at which the molecular bonds can either 

absorb or transmit light which falls on them. 

 

s

 

Figure 2.22 Stretching vibration modes  

In the symmetrical mode, the two A atoms stretch from B simultaneously in the same 

direction as shown with the arrows and the bond lengths are equal while in the 

antisymmetric mode, while A moves towards B on one side, it moves away from B on 

the other side and the bond lengths are different. 

B B 

Symmetrical Anti-symmetrical 

A A 

A 

A 
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 Figure 2.23 Bending vibration modes 

 

In the scissoring mode (Figure 2.23) similar atoms approach or depart from one another 

in the plane of vibration. The wagging and twisting vibration modes (Figure 2.23) are 

out of the plane of vibration as shown with the arrows. 

2.8.1 Bond types and strength and Infrared (IR) Spectra 

Molecular bonds for instance those of carbon atoms can be single bonds like (C-C) , 

double bonds (C= 𝐶) or triple bonds (C≡ 𝐶). While single bonds are longer, flexible 

and peaks due to them are found in regions with low wave numbers, they are the 

weakest of the three bonds.  Double bonds on the other hand are shorter but stronger 

than single bonds. The strongest of the three bonds are the triple bonds which are short, 

can be likened to a stiff spring and are found in the region with high wave numbers. 

Thus (C≡ 𝐶) > (C = 𝐶) > (C − C). 

Molecular bonds can be between a lighter atom and a heavier one and this as will be 

discussed later impacts on the wave number region of the IR where it will be located.  
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An infrared spectrum is a graph (Figure 2.21) which shows the variation of the 

percentage of transmitted light (% Transmittance) with wave number k (𝑐𝑚−1) . Low 

points on this graph are points of increased absorption while high points represent low 

absorbance but more transmittance of light. Each functional group has its vibration 

frequency and hence characteristic absorption bands. As already mentioned, depending 

on the functional group a sample contains as well as the vibration mode/modes of its 

molecular bonds, light shone on it can either get absorbed or transmitted. If the 

vibration mode of the molecular bond in a certain sample has a frequency 𝜔1 and light 

of this frequency is shone on it, that bond will absorb all of this light and none of it will 

be transmitted: so, zero transmittance % will be measured by the detector. If, however 

light of frequency less than 𝜔1 is received by the bond, this frequency not being up to 

its own will all get transmitted and the detector in the measuring instrument will record 

a 100% transmittance resulting in a high peak. The third case will be if the light incident 

on the bond has a frequency greater than 𝜔1.  In this case the bond will absorb the part 

of light frequency which corresponds to its characteristic frequency, but light which was 

not absorbed will be allowed to pass through resulting in some percentage of light 

transmission which the detector will pick up.  

Thus, the IR spectra plots show high peaks which are for transmitted light and lower 

peaks which are for absorbed light. This is how the IR instrument shows which 

molecules and hence bonds are present in a studied sample. 

 

For a spring, Hooke’s law gives a mean frequency as [29]: 

υ̅ =
1

2πc
[
f(M1+M2)

M1M2
]
1

2⁄

        (2.54) 

where f is the force constant of the spring or bond strength in our case and 𝑀1 and 𝑀2 

are the masses of the atoms that make up the molecule, c is the speed of light in cms−1. 

This expression can be used to explain bond vibration in infrared spectroscopy [29] and 

the vibrational frequency assumed as υ̅, represents the wave number in cms−1. 
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Equation 2.54 shows that the lighter the connected atoms, the higher the frequency of 

bond vibration and hence wave number and conversely that stronger bonds have higher 

vibrational frequencies and hence higher wave numbers.  

2.8.2 Functional groups in a sample and their Identification  

Functional groups are represented by peaks in an IR spectra and electron withdrawing 

or donating as well as electron delocalization and hence resonance can have some effect 

on the wave number of functional groups. Functional groups can be identified in many 

ways:  It can be done with the help of standard tables which show functional groups, 

their intensities (sharp, broad, Etc) and associated range of wave numbers and hence 

regions in an IR spectrum. For instance, while the O-H single bond absorption band are 

broad due to hydrogen binding, they are strong and are found in the high wave number 

region of the IR spectra (3650-3200 𝑐𝑚−1).  C-H bonds are medium and found in the 

range 3300-2700 𝑐𝑚−1  while the carboxylic acid is found at 3000 𝑐𝑚−1 . Triple bonds 

are found in the range 2100-2260 𝑐𝑚−1  and the double bonds in the range 1680-1550 

𝑐𝑚−1. The identification of a specified molecule from a list can be done by relating the 

observed peaks (in the IR spectrum) and their shapes/ intensities to possible options and 

figuring out which is the most probable from the list. Some functional groups can have 

many absorption bands and hence peaks depending on the number of vibration modes 

(stretching, wagging, rocking etc) they have. In this work phenols and flavonoids 

suspected to have aided the reduction of the metal into nanoparticles were of interest 

and they contain the hydroxyl group (OH) meaning that they are likely to be located in 

the high wave number region. 

 The peaks in an IR spectrum also depend on the masses of the atoms which form the 

bonds that vibrate to give the peaks. For instance, carbon can form bonds with different 

atoms and give different peaks. Thus, carbon bond with hydrogen (C-H), carbon with 

carbon (C-C), and carbon with chlorine (C-Cl) appear at wave numbers 3000 𝑐𝑚−1 , 

1200-1000 𝑐𝑚−1 , and 800-600 𝑐𝑚−1 respectively because the masses of the second 

atom increases as shown (H <C <Cl).  

 



 

48 
 

 

2.9 Crystal lattice, X-ray Diffraction (XRD) and Bragg’s law 

When a beam of X-rays is directed on a crystal, there is an elastic scattering from the 

crystallographic planes [30] of the atoms (Figure 2.25) and X-ray diffraction patterns 

are formed. 

 

Figure 2.24 (i) X-rays diffracted from lattice planes (ii) illustrating path difference 

between rays from two consecutive planes. 

The periodic arrangement of atoms / molecules in a crystal gives an array of planes 

parallel to one another (Figure 2.24 i) with an interatomic spacing ‘a’ of the order of 1Å 

and constitutes a 3D diffraction grating [31]. Each atom receiving the X-rays (which are 

a form of electromagnetic radiation with an associated electric field) becomes a 

coherent source of X-ray radiation which when superimposed on one another results in 

X-ray diffraction patterns. The path difference between rays from consecutive planes 

(QS+SR) (Figure 2.24 ii) according to Bragg’s law Equation (2.55) for a maximum will 

be an integral multiple of wavelengths.  
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Thus 

𝑛λ = 2𝑑 𝑆𝑖𝑛 𝜃        (2.55)  

 where n is the order of reflection and n =1,2,3….and the highest order is for n = 1, d is 

the distance between the planes of the crystal.   

If 2𝜃 is known, 𝜃 can be determined and so also can the path difference from two 

consecutive planes. Varying the value of 𝜃 results in different maxima/peaks which then 

form the diffraction pattern. Each peak in an XRD pattern corresponds to a value of d 

which in turn depends on the values of the miller indices ℎ, 𝑘 𝑎𝑛𝑑 𝑙.  

The X-rays used for this work has wavelength λ.= 0.1542 nm and for n = 1 (first order), 

Equation 2.55 becomes 𝑆𝑖𝑛 𝜃 =
λ

2d
 

For silver nanoparticles the peaks are 111, 200, 220, 311 …. etc. while for zinc oxide 

nanoparticles the strong peaks are 100, 002, 101, 102, …...etc 

2.9.1 Miller indices 

Miller indices represented by h, k, l are numbers which show the intercepts of the planes 

with the 𝑥, 𝑦, 𝑎𝑛𝑑 𝑧  axes.: 

In Figure 2.25 i, the plane only intersects the x-axis, while in 2.25 ii the planes intersect 

the y-axis and in 2.25 iii, the planes intersect the x and y-axes but not the z-axis. 

For cubic systems, the plane separation d is related to the miller indices as shown in 

equation 2.56:  

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2+𝑘2+𝑙2
        (2.56) 

  Thus, any combination of ℎ, 𝑘,  and 𝑙 that will make √ℎ2 + 𝑘2 + 𝑙2 = 1, will give a 

plane separation ‘d’ equal to the interatomic separation ‘a’. For the Simple cubic 

structure (SC), the planes which satisfy this condition are: 100, 010 or 001. 
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Figure 2.25 Miller indices ℎ, 𝑘, 𝑙 for three planes illustrated 

 

 There is also the cubic rule which predicts where peaks will appear for different crystal 

structures. Thus, for the Body centred cubic (BCC) structure, peaks will appear where 

the sum of the miller indices is an even number and the planes which satisfy this 

condition are: 110, 200, 211, 220, and 222. For the Face centred (FCC) cubic structure, 

peaks appear where the miller indices are entirely even or entirely odd and the planes 

which satisfy this are 111, 200, 220. and 222. 

The XRD pattern of an analysed sample helps in the identification of its crystal 

structure and the peaks in an X-ray spectrum can be compared with the standard ones as 

presented in JCPDS [32] to know the crystal structure of a sample or detect defects in 

crystals. The peaks in an X-ray spectrum of powder samples can also be used for 

calculating the lattice constant as well as average crystallite size [33] of any sample of 

interest. This is done by determining the full width at half maximum (FWHM) value 

from a peak of an X-ray spectrum of a sample. A low FWHM implies that the grains are 

large and that the sample has good crystallinity while a high FWHM indicates smaller 

particles and poor crystallinity.  After FWHM values are estimated as indicated in 

x 

y 

x x 

y 

(i) 
(iii) 

(ii) 

100 010 
110 

y 



 

51 
 

Figure 2.26 and the average crystallite size can be determined using Scherrer’s equation 

[33,34] Equation (2.57): 

𝐵(2𝜃) =
𝐾𝜆

𝐿 𝐶𝑜𝑠 𝜃
        (2.57) 

For any peak in an X-ray spectrum, 𝜃 can be calculated and hence the value of L can be 

determined. 

Where L is the crystallite size, λ is the wavelength of the X-rays used. K is a constant 

which for spherical particles is 0.9 and 𝐵 is the FWHM. 

  

Figure 2.26 Diagram to show how FWHM can be determined. 
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Chapter 3  

Experimental methods 

3.1 Introduction 

This chapter deals with the instruments which were used for the characterisation of the 

produced nanoparticles. It describes their main features and spells out the functions of 

their components. It also explains how each instrument works and how experimental 

data for our samples can be generated from it. It gives some other uses of each 

instrument and finally what it was used for in this present research. 

 

3.2  Electron Microscopy 

Electron microscopy uses a beam of accelerated electrons which have high energies of 

the order of 100 keV and being of low wavelength, they produce high spatial resolution. 

When the electron beam is made to interact with the sample, via secondary electron 

production, scattering, diffraction and transmission, the sample morphology is revealed 

and its shape, size and sometimes arrangement of its atoms can be known. In this 

research, two electron microscopy techniques namely Transmission Electron 

Microscope (TEM) and Scanning Electron Microscope were employed in the analysis 

of the biosynthesized silver and zinc oxide nanoparticles. 

 

3.2.1  Transmission Electron Microscope (TEM) 

A transmission electron microscope (TEM) analyses thin samples of the order of about 

200 nm or less. It typically uses accelerating voltages in the range 60 kV-120 kV, 
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though voltages as high as 300 kV can also be used. Figure 3.1 shows the parts of a 

TEM instrument and how it works to give the image of a sample. 

 

 

 

 

Figure 3.1 (a) Photograph of JEOL 2010 TEM (b) Diagram showing beam direction for 

image production (image re-drawn as in JOEL 2010 manual) (c) holey carbon grid. 

 

Samples meant for TEM analysis should be electrically conductive, and transparent to 

the electron beam. They must be stable while in a vacuum with the electron beam 

impinging on it and should be without artefacts or hydrocarbon contaminants. [35]. 

TEM sample preparation methods differ depending on the sample’s phases, physical or 

electrical properties [36]. Methods used include ion milling and crushing or grinding 

[35]. Others are polishing or etching, ultrasonic sonication [36] and  focused ion beam 

(FIB) methods [37]. For metal samples or alloys, electrolytic polishing can be used to 
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make them transparent. Transmission electron microscopes can be used for studying the 

sizes, shapes or cross-sections of a sample and sample thickness can be between 30 nm-

200 nm so that the electron beam can pass through them. Furthermore, properties such 

as dislocation densities, defects in materials as well as mechanical alloying effect in 

materials [38] can be studied using TEM.  

TEM grids which can be used include among others copper grids, MO grids, and Holey 

carbon grids, which were used in this research. Transmission Electron images called 

micrographs are on a grey scale with lighter regions showing less electron absorption 

and darker ones indicating more electron absorption. TEM images can be analysed 

using Image J or Gwydion software. The TEM instrument model used in this research is 

JEOL 2010 and uses an accelerating voltage of about 10 kV. 

The nanoparticle sample preparation was done by an ultrasonic sonication of a grain of 

the nanoparticle powder sample in 40 𝜇𝐿 of ethanol for between 15 minutes to 20 

minutes to disperse the nanoparticles and with a pipette, 2 𝜇𝐿 of the suspension was 

dropped on a Holey carbon grid which was then exposed to a hot yellow filament light 

bulb to dry. The Holey carbon grid with the deposited sample was then viewed under an 

optical microscope to confirm that the nanoparticles were fairly distributed on the grid. 

The sample was then introduced into the TEM machine for imaging. 

When a high voltage (range 60 kV-200 kV) is applied to the TEM machine, a beam of 

electrons is accelerated in a vacuum towards the sample via electromagnetic lenses 

(Figure 3.1). As the electron beam interact with the sample, they exchange energy with 

it and depending on how dense the sample under investigation is, some of the electrons 

can be scattered and some can even be lost. The electron beam which gets to the bottom 

of the microscope impacts on a fluorescent screen or detector camera to produce a 

shadow image of the sample under investigation. 

3.2.2  Scanning Electron Microscope (SEM) 

A   scanning electron microscope illustrated in Figure 3.2, gives detailed information on 

the structure and composition of a specimen by scanning its surface line by line [39]. 
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This microscope consists of an electron source, a thermionic gun or field emission, a set 

of electromagnetic/electrostatic lenses to focus the electron beam on the sample under 

investigation. The instrument also has a vertical chamber through which the electron 

beam travels as it makes its way to the sample, a sample stage, an X-ray detector (EDS) 

and a computer which displays the image of the sample analysed. 

s

 

Figure 3.2 (a) Photograph of JOEL 6330F SEM (b) SEM re-drawn from its manual and 

showing electron beam directed towards sample and its interaction with sample.  

 

When the electron emitter sends out a beam of energetic electrons, they travel down the 

vertical chamber to and through the twin electromagnetic lenses which act like optical 

lenses bringing electron beam to a focus on the sample. Two sets of electrons are 

produced because of the interaction of the beam with the sample. These are the 

secondary electrons which are dislodged from the sample surface by the electron beam 

and the backscattered electrons which come from within the sample. The signal due to 
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these two sets of electrons is picked up by the positively charged Faraday cage whose 

voltage is about 300 V and sent to the computer for interpretation and display of the 

sample image taken. 

Scanning Electron Microscopy (SEM) detects the secondary electrons from the sample 

and uses it to form the required image. Conversely, the backscattered electrons which 

emanate from within or beneath the sample surface as X-rays get diffracted and give the 

crystalline structure of the sample. SEM can be used for studying microstructures, faults 

in crystals, sample surface contamination as well as cracks in materials. 

 Though SEM is mostly used for analysing solids, it can also be used for analysing 

organic samples provided they can withstand the vacuum environment within the 

instrument as well as the electron beam intensity. While the white regions of the image 

indicate areas which lose a lot of secondary electrons, the black coloured areas show 

areas which lost few secondary electrons. 

For this research, the JOEL JSM 6330F field emission scanning electron microscope 

which uses accelerating voltage of about10.0 kV and current in the range 2 𝜇𝐴 −

10.5 𝜇𝐴 with a working distance (WD) of about 7 mm was used for studying the size 

distribution and shapes of zinc oxide nanoparticles in powder form. SEM sample 

preparation was done by placing the sample to be analysed on a conductive adhesive 

and sticking it on a stub whose size can fit into the sample holder slot. After this is 

done, the sample was then carefully introduced into the instrument (while ensuring that 

the vacuum environment through which it passes does not suck in the sample holder). 

The sample is then placed onto the sample stage before the sample holder is then 

withdrawn from the vacuum chamber. The instrument is then used for taking images of 

the nanoparticles which are saved for analysis later. The SEM nanoparticle size analysis 

was done using GATAN micrographs software. Unlike a Transmission Electron 

Microscope (TEM), a scanning Electron instrument uses a relatively low voltage of 

range 1 kV-30 kV. 
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3.3  UV-vis spectrophotometry 

Spectroscopy is a study of the interaction of electromagnetic radiation with matter. By 

analysing the light intensity dependence on the wavelength of light energy which hits a 

sample, the molecules present in it and hence its chemical structure can be revealed. As 

already explained in section 2.2 of this thesis, a material absorbs light maximally if it 

transmits very little light and its light absorbance depends on its coefficient of 

absorption. Light reflectivity from the material also depends on the refractive index of 

the material as well as the path through which the light has to travel as it passes through 

the material (sections 2.5-2.6). 

 A follow-up to this is Beer- Lambert law which gives light absorbance A by a material 

as a function of the concentration of the molecules in it as well as the length of the path 

through which the light travels. Thus: 

A = 휀𝑐𝑙          (3.1) 

where  휀 = 𝑚𝑜𝑙𝑎𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛
𝐿

𝑚𝑜𝑙
. 𝑐𝑚, 𝑙 = length of the path through which light 

travels (width of cuvet) and 𝑐 = concentration of the molecules in the sample) 

A UV-Vis spectrophotometer (Figure 3.3) can be used for studying the kinetics of a 

chemical reaction [40] to determine the rate constant of a reaction.  The instrument can 

also be used for determining the quantity of analyte in a sample [41] and the particular 

analyte a sample contains [42]. This spectrophotometer measures the optical response of 

a material from the ultra violet range (10 nm – 400 nm) to the visible range (400 nm – 

750 nm). Light shone on a material gets absorbed in fixed amounts called quanta 

resulting in the excitation of its electrons from a lower energy state 𝐸1 to a higher one 

𝐸2. In these excited states, the electrons are unstable and will need to relax and return to 

lower energy states. Thus they give up whatever energy they had acquired in the form 

of electromagnetic radiations. 
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This transition is between electronic energy levels as explained in chapter two and the 

change in energy E = E2 - E1. 

          where           E = h𝒱             (3.2) 

 and           E = 
ℎ𝑐

𝜆
  (𝒱 = 

𝑐

𝜆
)           (3.3) 

 

 

 

Figure 3.3 Photograph of Shimadzu UV-2600 spectrophotometer 

 

A spectrophotometer (Figure 3.4) comprises of a light source L, a monochromator, a 

beam splitter, a detector and a computer for the display of the resultant spectra of the 

sample analysed. The monochromator consists of two slits S1 and S2 separated by a 

prism or diffraction grating. When white light which consists of various wavelengths is 

sent from the source lamp L, it travels as a parallel beam to the monochromator and 

then through the first slit S1 unto the prism which refracts it depending on the selected 

diffracting grating. Only light of one wavelength passes through the second slit S2 and 

then to the beam splitter. 
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Figure 3.4 Illustration of the essential components of a Spectrophotometer and how it 

works to display a spectrum of a sample (Diagram redrawn by Author) 

 

The beam splitter divides the beam of light received into two equal parallel beams such 

that one with intensity I0 passes through the reference path (cuvette C1) and the other 

with intensity І through the sample cuvette C2 with a net change in light intensity (I0 −

 І) which is then measured.  Light with transmittance T = 
І

I0
   gets through to the 

detectors which are photocells. Usually the current generated by these photocells are 

low and have to be sent to an amplifier which amplifies the sent signals to measurable 

values which the computer displays. The graph which illustrates the relationship of 

percent transmittance %T and light absorbance A with concentration of species in 

solution is shown in Figure 3.5.  

 

Prism 
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For this research, the model of spectrophotometer used is Shimadzu UV-2600 (Figure 

3.3) which is equipped with an ISR-2600 integrating sphere attachment in the range 220 

- 1400 nm. This instrument can be used for running absorbance spectra for both liquid 

and solid samples. It has one compartment for liquid samples and another for solid 

samples. Thus, unlike conventional UV-Vis instruments, one cuvette is used for liquid 

sample analysis.  

 

Figure 3.5 Graph of percent transmittance and light absorbance by sample with 

concentration. 

 

To run the absorbance spectrum of the silver nanoparticles, the instrument was first 

turned on for one hour to warm up then the range for the desired spectra was set at 220 

nm-1400 nm. The property to be measured (absorbance spectrum, reflectance spectrum 

etc) was also selected. The sample cuvette of volume about 2.5 millilitres was first filled 

with water and placed in the sample compartment and with the computer, the baseline 

or auto zero command was given. This allows the light from the instrument to pass 

straight through to the detector for the light intensity  I0  to be derived. After this, the 

cuvette is emptied, dried and the diluted silver nanoparticles (one part to three parts of 
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milli Q water) was introduced and scanned and the light intensity now will be І. Light 

absorbance by the sample A will therefore be given by A = log10
I0

І
= εc𝑙.  

The intensity of the radiation which emerges when the cuvette contains water is usually 

greater than that when the sample cuvette contains the nanoparticle sample ( I0 >  І). 

(where I0 is the incident light intensity, І is the transmitted light intensity, 𝑙 is the path 

length through the sample, c is the concentration of the absorbing species and ε is the 

molar absorptivity).  

In contrast, the zinc oxide nanoparticles were in powder form and so to run the UV-Vis 

of this ZnO powder, the powder sample holder was first filled with Barium sulphate 

powder levelled and covered and the baseline or Auto zero command as before was 

given. With this done, the sample container was emptied, wiped clean with ethanol and 

filled up with the zinc oxide Nano powder and scanned. For this sample, the absorbance 

spectra as well as the diffuse reflectance spectra were run. While the absorbance spectra 

gave the sample peak absorbance at a particular wavelength, its diffuse reflectance 

spectra gave the reflectance value R % which was used for determining the value R that 

was then substituted into the Kubelka - Munk function (Equation 3.4) and using the 

Tauc relation (Equation 3.5) the Tauc plot ,  a graph of (𝐹(𝑅)𝐸)2  against energy (𝑒𝑉) 

was plotted and from it, the energy band gap 𝐸𝑔 of the zinc oxide nanoparticles was 

determined. 

                                                     𝐹(𝑅) =
(1−𝑅)2

2𝑅
                                  (3.4) 

 

                                                                   (ℎ𝜐𝛼)
1

𝑛 = 𝐴(ℎ𝜐 − 𝐸𝑔)                    (3.5)            

 

where ℎ is a Planck constant, 𝜐 is the frequency of the light shone on the sample, α = 

F(R) and  𝑛 =
1

2
  for zinc oxide [3]   
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3.4  Photoluminescence (PL) 

Photoluminescence (PL) is an absorption and emission process in which a source of 

laser light shone on a sample excites and moves the electrons in it from the ground state 

to the excited state. In this excited state the electrons are unstable and will get reverted 

to the ground state resulting in the emission of radiations and giving out the 

characteristic spectra of the sample under investigation. The details of the theory of this 

technique are given in section 2.5.4 of this writeup. Photoluminescence spectra are 

unique for different materials and depends on the wavelength of the laser excitation 

used.  The diagram of the PL instrument used for this work is as illustrated in Figure 

3.6. 

 

Figure 3.6 Diagram showing the main parts of a PL instrument and the laser beam path 

to the sample (re-drawn from manual) 

The laser source provides a coherent beam of light of high intensity which passes 

through the beam expander which not only increases the laser light beam that gets to it, 
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but also controls any divergence of it. The resulting collimated parallel beam produced, 

gets reflected by the beam steering mirror on to the Rayleigh filter which selects the 

appropriate light wavelength to be sent to the sample for photoexcitation of the 

molecules/electrons in the sample. The combination of the objective microscope M with 

the image lens L directly below constitute a telescope to produce the desired magnified 

image. While the slit in between the two lenses L1 and L2 control the quantity of light 

allowed to get to the detector, the grating along with the prism efficiently disperse light 

and select the range of light wavelength needed for the sample analysis [43]. The prism 

is incorporated because it is best for radiations in the far Ultra violet region and the 

CCD is the imaging device which converts light signals to electrical signals. The CCD 

which measures light intensity as a function of wavelength is connected to the computer 

which then displays the resulting output. 

When a sample is exposed to the laser radiation, it interacts with the laser photons and 

the electrons in the sample are photo excited resulting in the creation of electrons in the 

conduction band and holes in the valence band with momenta k. When the energy and 

momentum relax close to the bandgap minimum, the carriers radiatively recombine 

producing a photon which is then emitted. 

The PL instrument used for this research uses the 325 nm line of the Helium-cadmium 

(He-Cd) laser with a Renishaw RM-2000 spectrometer. The instrument has a Peltier 

cooled Charge Couple Device (CCD) array for measuring the luminescence spectra of 

samples and in this case zinc oxide nanoparticles biosynthesized using plant leaf extract. 

 When the instrument is switched on, it is allowed to warm up and stabilize for about 20 

minutes before being used for taking measurements. The internal grating and filter 

wheel motors were referenced before each measurement session and the spectral 

wavelength response of the instrument was then calibrated using a reference micro-

crystalline diamond sample which produces a clear Raman peak at 1332 cm-1 . The laser 

power on the sample surface can be attenuated using neutral density filters to set 

positions of 100 %, 50 %, 25 % etc. Special care was taken to avoid any significant 

local heating due to absorption of the laser beam by the samples. The objective lens 
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chosen was OFR × 40NUV quartz lens with NA = 0.4 and with a working distance of 2 

mm, it was used to produce a spot size of about 1-2 𝜇m on the sample surface. A 3600 

nm grating was used because it is suitable for ultra violet light and is appropriate for 

light scattered from the sample whose wavelength is low as a result of photo interaction 

with atomic vibrations within the analysed sample. The sample was placed on a glass 

slide positioned on an X-Y scanning stage which is adjustable with 1𝜇m step resolution. 

The PL technique can be used for studying samples at room temperature as was the case 

in this research, or at low temperatures for displaying spectral peaks due to impurities in 

samples. Photoluminescence techniques have also been used in crime laboratories for 

forensic investigations [41], for the characterization of semiconductors and for 

determining the electronic band gaps of semiconductors [42].  PL technique can also be 

used for studying crystal defects like atomic vacancies and substitutions [44] and can 

also be used for evaluating minority carrier lifetime [45]. 

3.5  Fourier Transform Infrared (FTIR)  

A Fourier Transform Infrared instrument comprises an infrared source, an 

interferometer which consists of a movable mirror and a fixed mirror, a beam splitter, 

and a detector which is connected to a computer (Figure 3.7). Other components include 

a square-shaped sample slot S , a pressure gauge knob K which is used to firmly hold 

down the sample in the slot S. Commands for the working of the instrument are given 

via the computer and the instrument is controlled by software which uses the fast 

Fourier Transform to analyse the output of infrared radiation which has passed through 

or has been reflected from a sample. When light from the infrared source is sent through 

the interferometer to a sample [46], the sample receives this light which comprises of 

varied wavelengths or frequencies and absorbs some while others are transmitted 

through it. The transmitted/reflected radiations get through to the detector which with 

the help of the Fourier Transform interprets it and the output is displayed on the 

computer screen as a spectrum which is the variation of the percentage 

transmittance/reflectance with received radiation frequency and hence wave number. 

Details of the theory background of this technique are given in sections 2.7-2.8.2 of this 
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thesis. FTIR technique can be used to study the vibrational infrared absorption [47] or 

emission spectra of liquids, gases, organic or inorganic solids but in this research, it was 

used for identifying the functional groups present in the analysed nanoparticles. The 

FTIR technique is based on the ability of the molecules of a material to absorb light in 

the infrared region of the electromagnetic spectrum and revealed absorptions usually 

tally with the molecular bonds present in the sample being analysed. These 

molecular/chemical bonds as explained in Chapter 2 of this thesis have vibrational and 

rotational energies and hence characteristic frequencies at which they absorb infrared 

radiations.  

 

 

Figure 3.7 (a) Photograph of Perkin Elmer 100 FTIR Spectrometer from manual (b) 

Block diagram of spectrometer re-drawn [48]. 
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The produced spectra are then displayed in the monitor connected to the FTIR 

instrument and by giving commands using the computer mouse, available peaks can be 

labelled. Fourier Transform Infrared spectroscopy is used by scientists and food 

industries as well as pharmaceutical companies for analysing their products.  

The samples analysed in this work were powdered samples of silver and zinc oxide 

nanoparticles which were scanned in the wave number range 600 cm-1 to 4000 cm-1 to 

display their spectra. The Perkin Elmer Spectrum 100 FTIR spectrometer (Figure 3.7 a) 

has an attenuated total reflectance (ATR) module and can be used for analysing both 

solids and liquids.  

To analyse a sample, the FTIR machine as well as the computer connected to it were 

turned on.  The sample slot was wiped clean with wipes containing ethanol thereafter a 

little quantity of the sample was loaded in the sample slot. The range of scan required 

was selected using the computer and the gauge knob K was gently screwed downwards 

into the sample to establish good contact between the sample and the diamond crystal 

(and hence the instrument). While this was being done, the amount of force applied gets 

displayed on the computer and gauge values between 80 to 100 are deemed appropriate. 

The command to scan the sample was then given using the computer and the spectrum 

of the scanned sample was displayed on the computer screen.  The command to label 

the peaks was then given and the peaks which represent those of the functional groups 

present in the sample were labelled. The labelled peaks were later interpreted using 

Standard FTIR tables [49,50]. 

3.6  Dynamic Light Scattering (DLS)Technique  

A dynamic light scattering (DLS) instrument shown in Figure 3.8 a, is one which can be 

used for measuring light scattering by particles suspended in a liquid on a microsecond 

time scale [51]. This instrument can measure sizes of particles within the range 0.3 nm 

to 10 𝜇m. The DLS technique relies on the principle that particles which are suspended 

in a liquid undergo Brownian motion and can disperse or scatter the laser light incident 

on them to various extends depending on their sizes.  
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Figure 3.8 (a) Photograph of Malvern-zetasizer from manual (b) path of light in a DLS 

instrument as light passes through sample redrawn [52] 

 

Thus, smaller particles undergo faster Brownian motion while larger ones execute 

slower Brownian motion. Brownian motion of particles in a liquid also depends on the 

temperature as well as the viscosity of the liquid in which the particles are suspended. 

The hydrodynamic diameter of a particle suspended in the solution which this 

instrument measures is given by (Equation 3.6) Stokes-Einstein equation [53] while the 

translational diffusion coefficient D [54] is given by equation 3.7. 

 

 

𝑑𝐻 =
𝑘𝑇

3𝜋𝜂𝐷
 ,        (3.6) 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
        (3.7) 

where 𝑑𝐻  - hydrodynamic diameter of a sphere assumed to have the same geometry as 

the particle being analyzed, 𝑘 - Boltzmann’s constant, 𝑇 - absolute temperature, η  - 
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viscosity and 𝐷 - diffusion coefficient and r is the hydrodynamic radius of the spherical 

particle being analysed. 

 

The hydrodynamic radius is the radius of a sphere whose rate of diffusion through the 

liquid is same as that of our particle of interest. It depends on the surface structure, size, 

geometry as well as concentration of the ions in the medium containing the particles.  

When laser light is shone on a diluted solution containing particles (Figure 3.8 b), most 

of the incident light get through the sample but some of the light get scattered. Because 

the dispersed particles in the solution are constantly undergoing Brownian motion, the 

intensity of light scattered by them changes with time. While smaller particles scatter 

less light, larger ones scatter more light. The scattered light intensity from all the 

particles in the solution (or medium) which varies with time will then be sent to the 

detector and then to the correlator for comparison and the final output gets displayed on 

the computer screen. 

 

The correlation function [55] G (𝜏) is given by: 

   G (𝜏) = 𝐵 + 𝐴∑𝑒−2𝑞2𝐷𝜏     (3.8) 

where 𝐵 − baseline at infinite time, 𝐴 - amplitude or intercept, 𝑞- scattering vector is 

given by  

 q =
4𝜋𝑛

λ0
𝑠𝑖𝑛

𝜃

2
 ,  𝑛 - refractive index of dispersant liquid, λ0 - laser wavelength, and  𝜏 - 

correlator delay time. 

The correlation function and the form of equation 3.8 will vary depending on the type of 

particles (large, small or polydisperse) which scatter the laser light that fall on it. The 

correlation functions and the different onset of decay of the scattered light intensity for 

small and large particles (T2 and T1) are as shown in Figure 3.9. The graphs show that 

for small particles, the correlation of the signal decays faster than for larger particles. 
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The gradient or slope of these exponential decays gives the diffusion coefficient D 

which can then be used in Equation 3.6 to calculate the hydrodynamic diameter of our 

particle of interest. Conversely, the function G is proportional to the particle mobility, 

gives an indication of the diffusion coefficient D in the Stokes-Einstein equation and 

can be used to determine the hydrodynamic diameter of the particle of interest.  

  

Figure 3.9 Illustration of scattered light intensity with time as well as the correlation 

function plots with decay times for large and small particles [56]. 

 

This work used the Malvern DLS zetasizer instrument shown in Figure 3.8(a) for 

analysing silver nanoparticles suspended in aqueous silver nitrate solution. The 

instrument allows measurements to be done at room temperature and requires only a 

small volume of sample solution to be introduced into a folded capillary tube (DTS 

1070) for analysis. The DLS Malvern zetasizer treats particles as spherically shaped 
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entities which are homogeneously distributed in the liquid. It gives reliable 

measurements and allows measurements to be repeated at short time intervals. The DLS 

technique can be used for determining the molecular weight of materials, the zeta 

potentials of solutions as well as the size, volume or number distributions of particles 

suspended in solutions [57]. 

To start measurements, the instrument had to be switched on and allowed to warm up 

for about 30 minutes. Thereafter the nanoparticles sample was diluted. About 200 𝜇l of 

the silver nanoparticles solution was mixed with 800 𝜇l of deionized water and a little 

quantity of this diluted sample was with the help of a syringe introduced into the 

disposable folded capillary cuvette (DTS 1070) carefully ensuring that no air bubbles 

were trapped in the cuvette. Thereafter the cuvette was covered with a cap and its body 

was wiped dry and by pushing the knob P, the sample compartment was opened, and the 

cuvette was placed in the sample compartment and closed.  

With the help of the zetasizer software the type of dispersant used (water) for the 

sample as well as the refractive index of the material in the sample (Silver) were 

specified. The temperature at which the measurement was to be done (25 ℃) as well as 

the equilibration time of 20 seconds were selected. The type of measurement to be done 

(size distribution) and the number of measurements required per sample (3 replicates) 

were also specified and thereafter the command to scan the sample was given. The 

sample got scanned and the results were displayed on the computer screen. The mean 

and standard deviations of each set of readings were then determined. 

3.7  X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive analytical technique used for phase 

identification of a crystalline material.  An X-ray diffractometer consists of an X-ray 

source, the sample holder and an X-ray detector [58]. When the filament of the  X-ray 

source is heated, fast moving electrons are produced and these are accelerated towards a 

target and are energetic enough to dislodge the inner shell electrons of the target 

material, creating gaps which get filled up by the outer shell electrons resulting in a loss 
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of energy and a corresponding emission of X-rays and some Bremsstrahlung radiation 

as well [59].  X-rays can be of the K𝛼, and K𝛽  types depending on what the target 

material is.  Though X-rays can be used for treating tumours and exploring the Cosmos, 

they can also be used for detecting faults in bones or cracks in metals. In this work, X-

rays diffraction was used for studying powdered samples of silver and zinc oxide 

nanoparticles. The X-ray diffraction (XRD) scans were done on the samples in turn to 

ascertain their crystal structure. The theory behind this technique has been discussed in 

section 2.9 of this thesis.  

 In this work, Cu K𝛼 X-rays were used because copper is the target material to which 

the fast-moving electrons from the filament go. Thus, the BRUKER D8 Advance 

powder diffractometer with a 𝐶𝑢 𝐾 𝛼 source and λ = 1.5418 Å was used. With the slit 

set at 2 mm for a large beam and a sample rotation speed of 20 rpm, 2θ scans were 

performed between 25 and 75 degrees and for a 0.02-degree step-size the total scan time 

was 15hrs. The resulting X-ray patterns show how the intensity of X-rays scattered by 

the sample varies with the angle 𝜃 and the diffraction peaks indicate the phases in the 

sample [60]. The peaks produced by each of the samples were compared with a 

Matching software in the computer which is connected to the X-ray diffraction machine 

and the peaks and lattice planes were labelled using standard charts as compiled by the 

Joint committee on Powder Diffraction standards. For the zinc oxide nanoparticles, the 

JCPDS 06-0644 chart was used and for the silver nanoparticles JCPDS No 04-0783 was 

used. 

 

3.8 Electrodeposition and electrochemical characterization of silver films  

3.8.1 Electrochemical cell 

A three-electrode cell (Figure 3.10) was used because it ensures the control of the 

environment as well as the potential of the working electrode. In this experiment, the 

chosen working electrode (WE) was gold thin films evaporated on glass and thermally 

treated by flame annealing to create the (111) dominant surface orientation [61]. A gold 

substrate was chosen because of its inert property and because it is known to strongly 
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interact with silver nanoparticles [62] i.e. have good adhesion. The reference electrode 

(RE) for silver deposition was silver wire (so-called pseudo reference electrode in 

equilibrium with Ag+ ions) because Ag /Ag+ has a stable equilibrium potential and is 

non-polarizable. Platinum wire was chosen as the counter electrode (CE) because it is 

stable under different conditions and does not interfere with coupled redox systems 

[63,64]. 

The silver deposition on the gold substrate was done with de-aeration to minimize the 

background current from oxygen reduction reaction and minimize any interference with 

the deposition kinetics. Finally, the electrodeposition was carried out in a Faraday cage 

to protect the silver solution from light because silver solution is very sensitive to light 

and Ag+ ions can be reduced by light. The methods used to explore electrodeposition 

and Ag films included Cyclic Voltammetry (CV), Chronoamperometry (CA) and Linear 

Sweep Voltammetry (LSV).   

 

 

Figure 3.10 The three-electrode cell used for this research 

 Potentiostat        
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3.8.2 Cyclic Voltammetry (CV) 

Cyclic voltammetry is a useful technique for studying the kinetics of an electrochemical 

reaction which takes place at the electrode surface that is in contact with the electrolyte 

[65,66] 

In this work, cyclic voltammetry (CV) was used to explore the dynamics of silver 

deposition on Au and to determine any differences in the presence of leaf extracts. 

Cyclic voltammetry is an electrochemical method often used for studying the kinetics of 

the electrochemical reactions which occur at the surface of a working electrode. CV 

technique is generally used for studying ion adsorption, diffusion of ions in the solution, 

as well as the electrode reactions, such as in this present study.  It also enables one to 

tell if the electrochemical reactions which occur at the electrodes are reversible, or not 

based on the scan rate dependent changes of the voltammetric (oxidation/reduction) 

peak [67,68]. The CV technique involves sweeping an electrode potential between two 

limits V1 and V2 at a constant scan rate. The potential is applied using a potentiostat and 

as the potential gets to and from the potential 𝐸𝑒𝑞
0 , the current which reduces/oxidizes 

species in the solution is recorded. The potential waveform derivable from this process 

is as illustrated in Figure 3.11.  

 

Figure 3.11 Cyclic voltammetry potential waveform 
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For the negative potential scan (cathodic scan) which represents the reduction stage 

(deposition of silver), the potential is swept from a value V1 through 𝐸𝑒𝑞
0   to a negative 

value V2. During the reversed scan the potential is increased from that negative value 

through 𝐸𝑒𝑞
0    to the starting potential V1. During the reduction process when the 

potential is cycled negatively, the metal ions in solution (silver in this case) gain 

electrons from the surface and are deposited on the working electrode (gold) as solid 

silver Ags
0.  For the oxidation (or dissolution) process, the potential is cycled positively, 

and the silver gives out an electron (Equation 6.1), gets oxidized and is dissolved from 

the gold substrate. An anodic current wave is recorded until all Ag is dissolved. The 

current wave correlated with the thickness of Ag film deposited during negative 

potential scan is observed. The measured current values versus potential recorded 

during CV scans are normalized to the surface area of the working electrode and 

expressed as current density values (mA/cm2). The technique was used to compare the 

CVs of Ag deposition in the same solution with and without leaf extracts and to 

determine how they affect the process in terms of current value and the potential at 

which the processes occur. 

 

3.8.3 Chronoamperometry (CA) 

During CA, the working electrode (WE) potential is stepped and the current due to the 

Faradaic processes at the WE as a function of time is obtained. The deposition of Ag 

films was done at the constant potential using chronoamperometry (CA). CA involved 

stepping to a constant potential negative from the 𝐸𝑒𝑞
0   and measuring the current with 

time. For the process of reduction or oxidation using CA method, ion transport is often 

controlled by diffusion of ions and the rate of their reduction/oxidation. When a 

potential is applied, the current value in the diffusion-controlled process decays in 

accordance with Cottrell equation (Equation 6.2) illustrated in Figure 3.12: 

𝑖 =
𝑛𝐹𝐴𝑐√𝐷

√𝜋𝑡
          (3.9) 
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Where  𝑖 is current in amperes, n is the number of electrons needed for the 

reduction/oxidation of the analyte, F is faraday constant   (9.64× 104C/mole), A is the 

working area of the substrate, c is the analyte concentration, D is the diffusion 

coefficient in 𝑐𝑚2𝑠−1 and t is the time in seconds.  

In this work, a double potential step protocol was employed and the deposition at a 

constant potential was done in the following way. First the electrode was kept at 

𝐸𝑙𝑒𝑣𝑒𝑙 1 > 𝐸𝑒𝑞
0 = 0 𝑉    (no Ag deposition) for a time  𝑡1 , then the potential was stepped 

at 𝐸𝑙𝑒𝑣𝑒𝑙 2 < 𝐸 𝑒𝑞
0  for time 𝑡2 to get the required deposition. 

 

 

 

Figure 3.12 General illustration of current transients for a diffusion-controlled 

reduction process. 

The CA for this work was done from a solution of 5 mM AgNO3 + 0.1 M KNO3 with 

and without the plant leaf extracts. This was achieved by setting the potential initially at  

𝐸𝑙𝑒𝑣𝑒𝑙 1 = 0.3 V for t1= 20 s then stepping to the deposition potential 𝐸𝑙𝑒𝑣𝑒𝑙 2  for 600 s.  

The effect of the deposition potential was explored by stepping to the potentials of -0.15 

V and – 0.3 V for the same length of time. The charge of deposition, 𝑄𝑑𝑒𝑝, was then 

obtained for each potential by integrating the area under the current-time transients. 

This value was later used for comparison with the charge of dissolved Ag to determine 
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the efficiency of electrodeposition. Often during deposition process some side reactions 

can take place and the total current measured during transients cannot be attributed only 

to the Ag. Therefore, after deposition of silver film, the working electrode (gold 

substrate) was taken out of the deposition solution, rinsed with ultra-pure water and 

dried with nitrogen. The deposited Ag films were examined for their structure with 

AFM or moved to a separate solution (Figure 3.13) for silver dissolution using linear 

sweep voltammetry. 

 

3.8.4 Linear sweep voltammetry (LSV) 

 

A linear sweep voltammogram is a linear potential scan (as in CV, but only in one 

direction) applied between two potential limits at a constant scan rate to a working 

electrode. This technique can be used for determining the concentration of a solution or 

for identifying an unknown species in an electrolyte [69]. In this work however, LSV 

was used to dissolve silver to be able to estimate the amount of silver which was 

deposited on the gold substrate. In our work, the LSV dissolution of Ag was done in the 

separate set up (shown in Figure 6.3) and perchlorate-based solution (1 mM AgClO4 + 

0.1 M HClO4) free of any ions that can adsorb on the surface, so the amount of 

deposited silver could be determined most accurately.  

As the voltage is scanned from a value 𝑉1 = −0.005 𝑉 that is very close to the 

equilibrium of Ag to a more positive potential 𝑉2 = 0.75 𝑉 > 𝐸𝑒𝑞
0    at the scan rate of 10 

mV/s silver dissolution occurred.  
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3.9 Atomic Force Microscope 

Atomic Force Microscopy (AFM) is typically used to reveal the surface morphologies 

of thin films deposited on substrates. It provides information about the nature of the 

deposited grains and gives an estimate of the surface roughness. Atomic force 

microscopy can be carried out in different imaging modes namely: the static force 

mode, the lateral force mode, the dynamic force mode and the phase imaging mode. 

These different modes have different parameters acting as the setpoint. For instance, in 

the static force mode, the cantilever deflection is the setpoint, whereas in the dynamic 

force mode, the cantilever oscillation amplitude provides the feedback parameter.  

The most important part of an AFM instrument is the cantilever tip. It is the cantilever 

tip that interacts with the sample and scans its surface. Atomic Force Microscope 

imaging can be done using the contact mode, non-contact mode, as well as the tapping 

and intermittent tapping modes [58]. In the contact mode, the distance between the 

probe and the sample is less than 0.5 nm. This method is fast, takes care of any forces of 

friction and is good for rough samples though the application of excessive force might 

damage the sample. The contact mode consists of the constant height mode and the 

static force mode. The constant height mode is good for studying atomic scale images 

due to surface changes at high speed in real time, while in the static force mode mostly 

preferred, the force on the sample as well as the cantilever deflection are constant. In the 

non-contact mode, the cantilever tip does not touch the scanned surface, but only 

oscillates above it exerting small forces on it. The main disadvantage of this method is 

that it is of lower resolution and the tip oscillations can be affected by surface 

contamination. In the tapping or dynamic force mode, the cantilever tip touches the 

sample surface at constant time intervals and because frictional forces do not come in to 

play, the sample surface is not destroyed. In the intermittent tapping mode, the contact 

time is a small fraction of the probe’s oscillation period and works better for soft 

surfaces like those of polymers.  
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AFM images can be analysed to give an estimate of the surface roughness of a thin film. 

Surface roughness gives a measure of the coarseness of a surface and plays a role in the 

adhesion [70] of samples to surfaces. 

In this research, the Nanosurf Easyscan 2 AFM shown in Figure 3.13 was used for 

viewing the images of thin films of silver electrochemically deposited on a gold 

substrate in the presence of plant leaf extracts. 

 

Figure 3.13 Nanosurf Easyscan 2 AFM (parts assembled from manual) [71] 

 

The sample to be viewed is placed on top of the circular sample holder such that the 

probe tip (or cantilever) located underneath the scan head was directly above it. The 

three levelling screws were used in addition to a ‘spirit level’ to adjust the height of the 

probe tip. The levelling screws were also used to adjust the height of the cantilever tip 

from the sample surface till the tip was very close to the sample surface. With the help 

of the Nanosurf Easyscan software in the computer connected to the device, the mode in 

which the sample scan will be performed was controlled. For this sample, the dynamic 

force mode (for which the cantilever or probe tip oscillates at a high frequency close to 

resonance) was selected. The type of probe tip (NCLR), unit of size measurement (𝜇m), 

set point, time per line and points per line were also specified. Furthermore, the current 

gain and power gain were also selected. The probe tip voltage was set at 1 V and the 

free vibration amplitude used was 200 mV. With all these parameters chosen, the tip 
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“Approach” was executed and thereafter the sample surface was scanned either upwards 

or downwards to display the thin film image on the computer.  If the image produced is 

of good quality, it is saved and analysed later. If, however the image produced is of poor 

quality, the current gain and power gain values can be adjusted until a good quality 

image is produced. Sometimes, the sample images produced may contain artefacts such 

as dragging lines or jumps etc. and if this happens, either a new probe tip will be fixed, 

or the listed parameters will be adjusted before the imaging process is repeated. 

To analyse the images produced from the sample scan, the Gwyddion software was 

used to determine the surface roughness values as well as the sample grain sizes.  
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Chapter 4  

Og and Va plants and finger prints of their leaf 

extracts 

4.1 Introduction 

The plant leaves chosen for this research were those of  Ocimum gratissimum (Og) and 

Vernonia amygdalina (Va). Both plants grow well in the tropics and are used for 

medicinal and culinary purposes [72-74]. 

4.1.1 Ocimum gratissimum (Og) 

Ocimum gratissimum also known as African basil or clove basil is called Ntoong, 

Nchanwu or Efirin in Nigeria and belongs to the plant family Lamiaceae. This shrub is 

common in West Africa and is also popular in India as well as in the Caribbean. Grown 

mostly to extract oil, Indonesians use its leaves as tea [75]. The plant, an aromatic 

perennial herb, has been used in folklore medicine for treating headaches, cough, high 

fever and convulsion, as well as for keeping wound surfaces sterile [72].  

 

Figure 4.1 (a) Ocimum gratissimum and (b) Vernonia amygdalina plants 

a b 
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Some traditional medicine practitioners claim that the oil from its leaves and seeds are 

very effective in curing upper respiratory tract infection, pneumonia and conjunctivitis 

[76]. Furthermore, Og flowers and leaves are reported to be rich in oils and can be used 

for preparing tea, and infusion which traditionalists claim treat stomach upset [72] and 

its leaves are used as spices in food preparations. Og leaf extract also plays a role in 

food preservation [77], curtails haemorrhoids and inflammation [76] and can be an 

antidote to fungal infection and epilepsy [78]. The antibacterial properties of Ocimum 

gratissimum is reported to have been utilised in enhancing the efficacy of antibiotics 

which could not effectively combat infection because of resistant bacteria [79] and Og 

leaf extract when mixed with honey is said to have improved antibacterial effect [80]. 

4.1.2 Vernonia amygdalina (Va) 

Vernonia amygdalina plant on the other hand is a perennial shrub which belongs to the 

family of plants called Asteraceae. Also known as bitter leaf by most people in Nigeria 

because of its bitter taste, and as Etidot by the natives of the South-Eastern region of 

Nigeria, Vernonia amygdalina is very popular in Nigeria and is widely eaten and used 

by the natives in treating many diseases. This plant leaf extract is reported to be 

effective as an antimalarial and is said to stop hiccups and tackle kidney problems 

[81,82].  It is also considered an effective laxative [83] and is used for treating bacterial 

infections [84]. Leaves of Vernonia amygdalina serve as fodder for animals and goats 

are reported to eat it for stomach upsets and amoebic dysentery [83]. It is also reported 

to be effective in the control of high sugar levels of diabetics [74, 85]. Furthermore, 

Vernonia amygdalina has anti-inflammatory properties [86,87]. 

While both Ocimum gratissimum and Vernonia amygdalina leaves are said to be 

antioxidants [72,88,89], Vernonia amygdalina varied uses with good therapeutic 

abilities offers great promise in alternative medicine for reducing toxicity levels in 

orthodox medication [90]. 

Perhaps the vast use of these plants leaf extracts and oils for traditional medicines 

prompted researchers into carrying out investigations to ascertain their phytochemical 

constituents for possible scientifically based applications. The outcome of such 
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investigations formed the starting point for experiments on the uses of plant leaf extracts 

for the biosynthesis of nanoparticles, which is part of what this present research dealt 

with. 

Aqueous and ethanolic extracts of Ocimum gratissimum leaf extract are reported to 

contain phenols, anthraquinone, alkaloids, tannins, steroids, terpenoids, flavonoids and 

cardiac glycosides [72], but more than these, ethanolic extract of   Ocimum gratissimum 

contains amino acids as well as saponin, and oxalate.  

Leaf extract of Vernonia amygdalina contains Alkaloids, saponin, terpenes, lignans, 

flavonoids, phenolic acid, steroids and anthraquinone [91]. Other phytochemical 

analysis reports show that the Va leaf extract has a high content of steroids, flavonoids, 

glycosides but a low resin content. Furthermore, it is said to contain some carbohydrate, 

fatty acids, protein, fibre as well as ash [82]. Aqueous and ethanolic extracts of 

Vernonia amygdalina analysed by the Trease and Evans method show that its aqueous 

extract contains more flavonoids than its ethanolic extract and it was this information 

that informed the use of aqueous extracts of the two leaves for this present research. 

Other phytochemicals found in Va leaf extract are saponin, tannins, alkaloids, steroids 

and cardiac glycosides [92] however both the ethanolic and aqueous extract contain 

equal amounts of anthraquinone. Atangwho et al (2009) also report that Vernonia 

amygdalina leaves contain polyphenols, flavonoids and tannins [93]. 

Erastos et al [89], studied the fatty acid content of Va leaves and reported a high 

percentage of 74 % which in their opinion was the reason for Va leaf extract  

effectiveness in the control of diabetes in patients. According to them the fatty acids 

improve insulin secretion in diabetics [89]. Ocimum gratissimum and Vernonia 

amygdalina are said to be antioxidants and this has been confirmed by studies which 

say that the flavonoids in them thwart the action of free radicals [94,95]. The presence 

of flavonoids in them also gives them their light screening abilities, antimicrobial, and 

antibacterial [96] as well as antiviral properties [97,98] and therefore explains their 

potency in tackling all earlier listed ailments such as diarrhoea, common cold, 
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pneumonia etc. whose vectors or causative organisms are either bacteria, microbials or 

viruses. 

Plants leaf extracts have also in many available literatures been reported as containing 

biomolecules said to have reductive abilities. This has severally been ascribed to the 

presence of flavonoids (in their leaf extract) said to aid the reduction of metallic ions 

into nanoparticles [99,100].  

Classes of flavonoids in plants include Alkaloids, terpenoids and phenolics [101] and in 

leaves and fruit peels they present themselves as glucosides [102]. These biomolecules 

are described as water soluble plant metabolites [103] which possess reducing and 

stabilizing abilities and are therefore effective in nanoparticles biosynthesis [104,105]. 

The flavonoids and their associated counterparts have the hydroxyl group.  

In this present research, silver and zinc oxide nanoparticles were synthesized using the 

plant leaf extracts of Ocimum gratissimum and Vernonia amygdalina. These two 

nanoparticles were characterised using UV-Vis spectrometer, Transmission electron 

microscope (TEM), Scanning electron microscope (SEM), Dynamic light scattering 

(DLS) instrument, X-ray diffraction (XRD), Fourier Transform Infrared (FTIR) and in 

addition Photoluminescence was used for characterising the zinc oxide nanoparticles. 

The IR spectra of the samples were examined to see if the functional groups associated 

with these reductive biomolecules are present and as many as was found present were 

identified and considered as having aided the reduction of the silver ions or zinc oxide 

into nanoparticles. In this research, these two different plant leaf extracts were used for 

the biosynthesis of silver and zinc oxide nanoparticles and hopefully the outcome of this 

work should provide results which will chart a new course for these two plants leaves 

already known for their food and medicinal usage. 
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Chapter 5  

Biosynthesis of nanoparticles 

5.1  Introduction 

Many years of poor environmental and production choices have threatened our planet 

(Earth) leading to increased calls for efforts aimed at not only addressing the needs of 

technological progress of mankind but also preserving our ecology. Nanoparticle 

production has a potential to improve and revolutionise our quality of life and 

healthcare [106], however, some of their methods of production are not environmentally 

friendly and these concerns have led researchers into exploring the biosynthesis method 

and more specifically biosynthesis using plant leaf extracts, which is also a motivation 

and the subject matter of this present research.  Nanoparticles are particles whose sizes 

are of the order of 10−9m and are said to show novel properties which differ 

significantly from those exhibited by their bulk material counterparts. Their extremely 

small sizes give them high surface to volume ratios that enable them to confine electron 

movements within boundaries with attendant improved optical properties. This has 

made them very useful in different fields such as medicine and drug delivery and in 

electronics. Nanoparticles as sensors have been used for tracing the presence of mercury 

in domestic water supplies [107,108], and they have even been used in agriculture. It 

has also been discovered that paints which contain nanoparticles do not lose their colour 

as fast as conventional paints do [109].  Nanoparticles have been around for many 

decades because it is now known that natural occurrences such as erosion, volcanic 

eruptions and forest fires actually generated nanoparticles [110]. Though nanoparticles 

can be produced through natural means, they can also be produced by chemical methods 

like vacuum deposition, and vaporisation, gas condensation, chemical precipitation, sol-

gel techniques as well as physical methods like mechanical attrition, and more recently 

using electrodeposition techniques [111]. The production of nanoparticles by physical 

and chemical methods give many nanoparticles of numerous sizes and shapes which 

most of the time are unstable and may need stabilizing agents [112]. Nanoparticle 
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industrial scale production can be expensive, and their usefulness is limited. 

Furthermore, chemical methods of nanoparticle synthesis produce by-products which 

are toxic to the environment. The chemical methods are concentration and pH 

dependent and there is always concern about possible agglomeration hence the need for 

stabilizers as well as capping agents. In contrast, the biosynthesis of nanoparticles 

which is now preferred [113] is fast, eco-friendly, cost effective, most of the time a 

single-step process and gives nanoparticles of diverse sizes and shapes.  Biosynthesis of 

nanoparticles can be done using microorganisms [114] such as algae, yeast, bacteria, 

plants and parts of plants such as its stem, fruits, root, and leaves and even flowers 

[115,116]. While these can give nanoparticles of varied shapes and sizes, there are still 

some shortcomings. For instance, the use of microorganisms for nanoparticle synthesis 

is slow and presents some constraints such as requiring many hours, instability of 

nanoparticles and sometimes toxicity [114-118] and in some cases, the process is not a 

one-step process. If bacteria for example is to be used for nanoparticle synthesis, it must 

be cultured for many hours before use and because the bacteria grows during the 

process, its morphology changes and the bacteria can disintegrate before use [114] 

hence the need for improvement. Recent researches have shifted to the use of plants and 

specifically their leaf extracts for nanoparticle synthesis. Apart from being fast, this 

method has the added advantage of minimized toxicity [119,120]. The plant leaf 

extracts have inherent biomolecules which reduce the metallic ions to nanoparticles, 

stabilise the nanoparticles and can also cap them discouraging their agglomeration 

[121]. The biomolecules in plant leaf extracts can by their functional groups modify the 

surface of the synthesized nanoparticles [122].  

The properties of nanoparticles are size and shape dependent, hence the main task for 

researchers has been to control these. By changing the physical conditions under which 

the nanoparticles are synthesized or varying the concentration of the precursor 

materials, nanoparticles of varied sizes and shapes can be produced for diverse 

application [123]. Most recent approaches for nanoparticle synthesis include wet 

chemistry techniques and electrodeposition methods like electroless deposition. The 

targeted use of nanoparticles determines their method of synthesis [124]. While wet 
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chemistry methods have been used for metal nanoparticle synthesis [124,125], 

electrochemical deposition techniques have been used for creating nanoparticles of 

various morphology [126] and for controlling their sizes [127]. Electroless deposition 

method which deals with deposition and reduction of metallic ions from a solution is 

also being explored because it can be done even for an electrochemically non-

conducting substrate such as textile fibres [128]. Though electroless plating can be an 

expensive film deposition method and can be unstable depending on the type of 

electrolyte used or its pH as well as the deposition temperature, it is easy and ensures 

good hydrogen permeability, as well as thicker and uniform surface coverage [129] of a 

substrate. This method has also been employed for the deposition of nickel, gold and 

palladium. It is in view of these recent developments in nanoparticle synthesis 

techniques that this present research dealt with the biochemical synthesis of silver and 

zinc oxide nanoparticles and also the electrochemical deposition of silver on gold in the 

presence of two chosen plant leaf extracts.   

Biosynthesized nanoparticles have been used as sensors for studying plasmons of 

metallic nanoparticles such as silver nanoparticles [107]. Some examples include 

biosensors enabled to measure the quantity of an intermediate material required for 

industrial purposes [130] or electrochemical glucose sensor which is proposed could be 

used for determining glucose levels in diabetics [131]. More applications of 

biosynthesized nanoparticles include their use for transporting drugs to target cells of 

the body to perform certain functions like the destruction of cancerous cells and tumour. 

Biosynthesized nanoparticles have also been used in cosmetics, for catalysis and 

magnetic resonance imaging (MRI) [132-133] and can be combined with antibiotics to 

improve their efficacy [133]. 

In this work, plant leaf extracts were used for the synthesis of two chosen nanoparticles 

namely silver and zinc oxide nanoparticles. The choice of plants stems from the fact that 

with plant leaf extracts, reactions can be as fast as five minutes [134]. Plants can act as 

chemical factories that give stable nanoparticles [119,135] and with plants, bio-

reduction can even occur at room temperatures [120]. Furthermore, plant leaf extracts 
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contain biomolecules like flavonoids, polysaccharides (sugars), terpenoids, polyphenols, 

alkaloids, and proteins which not only reduce metallic ions to nanoparticles, they 

protect them (capping) from interaction with their immediate environment thereby 

reducing toxicity and stabilising the nanoparticles [136]. Many explanations have been 

put forward to explain how nanoparticles are formed. One of such [136] asserts that 

flavonoids with their OH group gets changed from the enol-form to the keto-form, 

giving out a reactive hydrogen atom which reduces the metallic ion into nanoparticles.  

Zinc oxide and silver nanoparticles were chosen for this work as stated in the earlier 

part of this chapter because of their usefulness in the fields of medicine and electronics. 

They have optical, catalytic, antibacterial, antimicrobial and electrical properties hence 

their wide range of applications [137]. 

Silver nanoparticles (AgNPs) are attractive because of their size and shape dependent 

properties which informs their use in catalysis. They also have good electrical and 

thermal conductivity so might be beneficial in Nano-circuitry and non-linear optics. 

They are also useful as antimicrobials [138]. Silver nanoparticles are good light 

absorbers and dispersers and their surface Plasmon resonance peaks can be tuned. 

Furthermore, AgNPs have good catalytic, antibacterial and anti-inflammatory 

properties, are  used as healing agents for wounds and in fabrics to control odour [138]. 

They are also used for bio-imaging.  

Zinc oxide (ZnO) nanoparticles on the other hand have antifungal properties and are 

now being considered for food preservation even by food packaging industries [139]. 

They (ZnO nanoparticles) have been used for treating skin irritations and other related 

diseases [137]. They have anti-corrosive properties so are used for surface coatings and 

are also being incorporated into concrete production. Due to their good optical 

absorption properties, zinc oxide nanoparticles are used in solar cells, can filter ultra 

violet radiations and are therefore used in sun screen creams for protecting the human 

skin. They also serve as filters in rubber and cigarettes [137] [140-142] and more 

recently are being explored for use as nanofertilizer. 
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5.2 Literature review 

 Available literature shows that silver nanoparticles synthesized by a titration method at 

27 ℃ using fresh leaves extract of Ocimum gratissimum as the titrant in 1 mM AgNO3 

solution produced nanoparticles which were reported to be polydisperse and flake-

surfaced with diameter 35.9 nm and SPR wavelength 333.2 nm. The produced silver 

nanoparticles antimicrobial efficacy was tested via a well diffusion method on two 

bacteria namely Klebsiella and staphylococcus and were reported to be effective [143]. 

In a related research which dealt with the growth kinetics of Nano silver [144], leaf 

extract of sundried Ocimum gratissimum leaves was used for the synthesis of Nano 

silver at 70 ℃ and the resulting Nano silver of size 19 nm was said to have a peak 

wavelength SPR of 420 nm.  

Not much however has been reported on the synthesis of zinc oxide nanoparticles using 

Ocimum gratissimum. In one synthesis done at 90 ℃ , sun dried Ocimum gratissimum 

leaf extract was used with ZnCl2 and NaOH as precursor materials and zinc oxide Nano 

rods and Nano flowers of hexagonal crystal structure with sizes 348 nm and 960 nm 

respectively and with diameters 54 nm and 87 nm respectively were produced 

[145,146]. 

In this present research, the two chosen nanoparticles: silver nanoparticles and zinc 

oxide (ZnO) nanoparticles were synthesized using two plant leaf extracts namely 

Ocimum gratissimum (Og) and Vernonia amygdalina (Va) leaf extracts. The Og/Va leaf 

extracts were prepared using shade-dried leaves. The silver nanoparticles were 

biochemically synthesized using aqueous silver nitrate of concentrations 2 mM – 5 mM.  

In chapter 6 of this dissertation, a description of the making of thin films of silver in the 

presence of each of the chosen plant leaf extracts is given and the surface coverage 

abilities of the 5 mM aqueous silver nitrate (used as the electrolyte) with each of the 

plant leaf extracts was explored.  In chapter 7 of this write up, zinc oxide nanoparticles 

were synthesized at pH 8, 10 and 12 using each of these two leaf extracts with precursor 

materials zinc acetate dihydrate (Zn (CH3COO)2.2H2O) and sodium hydroxide pellets 
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(NaOH). The produced ZnO nanoparticles were characterized using optical 

spectroscopy and electron microscopy and their (zinc oxide nanoparticles) efficacy as a 

possible Nano fertilizer was also explored.  

 

The following were the objectives of this research: 

i. Prepare shade dried leaves of the two plants chosen and prepare their leaf 

extracts. 

ii. Synthesize the silver and zinc oxide nanoparticles using the prepared leaf 

extracts at specified temperatures. 

iii. Characterise them using UV-vis, TEM, SEM, XRD, FTIR, DLS 

iv. Identify their shapes and sizes 

v. Explore some possible applications of the synthesized Nano particles. 

 

 

It is hoped that this research will chart a new course for the two plants rather than their 

present use for food and medicine. This work will also add to already existing 

knowledge on biosynthesized metallic/metal oxide nanoparticles. 

 

5.3 Experiments 

5.3.1 Chemicals and materials 

All the chemicals were purchased from Sigma Aldrich and are of analytical grade and 

milli-Q water was used for preparing all the solutions.  

Zinc acetate dihydrate (Zn (CH3COO)2.2H2O) of Molecular weight 219.50, and Purity 

> 99 and Silver Nitrate (AgNO3) of Molecular weight 169.88 and Purity > 99 % as well 

were used. 

Sodium hydroxide pellets (NaOH) of Molecular weight 40g were also used. 
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Ocimum gratissimum (Og) and Vernonia amygdalina (Va) shade - dried leaves (leaves 

dried in a shade away from direct sunlight) were used for preparing the needed leaf 

extracts.  

5.3.2 Preparation of Chemicals  

Zinc acetate solution (0.2 M) was prepared using 43.9 g of the salt in 1000 cm3 of milli-

Q water. 

Aqueous solution of AgNO3 (5 mM) was also prepared by dissolving 0.849 g of the salt 

in 1000cm3 of milli-Q water and by serial dilution other concentrations of the silver 

nitrate solution were derived. Thus for 100 ml of each of 4 mM, 3 mM, 2 mM 

concentrations, 80ml, 60 ml and 40 ml respectively of the 5 mM AgNO3 was used and 

the solution in each case was made up to the required 100 ml. 

Two solutions of sodium hydroxide were also prepared: 

The 2 M of NaOH solution was done by dissolving 40 g of the pellets in 500 cm3 of 

water while the 0.2 M of NaOH solution was prepared by dissolving 8 g of the pellets in 

1000 cm3 of water. 

5.3.3 Preparation of plant leaf extracts  

To prepare 100 ml of Og or Va leaf extract, 130 ml of water was added to 15 grams of 

each of the ground shade dried Ocimum gratissimum or Vernonia amygdalina leaves 

(Figure 1) and the mixture was boiled for one hour. Thereafter the leaf extract was 

filtered and stored in a refrigerator for use. 

 

Figure 5.1 Ground shade - dried Og leaves 
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5.4 Synthesis of nanoparticles 

 

5.4.1 Zinc oxide nanoparticles synthesis 

Zinc oxide nanoparticles were synthesized at three different pH values. By mixing equal 

volumes of 0.2 M zinc acetate dihydrate solution and 0.2 M sodium hydroxide with 30 

ml of the Og or Va leaf extracts and while stirring the mixture, 2 M NaOH solution was 

added dropwise to adjust the pH of the mixture (monitored using a pH meter) to pH 8, 

10 or 12 as required. This mixture was stirred continuously for 2hrs resulting in a 

cloudy precipitate of zinc hydroxide (Zn(OH)2) which was then centrifuged at 5000 

rpm for 60 minutes and dried in an oven set to 70 ℃.  The equations (5.1-5.3) of the 

reactions which take place [147,148] are as follows: 

Aqueous zinc acetate reacts with the NaOH to give the zinc hydroxide Zn(OH)2 : 

Zn (CH3COO)2.2H2O + 2NaOH     → Zn(OH)2+ CH3COONa+2H2O  (5.1) 

The zinc hydroxide Zn(OH)2  reacts with water to give the growth unit Zn(OH)4
2−

  and 

hydrogen ions: 

Zn(OH)2+ 2H2O  → Zn(OH)4
2−

 + 2H+      (5.2) 

When centrifuged, Zn(OH)4
2−

 changes to ZnO: 

Zn(OH)4
2− → ZnO + H2O + 2OH−       (5.3) 

The Block diagram for the synthesis of the ZnO nanoparticles and the resulting powder 

is as shown in Figure 5.2. 

The ZnO nanoparticles were characterised using UV-vis to get their absorbance as well 

as the diffuse reflectance spectra in order to determine their Energy band gap (𝐸𝑔).  
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The optical energy band gap 𝐸𝑔  of the nanoparticles can be determined using the 

diffuse reflectance values R from the Kubelka-Munk function given as [39]: 

                                                     𝐹(𝑅) =
(1−𝑅)2

2𝑅
                                  (5.4) 

 

and the Tauc relation given as 

                                                                   (ℎ𝜐𝛼)
1

𝑛 = 𝐴(ℎ𝜐 − 𝐸𝑔)                  (5.5)                                

 

where  𝐸 =
1240

𝜆
  in electron volts, λ is in nm,  h is a Planck constant, 𝜐 is the frequency 

of the light (Hz) shone on the sample, α = 𝐹(𝑅) and  𝑛 =
1

2
  for zinc oxide [39] which is 

a direct band gap semiconductor.  

The Tauc plot which is a graph of (𝐹(𝑅)𝐸)2  against energy (𝑒𝑉) was done and a linear 

fit made to the region of maximum change will give the energy band gap of the ZnO 

nanoparticles.  

While an XRD scan was done to determine the crystal structure of the nanoparticles, a 

FTIR scan was done to identify the functional groups in the plant leaf extracts which 

aided the reduction that produced the ZnO nanoparticles. SEM images were taken to see 

the shapes and sizes of the synthesized nanoparticles as well as note how the structures 

of the ZnO nanoparticles changed with its pH of synthesis. 



 

93 
 

 

Figure 5.2 Schematic illustration of zinc oxide synthesis pathway. 

 

 

5.4.2 Silver nanoparticles synthesis 

Aqueous silver nitrate solution of concentration 2 mM to 5 mM was used for the 

synthesis. 90 ml of each concentration of the silver nitrate was mixed with 10 ml of 

each leaf extract and the mixture was placed in a water bath set to 30 ℃ for some hours. 

From available literature, the silver nanoparticles are formed when the phenolic 

compounds or flavonoids (contained in plant leaf extracts) which have antioxidant 

properties donate electrons to the silver metallic ions [149,150] and reduce them into 

nanoparticles. Aqueous silver nitrate dissociates as shown in Equation 5.6. 

AgNO3 ⇄ Ag+ + NO3
−

 (5.6) 

  

These antioxidants have the hydroxyl group (OH) which combine with the cation Ag+to 

form hydroxyl complexes that get supersaturated resulting in crystallite growth and 

Zn(CH
3
COO)

2 
.H

2
O  

0.2M 
70 mls 

Og/Va  
Leaf extract 

30  mls 

NaOH 0.2M 
70  mls 

 𝑍𝑛(𝑂𝐻)4
2−

Precipitate + + 
Stir for 2hrs  

Place in hot water bath for 9 
hrs, centrifuge and dry 
sample at 50℃ for 4 hrs 

ZnO Nano powder 

pH 8 pH 12 pH 10 

Zinc oxide nanoparticles 
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therefore the production of nanoparticles. A change in the colour of the solution 

(aqueous AgNO3 + plant leaf extract) to a reddish-brown colour indicates the 

formation of the silver nanoparticles. Figure 5.3 illustrates the biosynthesis process. The 

optical absorbance spectrum of the nanoparticles was run after 6 hrs, 12 hrs, 24 hrs and 

48 hrs. The silver nanoparticles were also characterised with the Fourier Transform 

infrared (FTIR), Transmission electron microscope (TEM), X-ray diffraction (XRD), 

and the Dynamic Light Scattering (DLS) techniques.  

 

Figure 5.3 (a) Silver nanoparticles synthesis (b) sample of prepared AgNPs 

5.5 Results and Discussion  

 The zinc oxide Nano powder absorbance spectrum (Figure 5.4) shows that the Og ZnO 

nanoparticles have a higher peak absorbance at wavelength 355 nm than the Va ZnO 

nanoparticles peak absorbance which was at wavelength 360 nm. These observed values 

are less than that of bulk zinc oxide given as 380 nm [151] and show a blue shift in 

excitonic absorption which indicates a small quantum confinement effect [152]. The 

intensity of the absorbance for the Og zinc oxide nanoparticles increased with pH levels 

but decreased with increased pH for the Va zinc oxide nanoparticles.  

 

 

Plant 

leaf 
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Aqueous 

AgNO3 

Nanoparticles 
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Figure 5.4a UV-vis spectrum of the synthesized ZnO nanoparticles  

 

 

 

 

Figure 5.4b Reflectance spectrum of the synthesized ZnO nanoparticles  
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For both the Og and Va zinc oxide nanoparticles, the nanoparticles sizes increased when 

the pH of their synthesis was raised and agrees with Koao [153] that reported a similar 

trend and ascribed the observation to the dissolution of zinc hydroxide when the pH of 

synthesis increases. While for the Og zinc oxide nanoparticles an increase in synthesis 

pH produced larger nanoparticles and higher 𝐸𝑔 values, for the Va zinc oxide 

nanoparticles, though the nanoparticles sizes increased with pH increase, its 𝐸𝑔 values 

reduced with increased synthesis pH (Figures 5.5a and 5.5b). The observed trend agrees 

with that reported by Alias et al [154], Heo et al [155] as well as Debanath et al [156] 

and Pholnak et al [157] who observed size dependent 𝐸𝑔 values for their ZnO 

nanoparticles made using wet chemistry method. A summary of the obtained values of 

sizes and 𝐸𝑔 values for different synthesis pH in this present research is given in Table 

5.1.   

 

 

 

Figure 5.5a Tauc plot of the Og pH 8, 10 and 12 ZnO nanoparticles showing their 

determined energy band gap values. 
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Figure 5.5 b Tauc plot of the Va pH 8, 10 and 12 ZnO nanoparticles showing their 

determined energy band gap values 

 

 

 

Table 5.1 Showing the sizes and optical energy band gap( Eg) of Og and Va zinc oxide 

nanoparticles (ZnO Nps) synthesized at various pH values. 

 

pH of synthesis 

of ZnO Nps 

Og ZnO nanoparticles Va ZnO nanoparticles 

Size of Nps 

(nm) 

Eg of Nps 

(eV) 

Size of Nps 

(nm) 

Eg of Nps 

(eV) 

pH 8 38 ±0.4 3.220±0.042 44 ±0.8 3.290±0.045 

pH 10 43 ± 0.6 3.240±0.056 57±0.5 3.240±0.003 

pH 12 63± 0.8 3.242±0.063 62±0.6 3.200±0.038 
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The X-ray diffraction (XRD) scan was done with a powder diffractometer with Cu Kα 

X-ray with λ= 0.154 nm. With the start and end set at 2𝜃 values of 25 ° and 75 ° 

respectively and a step size of 0.02, the sample scan was done for 15 hrs and showed 

high intensity peaks with no unusual peaks (Figure 5.7 a) indicative of good crystalline 

structure for a typical hexagonal wurtzite structure of ZnO according to JCPDS 

(2000)36-1451, with the plane 101 showing the strongest reflection. 

FTIR spectra of the synthesized nanoparticles was done using Perkin Elmer spectrum 

100 FTIR spectrometer and scans of the samples were done in the range 600 cm-1 - 

4000cm-1. The scan results of the ZnO nanoparticles showed that the Og ZnO 

nanoparticles peaks were sharper than those of the Va ZnO nanoparticles (Figure 5.7 b). 

The O-H bend at 1429.68 cm-1 and the O-H stretch peak at 3312.03 cm-1 denote the 

presence of phenols and flavonoids. Other functional groups identified on the 

nanoparticles surface were the N-H bend due to amines at 1572.43 cm-1, the O-H stretch 

at 2980.49 cm-1 for carboxylic acid and some polysaccharides.   

.  

 

Figure 5.6 (a) XRD pattern (b) FTIR scan results of the ZnO nanoparticles 
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The photoluminescence spectra of the zinc oxide nanoparticles (Figure 5.8) show 

transmission spectra with two emission bands namely a higher wavelength peak 

(Energy 2.2 eV) due to singly ionized oxygen vacancies and a lower wavelength peak 

(Energy 3.2 eV) due to the near bandgap excitonic emission [158].  The UV emission 

observed to be less than 400 nm and usually described as band edge emission is due to a 

recombination of free excitons when they collide with themselves [159]. The green 

emissions with wavelengths above 500 nm could be due to some defect states [160] in 

the sample. Furthermore, the spectral intensities of both the Og and Va zinc oxide 

nanoparticles shown in Figure 5.7 were found to decrease with increased pH. The UV 

and green emissions for the pH 8 Og zinc oxide nanoparticles were at 2.3 eV and 3.22 

eV, for the pH 10 it was at 2.35 eV and 3.24 eV and for the pH 12 it was at 2.25 eV and 

3.22 eV. The values of the UV and green emissions were at 2.22 eV and 3.20 eV for the 

pH 8 Va zinc oxide nanoparticles, at 2.22 eV and 3.20 eV for the pH 10 ZnO 

nanoparticles and the peaks at 2.22 eV and 3.15 eV were for the pH12 ZnO 

nanoparticles.  

 

Figure 5.7 (a) Photoluminescence spectra for (a) Og and (b) Va ZnO nanoparticles 
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The SEM images (Figures 5.8 - 5.9) show that the zinc oxide nanoparticles synthesized 

at all the three chosen pH values were spherical in shape and in clusters, a feature Ikono 

et al report signifies that the ZnO nanoparticles were pure [161].  

The low pH Og zinc oxide particles were found to be smaller in size than higher pH 

nanoparticles. Thus, for the Og zinc oxide nanoparticles sizes were found to increase in 

the order pH12  > pH10 > pH 8. The mean size of the Og pH 12 zinc oxide 

nanoparticles was 63 ± 0.8 nm, the pH 10 nanoparticles had a mean size of 43±0.6 nm 

and the pH 8 nanoparticles had a mean size of 38 ± 0.4 nm. Conversely, the Va zinc 

oxide nanoparticles made from a pH 8 solution had an average size of 44 ± 0.8 nm, 

those made at pH 10 had an average size of 57 ± 0.5 nm and the nanoparticles 

synthesized at pH 12 had an average size of 62 ± 0.6 nm. 

  

Figure 5.8 SEM images of (a) pH 8 (b) pH 10, (c) pH 12 Og zinc oxide nanoparticles 

a b c 
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Figure 5.9 SEM images of (a) pH 8 (b) pH 10, (c) pH 12 Va zinc oxide  nanoparticles 

The UV-Vis absorbance spectrum of the silver nanoparticles increased with the 

concentration of the aqueous AgNO3 used and depended on the type of plant leaf extract 

used. (Figure 5.10) The surface plasmon resonance absorbance peak also increased with 

the concentration of the aqueous silver nitrate solution and the type of plant leaf extract 

used. The SPR peak wavelength (𝜆𝑝𝑒𝑎𝑘) for Og silver nanoparticles was found to be 

440 nm while that of the Va silver nanoparticles 437 nm.  While the peak absorbance 

for the Og silver nanoparticles increased steadily with time up to 48 hrs and beyond, the 

Va silver nanoparticles peak absorbance after 48 hrs was found to have dropped 

drastically with a slight shift of the plasmon resonance peak. (Figure 5.10) This was 

attributed to some aggregation of the nanoparticles to produce larger ones.  

c b a 
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Figure 5.10 Time dependent UV-Vis absorbance spectrum for different concentrations 

of the Og and Va silver nanoparticles. 

 

The TEM images (Figures 5.11 and 5.12) of two concentrations only (2 mM and 5 mM) 

of both the Og and Va silver nanoparticles were analysed. The average size of the 2 mM 

Og silver nanoparticle was 20 ± 0.8 nm while that of the 5 mM silver nanoparticles was 

68 ±0.5 nm. Similarly, the 2 mM Va silver nanoparticles were of average size 18 ± 0.6 

nm and the 5 mM 59 ±0.7 nm. The FTIR scan of the silver nanoparticles (Figure 5.13) 

were done in the range 600 cm-1 – 4000 cm-1 and gave the identities of the functional 

groups present on the surface of the nanoparticles to contain the hydroxyl group (O-H) 

with a broad peak at 3315.89 cm-1 for flavonoids and phenols, the C-H stretch for 

carboxylic acid and alcohol (alkane) and some reducing sugars also. These 
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biomolecules may have been responsible for the reduction of the silver ions in solution 

to nanoparticles.  

The XRD peaks obtained are as shown in Figure 5.14. Five distinct peaks were 

identified though there were other un- identified peaks. The strongest peak was for the 

311 plane and the synthesized silver nanoparticles were found to have the FCC crystal 

structure.  

 

 

Figure 5.11 TEM images of Og silver nanoparticles of concentrations (a) 2 mM and (b) 

5 mM 

In this research, the surface coverage abilities of the silver nanoparticles were explored 

in chapter 6 while in chapter 7, colloidal solution of the ZnO nanoparticles were used as 

nanofertilizer to grow Amaranthus cruentus because it has been reported that ZnO 

nanoparticles could be useful for agriculture [162].   

 

a b 
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Figure 5.12 TEM images of Va silver nanoparticles of concentrations (a) 2 mM and (b) 

5 mM 

 

 

 

a b 
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Figure 5.13 FTIR scan results of the silver nanoparticles 

 

 

Figure 5.14 XRD pattern of the Og silver nanoparticles 
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5.6 Conclusions 

Silver and zinc oxide nanoparticles were biosynthesized using Ocimum gratissimum and 

Vernonia amygdalina plant leaf extracts. Their characterization using optical 

spectroscopy and electron microscopy revealed that they were spherical in shape. Their 

FTIR scan results identified biomolecules such as phenols, flavonoids, carboxylic acid 

and some reducing sugars, and these are suspected to have aided the reduction of the 

silver ions or the zinc oxide to nanoparticles. 

The UV-Vis absorbance spectra of the silver nanoparticles show its surface plasmon 

resonance (SPR) peak absorbance to be dependent on the concentration of the precursor 

material (aqueous AgNO3), the reaction times of the silver ions with the plant leaf 

extract as well as the type of plant leaf extract used. It was observed that the Va silver 

nanoparticles when left over a lengthy period were unstable resulting in a drop in the 

peak absorbance due to agglomeration. The TEM of the silver nanoparticles shows that 

for any concentration of the aqueous silver nitrate the silver nanoparticles were of a 

range of sizes which were dependent on the concentrations of the aqueous silver nitrate 

solution used.  The XRD pattern of the silver nanoparticles showed that it had the face 

centred cubic (FCC) structure though with some unusual peaks. 

The Og and Va zinc oxide nanoparticles were in clusters as revealed in the SEM 

images, and their UV-Vis absorbance spectra were pH and leaf extract dependent 

though their peak absorbance wavelengths from the UV-Vis spectra were lower than 

that of bulk zinc oxide. The obtained optical energy band gap 𝐸𝑔 of the zinc oxide 

nanoparticles were also found to be pH and leaf extract dependent. The sizes of the ZnO 

nanoparticles as obtained from SEM measurements and their values were found to be 

pH dependent though with opposite pH versus size dependence. While the sizes and 𝐸𝑔 

of the Og ZnO nanoparticles increased with synthesis pH, their 𝐸𝑔 values increased with 

pH of nanoparticle synthesis. For the Va zinc oxide nanoparticles though their sizes 

increased with synthesis pH, their𝐸𝑔 values decreased with pH of nanoparticle 

synthesis. The Photoluminescence spectra was pH sensitive and showed two emission 

peaks: a lower UV emission peak and a higher green emission peak.  Their PL spectral 
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intensities were high for low pH synthesized nanoparticles but low for nanoparticles 

synthesized at high pH. Because the Og and Va zinc oxide nanoparticles appeared as 

clusters (Figure 5.8 and 5.9) Moazzen et al 2013 [163], report that such features could 

make them useful in surface acoustic wave (SAW) device.  

This work it is hoped will add to existing knowledge on the use of Ocimum gratissimum 

and Vernonia amygdalina leaves. 
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Chapter 6 

Electrodeposition of silver thin films in the presence of 

Og and Va leaf extracts 

 

In this chapter we explored the effect of leaf extracts on the electrodeposition of silver 

thin films. The study included the electrochemical and structural characterization and 

comparison of Ag films electrodeposited with and without leaf extracts in the same 

concentration of aqueous AgNO3 (5 mM) used in biosynthesis of Ag nanoparticles 

described in Chapter 5.  

6.1  Introduction 

 

Electrodeposition is one of the most advanced thin film deposition methods that has 

been widely used today in industrial applications such as electronics, photonics, 

magnetic recording and coatings for corrosion protection and for size and structure-

controlled nanoparticles synthesis [164].  This is because Electrodeposition is a room 

temperature and low-cost method of thin film growth, characterised by very high 

selectivity and easy scalability to different length scales (from nanometres to 

centimetres). Electrodeposition of a metal on a foreign substrate results in the 

production of the thin film of that metal (which modifies the surface properties of the 

substrate) which often has physical and chemical properties different from the bulk of 

the metal. The use of electrodeposition for nanoparticle production apart from being fast 

and cheap as reported by Mohanty [164] gets the nanoparticles straight onto the 

substrates and helps in the control of its size, form and structure. The factors that can 

affect the deposition of the solid metal on the substrate are:  (i) the concentration of 

metal ions in the solution; (ii) the potential (or current density) – depending on the 

method of electrodeposition employed be it potentiostatic or galvanostatic,  (iii) the 
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nature of background solution (ion adsorption); iv) the solution pH and (v) temperature. 

In the past, electrodeposition of thin films was mainly used for decorative purposes but 

today it is an important industrial processing method [165,166] with wide applications 

in microelectronics, communication, energy generation and optical electronics and that 

explains the current interest in this technique. The formation of silver films and 

nanostructures are of interest for various applications such as medical and food 

packaging due to its (silver) antibacterial properties [167,168]. 

In this work electrodeposition of silver (Ag) films on a gold (Au) substrates was 

explored in the presence of leaf extracts. Plant leaf extract is employed in 

electrodeposition because it has been reported that the biomolecules in plant leaf 

extracts such as Flavonoids, terpenoids, polyphenols etc cap the film deposits 

preventing its direct contact between the substrate and the electrolyte and reducing 

metal dissolution [169]. Electrodeposition of a silver from an aqueous solution is done 

by application of a constant potential. The equilibrium potential (standard electrode 

potential) of Ag0/Ag+, E0 versus standard hydrogen electrode relevant for the 

electrodeposition is given by the Equation 6.1   

 

Ag+ + e- ⇄  Ags
0    E0 = 0.8 V    (6.1) 

The electrodeposition of silver onto foreign substrate is illustrated schematically in 

Figure 6.1. At the potentials negative from the E0 , the deposition of Ag takes place and 

the Ag film is created. This is also called bulk deposition. Changing the potentials 

positive from the equilibrium potential is a reverse reaction which will dissolve the Ag 

films. 
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Figure 6.1 Diagram showing the Ag/Ag+ equilibrium and deposition and dissolution 

process as the potentials are changed with respect to equilibrium 

 

In this work, thin films of silver were grown from an aqueous solution of silver 

nitrate (𝐴𝑔𝑁𝑂3 ) in the presence of Og and Va plant leaf extracts. The effect of leaf 

extracts was characterised electrochemically at different potentials and the morphology 

of the created silver thin films was studied using Atomic force microscopy (AFM). 

During the 10 mins electrodeposition process it was observed that the electrolyte 

solution changes its colour suggesting that silver nanoparticles were also forming in the 

solution. The sizes of silver nanoparticles produced in this way were measured and 

obtained results were compared with those made by the biochemical synthesis method 

for same length of time.   

6.2 Literature review 

The electrodeposition of zinc on mild steel substrate in an acid chloride solution [170] 

has been reported. The electrodeposition done with tobacco leaf extract (made from 

sun-dried tobacco leaves) as additive was at a fixed pH of 5 with temperatures in the 

range 27 ℃ −30 ℃ .  By varying the additive concentration as well as electroplating 

times (15 -18 mins), zinc deposits of masses 24.1-28.3 mg were obtained. 

 

𝐴𝑔𝑎𝑞
+ + 𝑒 ↔ 𝐴𝑔𝑠

0 
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Zinc electrodeposition on mild steel in an acid chloride solution with cassava plant 

(Manihot) leaf extract has also been reported [171]. The electroplating which was also 

done at a fixed pH and with varied additive concentration investigated the surface 

coating efficiencies for different plating times and reported that after 18 mins plating 

time, the covered surface was devoid of pores, had the lowest corrosion rate and hence 

the best surface coverage efficiency of 64.5 %.  

The electrodeposition of zinc on a mild steel electrode in the presence of an additive 

Lawsonia inermis (popularly known as Henna) leaf extract has also been reported [172]. 

In that work zinc bath made up of zinc chloride and excess ammonium chloride was 

used. By varying the deposition current density and pH of the bath solution, the 

researchers reported that the presence of henna leaf extract reduced the sizes of the 

deposited particles and that there was improved adhesion of the zinc deposits to the 

substrate. Henna leaf extract has also been used as an additive in the electrodeposition 

of Zinc-Nickel alloy on a steel surface in an acid sulphate bath [173]. A better surface 

coverage than that achieved with pure zinc, with no porosity was reported. In yet 

another report, galvanostatic deposition technique was used to study the effect of 

pineapple juice used as an additive to an acid-chloride electrolyte for the 

electrodeposition of zinc on mild steel [174]. The zinc deposition on the mild steel 

substrate was pH and applied current density dependent. The zinc deposits on the 

substrate said to be dull at low pH values was brighter at high current density values and 

enabled the mild steel substrate to inhibit corrosion. Though the pineapple juice 

improved zinc depositions on the substrate, longer electrodeposition periods produced 

charred zinc deposits on the steel substrate.  

From the above literature review, it is evident that not much has been done on the effect 

of plant leaf extracts as additives for electrochemical deposition of silver on substrates 

and no data are available on the use of my chosen plant leaf extracts (Ocimum 

gratissimum (Og) and Vernonia amygdalina (Va) for silver electrodeposition. That is 

what this research will address.  
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6.3  Objectives of the experimental work  

 

The main objectives of this work were to explore silver deposition on a gold substrate in 

the presence of the chosen plant leaf extracts with specific focus on: 

(i) The effect of the plant leaf extracts on the structure of the silver deposits and 

in particular on parameters such as the uniformity, grain sizes and surface 

roughness 

(ii) The silver coverage of the substrate as a function of time and deposition 

potential and determining the average thickness of the silver from measured 

electrochemical data. 

 

6.4 Experimental Methods 

 

6.4.1 Electrochemical cell /Electrolyte  

The three-electrode cell shown in Figure 6.2 was used for the experiments. Silver films 

were created by electrochemical deposition method from 5 mM AgNO3+0.1 M KNO3 

solution in the presence of the Og or Va leaf extracts as additives. The electrochemical 

deposition was done with 50 mL solution (45 mL of the aqueous AgNO3 to which 5 mL 

of the Og/Va plant leaf extract was added). Potassium nitrate (KNO3) was also added to 

this mixture to ensure a good solution conductivity. The effect of these plant leaf 

extracts on the resulting nanostructures was studied. The resulting nanostructures were 

analysed by a combination of surface and structural characterization techniques.  

6.4.2 Cleaning and preparation of electrodes   

Gold films of 250 nm (with 4-10 nm Ti adhesion layer) evaporated on glass were used 

as a working electrode. The gold thin films were of area 0.5 cm2 and were cleaned in 

concentrated H2SO4 in a fume hood for about 5 mins. Thereafter, the sample was rinsed 

by Milli-Q water and dried using nitrogen gas.   
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That was followed by butane flame annealing by passing the flame over the gold 

surface at a height of approximately 3cm several times to remove any hydrocarbons 

which may have been adsorbed on the surface due to the air/environment exposure. The 

Au surface cleanliness was confirmed by hydrophilicity test. If a droplet of Milli-Q 

water completely wet the surface the surface cleanliness was confirmed. Following the 

test, the sample was dried with nitrogen gas and the working area of the gold substrate 

was then marked out with nail polish. The reference silver wire electrode and the 

counter Platinum electrode were cleaned by immersion in 1:1 mixture of HNO3: H2O 

for 10 seconds, then rinsed with ultra-pure water and dried with nitrogen gas. The 

Platinum electrode was then annealed using red hot butane flame for few seconds and 

allowed to cool down before use.  

 

6.5 Electrodeposition and electrochemical characterisation of silver films 

formed on gold substrate 

 

6.5.1 Cyclic voltammetry (CV) 

CV on the samples in this work was done at 10 mV/s scan rate in the range -0.05 V to 

0.4 V potentials versus Ag/Ag+ ref electrode (Figure 6.2). The CV was done using 

aqueous 5 mM AgNO3 and then using 5 mM AgNO3 +0.1 M KNO3, with and without 

the plant leaf extract.  Cyclic voltammetry of the aging solution was also briefly 

explored. Thus, the solution was left to age for about 90 mins and the its CV was 

repeated to see the effect of a prolonged presence of the leaf extract on the 

electrodeposition of silver on the gold substrate.  
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Figure 6.2 Set up of the three-electrode electrochemical cell used for the 

electrodeposition of Ag  

6.5.2 Chronoamperometry (CA) 

The CA for this work was done from a solution of 5 mM AgNO3 + 0.1 M KNO3 with 

and without the plant leaf extracts using the setup of Figure 6.2. This was achieved by 

setting the potential initially at  𝐸𝑙𝑒𝑣𝑒𝑙 1 = 0.3 V for t1= 20 s then stepping to the 

deposition potential 𝐸𝑙𝑒𝑣𝑒𝑙 2  potentials of -0.15 V and later of – 0.3 V for 600 s.  The 

charge of deposition, 𝑄𝑑𝑒𝑝, was then obtained for each potential by integrating the area 

under the current-time transients. This value was later used for comparison with the 

charge of dissolved Ag to determine the efficiency of electrodeposition. Often during 

deposition process some side reactions can take place and the total current measured 

during transients cannot be attributed only to the Ag. Therefore, after deposition of 

silver film, the working electrode (gold substrate) was taken out of the deposition 

solution, rinsed with ultra-pure water and dried with nitrogen before being moved to a 

separate solution (Figure 6.3) for dissolution of the Ag (using linear sweep 

voltammetry) to correctly estimate the thickness of the deposited silver films. When 

dissolution was not done, the deposited thin films after being rinsed with ultra-pure 

water were examined for their structure with AFM.  
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6.5.3 Linear sweep voltammetry (LSV) 

In this work LSV was used to dissolve silver to be able to estimate the amount of silver 

which was deposited on the substrate used (gold in this case). The LSV dissolution of 

Ag done in the set up shown in Figure 6.3 used perchlorate-based solution 1 mM 

AgClO4 + 0.1 M HClO4 free of any ions that can adsorb on the surface, so the amount of 

deposited silver could be determined most accurately. As the voltage is scanned from a 

value 𝑉1 = −0.005 𝑉 that is very close to the equilibrium of Ag to a more positive 

potential 𝑉2 = 0.75 𝑉 > 𝐸𝑒𝑞
0    at the scan rate of 10 mV/s silver dissolution occurred.  

 

 

Figure 6.3 Set up for Linear sweep voltammetry 

 

6.5.4 Characterization of silver nanoparticles formed in the solution during 

electrodeposition 

During the electrodeposition of the silver films, a colour change of the electrolyte like 

that observed during the biochemical synthesis of the AgNPs was observed. The mean 

sizes of the silver nanoparticles created in the solution were measured using the 

Dynamic Light Scattering (DLS) technique and the Transmission electron microscope. 

The TEM JEOL 2010 transmission electron microscope and the Malvern Zetasizer 

Dynamic Light Scattering (DLS) instrument were used. The mean sizes of the silver 
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4
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nanoparticles produced by the biochemical method were then compared with the silver 

nanoparticles produced during the electrochemical deposition process. 

6.5.5 AFM characterization of Ag films morphology  

 

The surface morphology studies of the gold substrate (working electrode) after the 

deposition of the silver with and without leaf extracts were done using the Nano surf 

Easyscan 2 Atomic Force microscope (AFM) for the -300 V deposition potential. The 

images were analysed using Gwyddion software which facilitated the estimation of the 

grain sizes as well as the surface roughness of the silver deposits. 

6.6 Results and discussion 

6.6.1 Cyclic voltammetry results  

The CVs curves (Figures 6.4 and Figure 6.5) show silver deposition on gold as well as 

its dissolution from Au.  It illustrates the effect of the added plant leaf extracts as well 

as the role of the KNO3 background solution which improved the conductivity of the 

electrolyte and the rate of electrodeposition. A Comparison of the CVs in Figure 6.4, in 

the solution immediately after the addition of the leaf extracts show that the kinetics of 

the silver deposition on the gold working electrode is affected. This is evident in the 

magnitude of the dissolution peaks when compared with the control CV. The lower 

current densities in the CV graphs in Figure 6.4 b are indications that both leaf extracts 

slow down the rate of silver deposition/dissolution possibly due to their adsorption on 

the surface of the growing film. The inhibition of deposition with the Va leaf extract is 

greater than that presented by the Og leaf extract. The deposition inhibition is also 

reflected in a slightly more negative potential of the onset of Ag deposition (negative 

current increase during cathodic scan) in the presence of Va extract. Because after 10 

mins of electrodeposition of silver on gold, there appears to be a spontaneous formation 

of AgNPs (like that observed during biochemical synthesis), the size of the silver 

nanoparticles formed were measured with DLS instrument and the results were 

compared with that obtained from the biochemically synthesized AgNPs after 10 

minutes. The results obtained are as displayed in Table 6.4.  
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The CV done with the aging solution shows two oxidation peaks (Figure 6.).  It is likely 

that as the silver was getting deposited on the gold substrate, silver nanoparticles were 

simultaneously formed in the electrochemical cell solution resulting in a reduction in 

the amount of silver available for deposition and producing in effect reduced film 

thicknesses as shown in Tables 6.1- 6.3.  

 

 Figure 6.4 CV plots with and without leaf extracts immediately after leaf extract 

addition.  CVs done in a) 5 mM AgNO3 and b) 5 mM AgNO3+0.1 M KNO3 solution at 

10 mV/s. Figure b) inset shows enlarged CVs in the leaf solutions for clarity. 
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Figure 6.5 CV plots with and without leaf extracts after ageing for 90 minutes.  CVs 

done in a) 5 mM AgNO3 and b) 5 mM AgNO3+0.1 M KNO3 solution at 10 mV/s. 

Figure b) inset shows enlarged CVs in the leaf solutions for clarity.  

6.6.2  Chronoamperometry and Linear sweep voltammetry results 

The CA graphs in Figure 6.6 show current transients during electrodeposition of Ag 

films at different deposition potentials in the solutions with and without leaf extracts 

leaves. To avoid any ambiguities with the incorporation of AgNPs during 

electrodeposition due to aging of the solution, the electrodeposition of the thin films 

was done immediately after the leaf extract addition. Again, the effect on the silver film 
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deposition with the addition of the background solution KNO3 is illustrated in Figures 

6.6a and 6.6b. A comparison of deposition currents at the two different potentials, -0.15 

to -0.3 V did not show significant current changes. 

 The deposition efficiency and thickness of the films were determined by using the data 

from the LSV dissolution of Ag. The average film thickness of the silver deposits for 

the two electrolytes as well as the calculated efficiencies of deposition are as given in 

Tables 6.1and 6.2 respectively for the films deposited at -0.3.  The 10 minutes 

depositions at the two different potentials, -0.15 and -0.3 V showed slight differences 

and different efficiencies, (probably due to the background processes taking place) and 

different film thicknesses (Tables 6.1 -6.3). 

The presence of the plant leaf extracts affected the amount of silver deposited on the 

gold by reducing the rate of deposition as shown by lower film thickness in their 

presence. The average film thickness after 10 mins deposition was highest without the 

leaf extracts. With the plant leaf extracts, the current levels were lower which is in 

agreement with the effects observed in the CV experiments, with the Va leaf extract 

giving the lowest rate of deposition.  
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Figure 6.6 (a) CA graphs for silver depositions done at potentials -0.150V and -0.300V 

for 10 min in the solutions with and without leaf extracts.   
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Figure 6.6 (b) CA graphs for silver depositions done at potentials -0.150V and -0.300V 

for 10 min in the solutions with and without leaf extracts with insets showing the 

current levels in the presence of the leaf extracts were nearly same. 
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The LSV graphs in Figure 6.7 indicate that the Og leaf extract yields a lower amount of 

silver deposit at potentials close to the equilibrium potential. However, with a more 

negative potential of – 300 mV, the Va leaf extract gave a lower silver film deposition 

on the gold. 

 

 

Figure 6.7 LSV graphs for silver depositions done at -0.300 V for 10 mins.  
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Table 6.1  Silver thin film deposition from 5 mM AgNO3 solution with and without the 

plant leaf extracts at deposition potential of – 0.300 V for 10 min.   

Electrolyte   𝑸𝒅𝒆𝒑( 𝒎𝑪/

𝒄𝒎𝟐 ) 

𝑸𝒅𝒊𝒔𝒔( 𝒎𝑪

/ 𝒄𝒎𝟐) 

Deposition 

Efficiency  

 (
𝑄𝑑𝑖𝑠𝑠

𝑄𝑑𝑒𝑝
 %) 

Average silver film 

thickness(nm) 

AgNO3 368 301 82 64.0 

AgNO3+Og  42 33 79 7.0 

AgNO3 + Va  12 11 92 2.0 

 

Table 6.2: Silver thin film after 10 mins deposition from 5 mM AgNO3+0.1 M KNO3 

solution with and without the plant leaf extracts at deposition potential of – 300mV and 

area of substrate 0.50 𝑐𝑚2. 

 

Electrolyte   𝑸𝒅𝒆𝒑( 𝒎𝑪/

𝒄𝒎𝟐 ) 

𝑸𝒅𝒊𝒔𝒔 ( 𝒎𝑪/

 𝒄𝒎𝟐) 

Deposition 

Efficiency  

( 
𝑄𝑑𝑖𝑠𝑠

𝑄𝑑𝑒𝑝
 %) 

Average silver film 

thickness (nm) 

AgNO3+ 

KNO3 

245 104 42 22.0 

AgNO3 + 

KNO3+ Og 

45 31 69 7.0 

AgNO3 + 

KNO3 + Va 

9 8 89 2.0 
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Table 6.3: Silver thin film after 10 mins deposition from 5 mM AgNO3+0.1 M KNO3 

solution with and without the plant leaf extracts at deposition potential of – 150mV and 

area of substrate 0.48 𝑐𝑚2. 

Electrolyte   𝑸𝒅𝒆𝒑( 𝒎𝑪/

𝒄𝒎𝟐 ) 

𝑸𝒅𝒊𝒔𝒔 ( 𝒎𝑪/

 𝒄𝒎𝟐) 

Deposition 

Efficiency  

( 
𝑄𝑑𝑖𝑠𝑠

𝑄𝑑𝑒𝑝
 %) 

Silver film 

average 

thickness (nm) 

AgNO3+ 

KNO3 

195 117 60 25.0 

AgNO3 + 

KNO3+ Og 

45 38 84 8.0 

AgNO3 + 

KNO3 + Va 

8 7 88 1.5 
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6.6.3  Atomic force microscopy (AFM) results 

 

The AFM was used to examine the morphology of the deposited Ag films. Figure 6.8 

shows 5μm images of the deposits grown at the -300 mV potential with and without 

leaves extracts.  

 

Figure 6.8 (a) AFM images of Ag films (b) 3D images of the silver grains on the gold 

from 5 mM AgNO3  at – 300 mV for 10 mins with and without Og and Va plant leaf 

extracts 
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Mean grain size- 1.1 ±  0.03 𝜇𝑚 
Roughness - 8.7 n𝑚 
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Mean grain size- 0.874±0.01 𝜇𝑚 
Roughness- 9.3 n𝑚 

Mean grain size- 0.674±0.01 𝜇𝑚  
Roughness- 10.6 n𝑚 
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The mean grain sizes for the samples were determined by using Gwyddion software by 

analysing over 120 grains. The results show that the Og grains were larger( 0.874 ±

0.03 𝜇𝑚) than the Va grains (0.674 ± 0.01 𝜇𝑚). The Va leaf extract however produced 

a higher surface roughness (Roughness- 10.6 n𝑚) than the Og leaf extract (Roughness- 

9.3 n𝑚). 

 

6.7  Silver nanoparticles formed in the solution during electrodeposition 

During electrodeposition (CA) experiments changes of the electrolyte solution colour 

were observed. The changes were similar to those observed during biochemical 

synthesis suggesting the formation of the AgNPs in the solution but at the much shorter 

time scales.  To explore if the NPs formation is the result of the side processes, the 

electrodeposition of Ag was conducted in a set up with the counter electrode separated 

in the lugin capillary tube as shown in Figure 6.9.  It was observed that the solution 

colour changes were not induced by counter electrode but mainly at the working 

electrode.  

 

 

Figure 6.9 Platinum counter electrode separated from the other electrodes. 
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6.8 Characterization of silver nanoparticles formed during electrodeposition  

  

6.8.1 Transmission electron microscope (TEM) and Dynamic light scattering 

(DLS) results  

 

The TEM images of the Og silver nanoparticles made during electrodeposition of the 

silver film on the gold are as shown in Figures 6.10. Their TEM size analysis gave the 

mean size of the Og silver nanoparticles to be 49±1 nm. The Va sample was not 

examined with TEM as this was not the focus of the work however the DLS data for 

both the Og and Va silver nanoparticles from both the biochemical and 

electrodeposition methods are presented in Table 6.4 and shows they have sizes smaller 

than the biochemically synthesized silver nanoparticles.  

 

Figure 6.10 TEM image of Og silver nanoparticles produced during electrodeposition 

of the silver on gold 
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Table 6.4  Dynamic Light Scattering ( DLS) size distribution of Ag nanoparticles based 

on method of synthesis and leaf extract used. 

Type of 

Nanoparticles 

Method of nanoparticle synthesis 

Biochemical AgNPs 

synthesis 

 AgNPs formed during silver 

electrodeposition on gold 

Mean size 

(nm) 

Standard 

deviation 

Mean size 

(nm) 

Standard 

deviation 

Og Silver 

nanoparticles 

92 6.15 63 2.79 

Va Silver 

nanoparticles 

65 5.36 47 6.94 

 

6.9 Conclusions 

 

Silver thin film electrodeposition on gold film was done in the presence of Ocimum 

gratissimum and Vernonia amygdalina plant leaf extracts to see if the leaf extract had 

any effect on the morphology and film thickness of the silver deposits. Deposition of the 

silver film was done for 10 minutes from a three-electrode electrochemical cell with 

analyte of aqueous 𝐴𝑔𝑁𝑂3 with and without plant leaf extract. Deposition was done 

immediately after plant leaf extract addition and later with an aging solution. The 

obtained results show that the deposition of the Ag film is reduced by the leaf extract 

molecules adsorbed on growing Ag films which in turn affected the rate of electron 

transport across the surface (activation effect) as well as the effect on the transport of 

Ag+ ions towards the electrode. The CV results were in agreement with those of the CA. 

Regardless of the changes which occur after the electrolyte solution aged, there is a 

general effect of the plant leaf extract in the solution on the overall effect of the silver 

deposition/dissolution kinetics. It is possible that the organic molecules in the leaf 
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extracts interact and adsorb on the surface of the deposited silver and that their presence 

around the electrode during growth may have affected the transport of the silver ions 

towards the electrode. The produced Ag film in the presence of the plant leaf extracts 

had refined grains whose sizes and surface roughness values which were also leaf 

extract dependent.  The silver film average thickness was higher with the Og leaf extract 

than the Va leaf extract. 
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Chapter 7  

Zinc oxide nanofertilizer for Amaranthus cruentus 

growth 

 

7.1 Introduction 

The current population explosion which the world is experiencing and the need for food 

security [175] has made it necessary to look for ways of boosting food production. 

Traditionally, organic fertilizers were relied on to achieve this, but later bulk chemical 

fertilizers had to be used.  Most recently however, attention has shifted to other sources 

[176]. Beside the significant amount of resources required for their production, organic 

fertilizers used for planting food crops can sometimes be unhealthy, as some pathogens 

from them may cling to the planted crops, risking the food crop contamination. 

Similarly, bulk chemical fertilizers are becoming more expensive and not so affordable 

to all farmers. These reasons among others have made it necessary to search for 

alternative fertilizers and researchers are exploring the possibility of replacing organic 

and bulk  chemical fertilizers with nanofertilizers [177]. 

The use of nanofertilizers is advantageous because unlike organic or bulk chemical 

fertilizers, only small quantities are needed for cultivating crops. Using nanofertilizer 

guarantees the conservation of plants natural minerals, and reduces environmental 

pollution [178]. With ordinary fertilizers, erosion could result in the washing off from 

the soil of some essential elements meant to boost the growth of crops, but with 

nanofertilizers these can be  replaced because application of nanoparticles can be 

tailored and targeted and  their small sizes and high surface to volume ratios make them 

easily absorbable [179]. Nano fertilizers apart from enhancing the growth of plants can 

stimulate early flowering [180] and in some cases raise their nutritional value [181] or 

increase their photosynthesis rate and nutrient intake [180, 182]. When nanoparticles are 
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applied to plants through the soil, the plants can serve as vehicles [183] for taking the 

nanoparticles up to its shoot through the vascular system. The nanoparticles as they 

make their way up the shoots, can either form new pores or enlarge already existing 

ones [184] [185] to accommodate whatever size of nanoparticles are passing through. 

Some identified downside to the use of nanoparticles for the cultivating crops include 

the toxicity to the ecosystem and (in some cases) to the crops grown [186]. Toxicity is 

mainly from free radicals and can result in DNA destruction [186]. 

The type of nanoparticles used for growing a plant as well as its concentration [188] are 

said to affect the yield of its beneficiary plant. While low concentrations of 

nanoparticles can induce seed germination and enhance the resulting plant growth rate 

[189, 190], high concentrations of it can result in oxidative stress on the plant thwarting 

its growth [188]. 

In this research, the interactive effect of the pH and concentration of zinc oxide 

nanoparticles synthesized using Og and Va plant leaf extracts on the growth parameters 

of Amaranthus cruentus specifically its seedling characteristics and vegetative growth 

was investigated. Some aspects of the research has already been published in African 

Journal of Biotechnology [191] with me as the lead Author. Amaranthus cruentus of 

family Amaranthaceae used as spinach in some countries like mine, has protein rich 

grains and its leaves contain various vitamins. It is fairly affordable by low income 

earners and thrives in tropical climates. The effect of these nanoparticles on the growth 

of Amaranthus cruentus was studied over a period of 5 weeks in Makurdi Nigeria. This 

town (latitude 7.44 ° N and longitude 8.32 ° E) is located in the middle belt region of the 

country [192] which has an annual rainfall in the range 1200 mm -1500 mm , 

temperature range 21 ℃ - 35 ℃ and with relative humidity in the range 31 % - 85 %. 

This work did not discuss the biological process behind the assimilation of the zinc 

oxide nanoparticles into the plant cells but rather showed how the pH of ZnO 

nanoparticles synthesis and concentration of the colloidal solution of the nanoparticle 

used as nanofertilizer used affect the A. cruentus growth. It also gives the different 

treatments which make observable changes in the seedling characteristics and 
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vegetative growth of the Amaranthus cruentus seeds and plants. Furthermore, for each 

of the two seed varieties and for the Og and Va zinc oxide nanofertilizer, the treatment 

beyond which the yield of the plants drops (the critical point) was also investigated.    

7.2 Literature review  

Zinc oxide nanoparticles used for growing plants can be chemically or bio- synthesized 

but the later method is preferred because chemically synthesized zinc oxide 

nanoparticles are reported to be toxic to plants and can lower their protein content [178] 

[193]. Though zinc oxide nanoparticles have been said to enhance seedling, vegetative 

and root growth in some plants [180], high concentrations of it are reported to induce 

oxidative stress [188, 194] in shoots and roots of others retarding their growth [195]. 

While some researchers have reported that zinc oxide nanoparticles can increase the 

chlorophyll content and photosynthetic pigment of plants [180, 189], others have 

observed a low rate of photosynthesis in the leaves of plants [196]. Zinc oxide 

nanoparticles are also said to raise nutrients such as starch, glutelin, protein as well as 

sugar levels in plants treated with it [181, 197]. Increased biomass [197-199], 

antioxidant ability of plant enzymes [181],  early flowering [180, 193], high seed vigour 

[200], better vegetative growth with corresponding larger leaves [201] and  better yield 

of shoots and seeds [180, 181] are some of the many benefits derivable from the use of 

zinc oxide nanoparticles. 

Zinc oxide nanoparticles from a pH 5.8 solution has been used for planting Brassica 

nigra seeds [188] and a rise in its non-enzymatic antioxidant ability [188] was reported. 

In another research, zinc oxide nanoparticles made from a solution of pH 7.4 was re-

made using a  pH 7 solution for better solubility [201] and used for the irrigation 

farming of corn.  The corn shoot was reported to have broad leaves.    

The effects of zinc oxide nanoparticles on the germination of the seeds and shoots of 

peanuts, corn/maize, rice, soybean, sesamum, chickpea, Brassica nigra, onions, mung 

beans as well as vegetative growth of cabbage, lettuce, cauliflower and tomatoes have 

also been reported.  While the number of seeds used for each study ranged from 5-10 
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seeds [194, 201] the concentration of zinc oxide nanoparticles used in growing these 

plants ranged from as low as 1-20 mg/l to as high as 2000 mg/l [180, 188, 194]. Also 

while the period of growth and study of the nanoparticles effect on the plants ranged 

from as short as 5 days to as high as 110 days [180, 193], methods of application of the 

nanoparticles to the seeds or plants were also varied. They included planting the seeds 

in an already zinc oxide nanoparticles treated soil or soaking the seeds in the 

nanoparticles before planting. Other methods adopted were irrigation farming of the 

chosen crops or spraying of the chosen plant shoots with the ZnO nanoparticles after a 

regular time interval [180, 193]. 

While the reported researches investigated the effect of zinc oxide nanoparticles on a 

wide variety of crops and some used ZnO nanoparticles made from solution of a 

specific pH value, none of them studied the interactive effect of the concentration and 

pH of synthesis of ZnO nanoparticles on Amaranthus cruentus seeds or plants. That is 

what this present research will address.  

Therefore, zinc oxide nanoparticles made from solutions of three different pH values 

(pH 8, 10 and 12) were used and six different concentrations (10, 100, 500, 1000, 1500 

and 2000 mg/l) of their colloidal solutions were used as nanofertilizer for the study. The 

choice of the stated range of pH of synthesis of the zinc oxide nanoparticles stems from 

the fact that high pH of nanoparticles synthesis can shorten the precipitation time but 

raise the purity level of the nanoparticles [202].  

7.3 Materials and Methods 

Colloidal solutions of Og and Va zinc oxide nanoparticles synthesized were used as 

nanofertilizer for growing two varieties of Amaranthus cruentus namely the black-

seeded (BS) and pale-seeded (PS) varieties. The zinc oxide nanoparticles solutions were 

applied thrice to the soil in which the seeds were planted. These were:  before the 

planting, a week after the first seeds emerged and two weeks after the first seed 

emergence. The effect of the pH of synthesis of the ZnO and the concentration of the 

colloidal solution of zinc oxide nanofertilizer on the seedling characteristics of the 

Amaranthus cruentus namely the emergence percent (%E), the emergence index (EI) 
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and the emergence rate index (ERI) were determined using the equations 7.1-7.3.  The 

vegetative growth the plant namely its height, leaf area and yield percent (equation7. 4) 

were also studied. 

% E =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 𝑡ℎ𝑎𝑡 𝑒𝑚𝑒𝑟𝑔𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑝𝑙𝑎𝑛𝑡𝑒𝑑
                       (7.1) 

 

E I =
∑𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑟𝑠𝑡 𝑠𝑒𝑒𝑑 𝑒𝑚𝑒𝑟𝑔𝑒𝑠×𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡ℎ𝑎𝑡 𝑒𝑚𝑒𝑟𝑔𝑒 𝑡ℎ𝑎𝑡 𝑑𝑎𝑦

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡ℎ𝑎𝑡 𝑒𝑚𝑒𝑟𝑔𝑒𝑑
     (7.2) 

 

 ERI =
𝐸𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥

𝐸𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒
                                                                                       (7.3) 

 

7.3.1 Seed planting and soil preparation 

Two varieties of Amaranthus cruentus were chosen for the study. These are the black-

seeded variety (Figure 7.3 a) and the pale-seeded variety (Figure 7.3 b). The seeds were 

treated as follows: (i) soaked in nanoparticle solution for 10 mins before planting, (ii) 

soaked in water for 10 mins, and (iii) not soaked in either water or nanoparticles.  

 In this study, it was assumed that the A. cruentus seeds used are of good quality and 

therefore have no defects, hence are expected to grow well. The soil in which the A. 

cruentus seeds were planted was first analysed for its constituent elements before the 

planting and after harvesting the plants. The soil analysis before the planting showed it 

to be of pH 6.00 and made up of 79.5 % of sand, 10.5 % clay and 10.0 % silt. Organic 

carbon was 1.50 %, while its zinc content was 0.24 mg kg-1. The pots used for the 

planting each contained 8 × 10−3 𝑚3 of soil treated with 50 ml of the liquid 

nanofertiliser, but the blank control pots contained untreated soil. The seeds were 

planted in the soil at a depth of 0.7 cm and there were three replications (Figure 7.2) of 

each soil treatment. The pots were housed in a screen house (Figure 7.1) to protect the 

germinating seeds and subsequently growing plants from all other factors, except the 

effects of the applied nanofertilizer. One hundred seeds were planted in each pot in 
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accordance with the international Seed Testing Association (ISTA) prescription [203]. 

After determining the emergence percent for each seed variety and treatment, the plants 

were thinned from one hundred to eight. Four of these eight plants were tagged and 

labelled (Figure 7. 3 c) for all other investigations that were done.  

 

Figure 7.1   Screen house to shield the plants from factors other than those investigated 
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Figure 7.2 layout of pots containing plants with three replications of each treatment  
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Figure 7.3 (a) Amaranthus cruentus black seeded (b) pale seeded varieties. 

 

The period of the whole study was five weeks. At the end of the five weeks and for each 

pot, which had nanoparticles in the soil, and hence each treatment including the control, 

the fresh plants were harvested, and the fresh weight was determined. The plants were 

then dried in an oven set to 70 ℃ for 72 hours and their dry weight in each case was 

also measured. From these data the yield of the plants was determined using equation 

(7.4) below: 

  𝑌𝑖𝑒𝑙𝑑 % = 
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠

𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠
× 100                                                            (7.4)                                    

 

 

a 

c 

b 

c 

d e 



 

138 
 

The seedling characteristics were studied for a period of one week. Four factors were 

considered in this study. These were (i) pH of the biosynthesised zinc oxide 

nanoparticles, (ii) seed varieties of the Amaranthus. cruentus, (iii) concentration of the 

colloidal solution of the zinc oxide nonfertilizer, and (iv) seed soaking. 

7.3.2 Zinc oxide nano fertilizer 

Zinc oxide nanoparticles from three different pH solution namely pH8, pH 10 and pH 

12 referred to as P1, P2 and P3 respectively and with concentrations of its colloidal 

solutions: 10, 100, 500,1000, 1500, and 2000 mg/L designated as N1, N2, N3, N4, N5, 

and N6 respectively were used for the study.  The blank control pots which contained 

untreated soil /plants were labelled as P0N0. 

7.3.3 Statistical analysis 

The data resulting from the interactive effect of the pH and concentration of the applied 

nanoparticles on the plants under investigation was subjected to the analysis of variance 

(ANOVA) and the tests were done at 5 % probability (or 95 % confidence Interval CI) 

using Genstat release 10.3 DE. The effect of the seed soaking before planting was found 

to be insignificant and hence ignored. The obtained results for the effect of pH and 

concentration on the percent emergence (%E), Emergence index (EI), Emergence Rate 

Index (ERI) and leaf Area are plotted using bar charts (Figures 7.4-7.9, and 7.14) and to 

add credibility to the results, error bars were added. By drawing lines across, from the 

bottom of the error bar with the highest dependent variable (%E, EI, ERI etc) or from 

the top of the error bar with the lowest dependent variable it was possible to tell which 

differences were significant and which ones were not. 

7.4 Results and discussions 

7.5 Seedling characteristics 

The planted seeds took two days to start emerging from the soil and all the viable seeds 

germinated after ten days. The response of the treated seeds in each case was compared 

with that of the blank control (P0N0). Tables 7.1a and b give an overview of which 
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treatments gave good results and which ones produced poor results for each seed 

variety. 

7.5.1 Percent emergence (%E) 

This gives the number of seeds that germinate out of the 100 planted. High percentages 

of emergence are desirable. The Og zinc oxide nanoparticles synthesized at all three pH 

levels raised the percent emergence of the pale-seeded variety above that of the control. 

The best percent emergence of 69 % for the P1N2 treatment given to the pale-seeded 

variety is from the error bar analysis (Figure 7.4) significantly different from the 

outcome of the other treatments. This result  is 19 % higher than the value recorded for 

the control PS variety and 38 % higher than the value obtained for the control BS 

variety.  The worst percent emergence of 29 % (P3N1) for the black-seeded variety was 

significant for most PS treatments but was not significantly different from the values 

obtained for other BS treatments.  The poor % E result from the pH 12 nanoparticles, 

could be because of their large sizes which as explained in the introductory part of this 

chapter, made them unable to penetrate the plant cell membrane and create the desired 

growth enhancement.  

For the Va zinc oxide nanoparticles, a similar trend was observed as most of the 

treatments favoured the pale-seeded variety. The P3N1 treatment gave the best percent 

emergence of 67 % for the pale-seeded variety, which was significantly different from 

those of other treatments.  The control (P0N0) for the BS variety gave the worst percent 

emergence of 33 % which was significantly different from the results of some 

treatments given to the PS variety (Figure 7.5). Tables 7.1 a and 7.1 b give a summary 

of the plant performances for different treatments. 
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Table 7.I a Summary of the Og zinc oxide Nano fertilizer treatments that 

produce good or poor results for each seed variety. 

Parameter Og ZnO Nano fertilizer 

Best 

treatment 

Seed 

variety/Results 

Worst 

treatment 

Seed 

variety/Results 

% E P1N2 PS (69 %) P3N1 BS (29 %) 

E I P1N2 BS (2.28) P0N0 BS (4.00) 

ERI P1N3 PS (3.89) P0N0 BS (9.8) 

Key: PS→ Pale- seeded Amaranth.  BS→ Black- seeded Amaranth.   

P1 = pH 8, P2 = pH 10, P3 = pH 12.  N1 = 10 mgl-1; N2 = 100 mgl-1; N3 = 500 mgl-1      

  

Table 7.I b Summary of the Va zinc oxide Nano fertilizer treatments that 

produce good or poor results and for which seed variety. 

Parameter                                  Va ZnO Nano fertilizer 

Best 

treatment 

Seed variety/Results Worst 

treatment 

Seed variety/Results 

% E P3N1 PS (67 %) P0N0 BS (33 %) 

E I P1N2 PS (2.34) P0N0 BS (5.00) 

ERI P1N3 PS (3.33) P0N0 BS (10.00) 

 

Key: PS→ Pale- seeded Amaranth.  BS→ Black- seeded Amaranth.   

P1 = pH 8, P2 = pH 10, P3 = pH 12.  N1 = 10 mgl-1; N2 = 100 mgl-1; N3 = 500 

mgl-1 
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Figure 7.4 Interactive effect of pH and concentration of colloidal solutions of Og zinc 

oxide nanoparticles on the percentage emergence of the Amaranthus cruentus seed. 

 

Figure 7.5 Interactive effect of pH and concentration of colloidal solutions of Va zinc 

oxide nanoparticles on the percentage emergence of the Amaranthus cruentus seed. 

P0N0 P1N1 P1N2 P1N3 P2N1 P2N2 P2N3 P3N1 P3N2 P3N3

0

10

20

30

40

50

60

70

P
e

rc
e

n
ta

g
e
 E

m
e

rg
e
n

c
e

 %

Treatments

 P/S

 B/S

Effect of pH and concentration of Og- ZnO NPs on % E 

P0N0 P1N1 P1N2 P1N3 P2N1 P2N2 P2N3 P3N1 P3N2 P3N3

0

10

20

30

40

50

60

70

P
e

rc
e

n
ta

g
e
 E

m
e

rg
e
n

c
e

 (
%

)

Treatments

 P/S

 B/S

Effect of pH and concentration of Va- ZnO NPs on % E



 

142 
 

7.5.2 Emergence index (EI) 

The emergence index gives an indication of the uniformity of growth of both the pale-

seeded and black-seeded varieties. For the Og zinc oxide nanoparticles, the control 

(P0N0) had the worst EI values of 4 for the black-seeded variety and 3.5 for the pale-

seeded variety (Figure 7.6). These values are significantly different from those of other 

treatments. The best EI value of 2.28 was obtained for the BS variety (P1N2) but this is 

not significantly different from the values obtained for other treatments. For Va zinc 

oxide nanoparticles however the worst EI value of 5 was obtained for the BS variety of 

the control (P0N0) and was significantly different from the results of the other 

treatments. The best EI value of 2.34 (P1N2) obtained for the pale-seeded variety is 

significant when compared to the outcome of BS (P3N2) but is not significant when 

compared with the results from other treatments given to PS plants (Figure 7.7). 

A summary of key EI performance results of the seeds is given in Tables 7.1 a and b. 

 

  

Figure 7.6 Interactive effect of pH and concentration of colloidal solutions of Og zinc 

oxide nanoparticles on the emergence index of the Amaranthus cruentus seeds. 
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Figure 7.7 Interactive effect of pH and concentration of colloidal solutions of Va zinc 

oxide nanoparticles on the emergence index of the Amaranthus cruentus seed. 

 

7.5.3 Emergence rate index (ERI) 

This term gives the ease with which the planted seeds germinate. Lower ERI are better 

than higher ones. Obtained results show that for both the Og and Va zinc oxide Nano 

fertilizer, the control P0N0 had the worst ERI values for the BS variety. For the Og zinc 

oxide nanoparticles, the best ERI value of 3.9 (P1N3) obtained for the pale seeded 

variety was not significantly different from the outcome of the treatment given to other 

PS plants but it was significant for P3N1 and P3N2 treatments given to the BS variety 

(Figure 7.8). For the Va ZnO Nano fertilizer however, the control (both BS and PS) had 

the worst ERI values of 10 for the BS plants.  The best ERI value of 3.33(P3N1) 

obtained for the PS variety is significant for most BS plants but not significantly 

different from values observed for other PS plants (Figure 7.9). A summary of key 

results is also shown in Table 7.1b.  

P0N0 P1N1 P1N2 P1N3 P2N1 P2N2 P2N3 P3N1 P3N2 P3N3

0

1

2

3

4

5

E
m

e
rg

e
n

c
e

 i
n

d
e

x
 (

E
I)

Treatments

 P/S

 B/S

Effect of pH and concentration of Va - ZnO NPs on EI



 

144 
 

 

Figure 7.8    Interactive effect of pH and concentration of colloidal solutions of Og zinc 

oxide nanoparticles on the emergence rate index of the Amaranthus cruentus seeds. 

 

Figure 7.9    Interactive effect of pH and concentration of colloidal solutions of Va zinc 

oxide nanoparticles on the emergence rate index of the Amaranthus cruentus seeds. 
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7.6 Vegetative growth of the Amaranthus cruentus 

7.6.1 Plant height 

The effect of the nanoparticles on the height of the plant for a period of five weeks was 

studied and comparison as before was made with that of the control (P0N0). In most 

cases and for the two seed varieties, the plants got to their maximum height after four 

weeks and beyond this there seemed to be no reasonable increase in height (Figures 

7.10 - 7.13). In all cases the control (P0N0) was the shortest. It was also observed that 

for the Va zinc oxide Nano fertilizer treated black seeded variety plants, their heights 

generally increased when treated with nanoparticles synthesized at lower pH (Figure 

7.10a). This means that smaller nanoparticles favoured height enhancement of the pale 

and black- seeded variety (Figure 7.10b). Similarly, the PS plants treated with pH 8, 10 

mg/l Og zinc oxide nanofertilizer, were the tallest while the control (P0N0) plants were 

the shortest. (Figures 7.11a and b).  

 

Figure 7.10a Variation of height of Va – Amaranthus cruentus black-seeded plants with 

weeks of planting 
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It was observed that while low pH synthesized nanoparticles produced taller plants, high 

pH synthesized nanoparticles produced shorter plants. It was also observed that the 

pale- seeded plants had thicker stems and grew taller than the black seeded variety. 

 

 

 

 

Figure 7.10b Variation of height of Va – Amaranthus cruentus pale-seeded plants with 

weeks of planting 

 

1 2 3 4 5

4

6

8

10

12

14

16

18

20

22

H
e
ig

h
t 

o
f 

P
la

n
ts

 (
c
m

)

Number of weeks

 P1N1

 P1N2

 P1N3

 P2N1

 P2N2

 P2N3

 P3N1

 P3N2

 P3N3

 P0N0

Variation of height of Va-pale seeded Amaranth with weeks of planting



 

147 
 

 

Figure 7.11a Variation of height of Og – Amaranthus cruentus black-seeded plants 

with weeks of planting 

 

Figure 7.11b Variation of height of Og – Amaranthus cruentus pale-seeded plants with 

weeks of planting 
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7.6.2 Leaf Area 

For all the three pH levels, the black seeded variety plants which were given the Og zinc 

oxide nanoparticles treatment had a better shoot growth than the pale seeded variety 

except for the control. For the Og zinc oxide nanoparticles the treatment which 

produced large leaves of area 63 cm2 was P2N3 for the BS variety, This value was 

significantly different from the result of all other treatments. This same treatment 

resulted in the worse leaf area of 4 cm2 for the PS plants and the result was also 

significantly different from the outcome of other treatments Thus, while the black-

seeded variety had more broad leaves for a given treatment, the pale-seeded variety 

produced scanty and mostly narrow leaves.   

 

Figure 7.12 Variation of Leaf Area of Og and Va – Amaranthus cruentus black and 

pale-seeded treated plants. 
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For the Va zinc oxide nanoparticles, the P1N3 treatment given to the PS plant had the 

broadest leaf of area 53 cm2 which was significantly different from the result of all other 

treatments. The narrowest leaf was of area 5 cm2 due to nanoparticles made in pH 10, 

100mg/L solution but this result though significant for the BS variety was not 

significant for the pale seeded plants. 

 

7.6.3 Yield of plants 

The yield percent was calculated to see how much dry biomass resulted from the fresh 

plants harvested. Furthermore, it was used to identify the particular nanoparticle 

concentration beyond which there was a sharp decrease in the yield of the Amaranthus 

cruentus plants (critical point). In all cases, the control P0N0 gave the lowest yield. . 

Generally, for both the Og and Va zinc oxide nanoparticles synthesized at all three pH 

levels except for the Og pH 12 zinc oxide nanoparticles which showed the black seeded 

variety as having a high yield percent, the pale seeded variety gave better yield percent 

than the black seeded variety. Table 7.2 gives a summary of the yield of the investigated 

plant. 

While the critical point for the pH 8 Va ZnO nanofertilizer was found to be 10 mg/l for 

the black seeded variety, it was 500 mg/l for the pale seeded variety. For the Og zinc 

oxide nanoparticles, the critical point for the black seeded variety was 100 mg/l while 

for the pale seeded variety two points (Figure 7. 13) namely the 10 mg/l and 500 mg/l 

concentrations were identified.  
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Table 7.2 ZnO Nano fertilizer Treatments and yield outcome for Black seeded (BS) and 

pale seeded (PS) varieties 

 

Nano - 

ZnO  

 pH 

Va Nps 

 

Og Nps 

 

Maximum Yield 

% for each pH for  

the Og /Va 

nanoparticles Treatment Seed 

variety/yield 

Treatment Seed 

variety/yield 

pH 8 P1N1 

P1N3 

BS (23%) 

PS (29%) 

P1N2 

P1N1 

P1N3 

BS (19%) 

PS (23%) 

PS (21%) 

PS (Va NPs) 29% 

PS (Og NPs) 23% 

pH 10 P2N1 

P2N3 

BS (27%) 

PS (23%) 

P2N3 

P2N3 

BS (25%) 

PS (60%) 

PS (Og NPs) 60% 

BS (Va NPs) 27% 

pH 12 P3N3 

P3N3 

BS (22%) 

PS (25%) 

P3N1 

P3N3 

P3N3 

BS (35%) 

BS (16%) 

PS (18%) 

PS (Va NPs) 25% 

BS (Og NPs) 35% 

 

 

KEY:       Nps – nanoparticles 

     BS – Black seeded    PS – Pale seeded 

 

For the Va pH 10 ZnO nanoparticles, the critical points were 100 mg/l for the black 

seeded variety and 500 mg/l for the pale seeded variety while for the Og zinc oxide 

nanoparticles treated plants and for both the black seeded and pale seeded varieties, the 

critical point was 500 mg/l, though with a slight yield increase for the 1500 mg/l 

concentration (Figure 7.14). 
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The critical point for the pH 12 Va ZnO nanoparticles (Figure 7.15) treated plants was 

found to be 500 mg/l for both plant varieties but for the Og ZnO nanoparticles treated 

black seeded plants, three points were observed. These were 10 mg/L 500 mg/L and 

1500 mg/l concentrations with the yield percent decreasing in that order. For the pale 

seeded variety, the critical point was observed at 500 mg/l concentration. Thus from 

these analysis, the pale seeded variety had the highest yield and this agrees with the 

results of the seedling characteristics for the same variety. For all nanoparticles and for 

all synthesis pH, there was a sharp decrease in yield for treatments done with 1000 

mg/L-2000 mg/L ZnO Nano fertilizer concentration.  

 

 

 

 

 

Figure 7.13 pH 8 zinc oxide nanoparticles effect on yield for BS and PS A. cruentus 
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Figure 7.14 pH 10 zinc oxide nanoparticles effect on yield for BS and PS Amaranthus 

cruentus 

 

 

Figure 7.15 pH 12 zinc oxide nanoparticles effect on yield for BS and PS Amaranthus 

cruentus 
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7.7 Conclusions 

The study on the response of the Amaranthus cruentus seedling characteristics and 

vegetative growth to the different zinc oxide Nano fertilizer treatments showed some 

interesting results. In most cases, the treated seeds/plants showed improved 

characteristics over the control (P0N0) which were not treated with the zinc oxide 

nanoparticles.  

The pale-seeded variety had higher Emergence percent than the black-seeded variety 

and a high concentration of the ZnO Nano fertilizer reduced the E % of both seed 

varieties. A high concentration of the Og ZnO nanoparticles synthesized at all three pH 

levels increased the Emergence Index (EI) values. From the ERI analysis, the Va ZnO 

Nano fertilizer gave a better value for the pale-seeded variety than the Og ZnO 

nanofertilizer. The results of the seedling characteristics show that key factors to be 

mindful of while using the ZnO nanofertilizer are the pH of synthesis of the 

nanoparticles and therefore their sizes. The concentration of the colloidal ZnO Nano 

fertilizer used is also a feature to watch out for as high concentrations of the nano 

fertilizer did not favour these growth parameters. While good uniformity of growth of 

the Amaranthus Cruentus plants are achievable with low concentrations of Og ZnO 

Nano fertilizer, faster plant growth can be achieved using Va ZnO Nano fertilizer and 

this obviously should be the choice of any serious-minded farmer. 

The vegetative growth results showed that low concentrations of pH 8 ZnO 

Nanoparticles when used as fertilizer produced taller plants. The pale-seeded variety 

given the Og ZnO nanofertilizer had narrow leaves however, low concentration of the 

pH 10 ZnO nanofertilizer gave the PS variety the best yield of 60 %.  Though the black- 

seeded variety produced more leaves, it was shorter and had a lower yield. For any 

researcher who might be interested in extending this work, the concentration of the 

nanoparticles used should be carefully chosen depending on the parameters of interest. 

This work could also be extended to investigate the toxicity levels of the used ZnO 

Nano fertilizer in the Amaranthus cruentus plant leaves in order to advise prospective 

consumers. 
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Chapter 8   

8.1 Conclusions and recommendations for further 

work 

8.1.1 Conclusions 

Silver and zinc oxide nanoparticles biosynthesized using Ocimum gratissimum (Og) 

and Vernonia amygdalina (Va) plant leaf extracts were characterised using optical 

spectroscopy and electron microscopy. The nanoparticles which were predominantly 

spherical though with some agglomeration had varied sizes which were plant leaf 

extract dependent. The silver and zinc oxide nanoparticles from their XRD scans were 

found to have good crystalline structure and while the silver nanoparticles had the FCC 

structure, the zinc oxide nanoparticles had the hexagonal wurtzite structure. Their FTIR 

spectra revealed the presence of some biomolecules among whom were flavonoids, 

phenols and some reducing sugars thought to have aided in the production of the 

nanoparticles. 

The Og and Va silver nanoparticles had surface Plasmon resonance in the range 437 – 

440 nm which falls within the range reported by available literature from similar 

researches. While the Og silver nanoparticles had a peak absorbance which increased 

steadily with time and concentration of the precursor material (𝐴𝑔𝑁𝑂3), the Va silver 

nanoparticles did not sustain the increase in absorbance with time because after 48 hrs 

its peak absorbance dropped with a slight shift towards longer wavelengths, a behaviour 

which is probably due to some instability in the nanoparticle solution and maybe some 

aggregation of smaller nanoparticles into larger ones.  

The zinc oxide nanoparticles SEM images showed that it was in clusters, a feature 

which Ikono et al[161] say is an indication of its purity and which Moazzen et al[163] 

report could make them useful in surface acoustic wave (SAW) devices. Colloidal 



 

155 
 

solutions of different concentrations of the ZnO nanoparticles was used as nanofertilizer 

for planting   the pale-seeded (PS) and black-seeded (BS) varieties of Amaranthus 

cruentus seeds and its seedling characteristics as well as its vegetative growth were 

studied over a period of five weeks. 

The pale seeded variety had the best percent emergence, Emergence index and 

Emergence rate index results while the control (P0N0) showed worst seedling 

characteristics. Though the black seeded plants had broader leaves, they were shorter 

and produced a lower yield percent. In contrast, the pale seeded variety treated with low 

concentrations of the pH 10 zinc oxide nanoparticles were taller.  Though for most 

treatments, the PS variety had narrow leaves, they were taller and had the highest yield 

percent of 60 %. This result agreed with the observations of the seedling characteristics 

In general, the ZnO Nano fertilizer improved the growth parameters of the Amaranthus 

cruentus when compared with the control which had no nanoparticle treatment.  It was 

also observed that the nanofertilizer concentrations greater than 500 mg/L had adverse 

effect on the plant growth, thwarting its growth in some cases and producing some 

yellow leaves (Chlorosis) in others. Thus, in using these ZnO nanoparticles as 

nanofertilizer, their sizes, pH of synthesis as well as the concentration of their colloidal 

solutions are factors to be mindful of. Furthermore, the toxicity level of the ZnO 

nanofertilizer in the leaves of the Amaranthus cruentus plants grown needs to be 

determined to ascertain how safe it is for prospective consumers. The electrodeposition 

studies showed that the plant leaf extracts played a role in the morphology of the 

produced silver thin films. Silver films deposited on the gold in the presence of the plant 

leaf extracts as the AFM images show, had more refined and uniform grains than the 

control with the Og silver average film thickness greater than the Va silver average film 

thickness. Furthermore, the Va silver film had smaller grains and a higher surface 

roughness than the Og silver film which had larger grains with a lower surface 

roughness. 
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8.1.2 Recommendations for further work 

In view of the key findings reported, the following are the recommendations for further 

work: 

• The silver nanoparticles could be made using plant leaf extract of a higher 

concentration than what this work used. 

• For the ZnO nanofertilizer experiment, the toxicity level of the ZnO 

nanoparticles in the Amaranthus plant leaves should be studied to know if it is 

safe for human consumption and another soil analysis could be done after 

harvesting the plants to see if the zinc constituent in the soil changed. This might 

then give an idea of how much the plants actually used. 

• The electrodeposition side experiment with the aging solution could be explored 

with aging times ranging from 30 mins to 120 mins and the morphology of the 

silver film produced could be compared with that produced immediately after 

leaf extract addition. Furthermore, more explanation should be sought for the 

two oxidation peaks produced during the CV of the aged solution.  
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Appendix A 

List of Acronyms 

TEM     Transmission Electron Microscopy 

SEM     Scanning Electron Microscopy 

UV-Vis     Ultraviolet-visible 

PL     Photoluminescence 

NUV     Near Ultra-violet 

He-Cd     Helium Cadmium 

FTIR     Fourier Transform Infrared 

XRD     X-ray diffraction 

DLS     Dynamic Light Scattering 

AFM     Atomic Force Microscopy 

SPR     Surface Plasmon Resonance 

SAW     Surface Acoustic Wave 

CV     Cyclic Voltammetry 

CA     Chronoamperometry 

LSV     Linear Sweep Voltammetry 

WE     Working Electrode 

RE     Reference Electrode 

CE     Counter Electrode 

PVP     Polyvinylpyrrolidone 

%E     Emergence Percent 

EI     Emergence Index 

ERI     Emergence Rate Index 
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Appendix B 

Publication and Presentations 

Publication 

R.E Mfon, N.I. Odiaka, A. Sarua (2017). Interactive effect of colloidal solution of zinc 

oxide nanoparticles biosynthesized using Ocimum gratissimum and Vernonia 

amygdalina leaf extracts on the growth of Amaranthus cruentus seeds. African Journal 

of Biotechnology 16(26):1481-1489 

 

Presentations 

Rebecca E. Mfon, Simon R. Hall, and Andrei Sarua. Characterisation of silver and zinc 

oxide nanoparticles biosynthesized using Ocimum gratissimum and Vernonia 

amygdalina leaf extracts. MRS Spring Meeting, Convention centre Phoenix Arizona 

USA., 28th March- 1st April 2016 

Rebecca Emmanuel Mfon, Natasa Vasiljevic and Andrei Sarua. Silver nanoparticles 

fabricated via green synthesis using plant leaf extracts. SPIE Micro technologies VIII, 

Alimara Hotel, Barcelona Spain, 7th may-10th May 2017 

 

Poster 

Rebecca Emmanuel Mfon, Dr. Simon Hall, Dr Andrei Sarua. Characterisation of silver 

and zinc oxide nanoparticles biosynthesized using Ocimum gratissimum leaf extract. 

Physics PG conference, University of Bristol, United Kingdom s(June, 2015). 
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