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ABSTRACT 

An environmentally friendly synthetic route has been used to synthesize cadmium 

selenide and zinc selenide nanoparticles. Both aqueous and organically soluble selenide 

based nanoparticles have been synthesized via mild conditions. The synthesis involved 

the reduction of selenium powder to produce selenium ions. The complete reduction of 

selenium is followed by the addition of a metal source MX (M = Cd or Zn and X = Cl or 

CO). Biocompatible passivating agents such as cysteine or triethanolamine (TEA) 

induced the solubility of the nanoparticles in water, while the solubility of the 

nanoparticles in the organic solvents was facilitated by hexadecylamine (HDA).  

 

The evidence for the formation of the nanoparticles with a desired quality was confirmed 

by using different techniques such as UV-Vis absorption spectroscopy, 

photoluminescence spectroscopy (PL), X-ray diffraction (XRD), transmission electron 

microscopy (TEM) and infrared spectroscopy (FT-IR).  

 

Chapter one comprises of the review of nanoparticles outlining their properties, synthesis 

and applications in biological fields. Chapter two describes the synthesis of water soluble 

cadmium selenide and zinc selenide nanoparticles at room temperature and at reflux 

conditions (90 
o
C) using biocompatible passivating ligands (cysteine and TEA). The 

influence of the variation of reaction parameters such as pH, reaction time, concentration, 

reactant ratio, passivating ligand and temperature on dispersibility, particle size, optical 

properties and morphology of the nanoparticles were studied. The pH of the solution 

affected the optical properties of the as-synthesized nanoparticles by shifting the optical 
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band gaps to higher energies upon increasing the pH of the reaction, which also revealed 

the decrease in particle size. Water soluble CdSe nanoparticles were obtained using 

different cadmium sources in which CdCO3 resulted in aggregated nanoparticles, while 

CdCl2 source yielded clearly defined nanoparticles that were reasonably monodispersed.  

 

Chapter three describes the synthesis of organic soluble ZnSe nanoparticles, using HDA 

as a capping agent. The reaction parameters such as temperature, reaction time and metal 

source played a role in altering the optical properties and final morphology of the 

particles. The reaction carried at 230 
o
C with ZnCl2 source resulted in good quality 

nanoparticles with clearly defined absorption peaks. The increase in reaction time shifted 

the optical band gaps to lower energies, and hence the increase in the particle size. These 

findings show that in order to obtain good quality HDA capped ZnSe nanoparticles, the 

reaction parameters such as temperature, reaction time and metal source need to be 

strictly controlled. 

 

Keywords: Quantum dots, triethanolamine, cysteine, HDA, NaBH4, selenium, cadmium 

selenide, zinc selenide and particle size. 

 

 

 

 

 

 

 



vii 

 

List of publications 

 

 
1. N.N. Dlamini,

 
V.S.R. Rajasekhar Pullabhotla and  N. Revaprasadu, “Synthesis of 

Triethanolamine (TEA) Capped CdSe Nanoparticles.” Materials Letters 65 (2011) 

1283-1286.  

 

2. N.N. Dlamini,
 
V.S.R. Rajasekhar Pullabhotla and N. Revaprasadu, “A Simple 

Route to the Triethanolamine (TEA) and Cysteine Capped ZnSe Nanoparticles.” 

Journal of Nanoscience and Nanotechnology (Inpress) 2012. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

TABLE OF CONTENTS 

Title page…………………………………………………………………………….. i 

Declaration…………………………………………………………………………...  ii 

Acknowledgements………………………………………………………………….. iii 

Abstract……………………………………………………………………………… v 

List of publications…………………………………………………………………... iv 

List of figures………………………………………………………………………... xii 

List of abbreviations………………………………………………………………….  xvii 

 

CHAPTER 1 

General introduction       

1.0 General background……………………………………………………… 1 

1.1 Electronic Properties of Semiconducting Nanoparticles………………… 2 

1.2 Luminescence…………………………………………………………….  6 

1.3 General Methods for the Synthesis of Semiconducting Nanoparticles….. 8 

1.3.1 Colloidal Methods……………………………………………………….. 9 

1.3.2 Hot Injection Routes……………………………………………………... 11 

1.3.3 Greener Routes…………………………………………………………...   13 

1.4 Surface Passivation………………………………………………………. 16 

1.5 Applications…………………………………………………………….... 19 

1.5.1 Biological Applications………………………………………………….. 20 

1.5.1.1 Fluorescent Biological Labels…………………………………………… 21 

1.5.1.2 Drug Delivery……………………………………………………………. 23 

1.5.1.3 Tissue Engineering………………………………………………………. 25 



ix 

 

1.5.1.4 Protein Detection........................................................................................ 26 

1.6 Problem statement………………………………………………………... 28 

1.7 Aims and objectives of the project………………………………………. 29 

1.7.1 Aims……………………………………………………………………... 29 

1.7.2 Objectives………………………………………………………………... 29 

1.8   References………………………………………………………………... 30 

 

CHAPTER 2 

Synthesis of water soluble CdSe and ZnSe nanoparticles 

2.0 Introduction………………………………………………………………. 38 

2.1 Experimental……………………………………………………………... 41 

2.1.1 Chemicals………………………………………………………………… 41 

2.1.2 Synthesis of water soluble CdSe and ZnSe nanoparticles………………..  41 

2.1.2.1 Synthesis of cysteine capped CdSe nanoparticles……………………….. 41 

2.1.2.2 Synthesis of TEA-capped cadmium selenide……………………………. 42 

2.1.2.3 Synthesis of cysteine capped ZnSe nanoparticles……………………..  42 

2.1.2.4 Synthesis of TEA capped ZnSe nanoparticles………………………… 43 

2.1.3 Characterization…………………………………………………………   44 

2.1.3.1 Optical characterization…………………………………………………  44 

2.1.3.2 TEM and HR-TEM analysis……………………………………………   44 

2.1.3.3 X-Ray diffraction……………………………………………………….  44 

2.1.3.4 FT-IR analysis…………………………………………………………..  45 

2.2 Results and discussion……………………………………………………  45 



x 

 

2.2.1 Cysteine capped CdSe nanoparticles…………………………………….. 45 

2.2.1.1 Optical properties of cysteine capped CdSe: Effect of pH………………. 46 

2.2.1.2 Optical properties of cysteine capped CdSe: Effect of reaction time…. 47 

2.2.1.3 Structural properties cysteine capped CdSe nanoparticles: Effect of pH... 48 

2.2.1.4 Structural properties of cysteine capped CdSe nanoparticles: Effect of 

cadmium source………………………………………………………... 

 

50 

2.2.2 TEA capped CdSe nanoparticles………………………………………… 54 

2.2.2.1 Optical properties of TEA capped CdSe nanoparticles: Effect of Cd:Se 

ratio………………………………………………………………………. 

 

54 

2.2.2.2 Structural properties of TEA capped CdSe nanoparticles:  Effect of 

Cd:Se Ratio………………………………………………………………. 

 

55 

2.2.2.3 Structural properties of TEA capped CdSe nanoparticles: Effect of 

reaction time…………………………………………………………… 

 

58 

2.2.3 Cysteine Capped ZnSe nanoparticles……………………………………. 62 

2.2.3.1 Optical Properties of cysteine capped ZnSe nanoparticles: Effect of pH... 62 

2.2.3.2 Effect of the reaction time on optical properties…………………………  64 

2.2.3.3 Optical properties of cysteine capped ZnSe nanoparticles: Effect of zinc 

source…………………………………………………………………….. 

 

65 

2.2.3.4 Structural properties of cysteine capped ZnSe nanoparticles: Effect of 

pH……………………………………………………………………….... 

 

66 

2.2.3.5 Structural properties of cysteine capped ZnSe nanoparticles: Effect of 

reaction time……………………………………………………………... 

 

68 

   



xi 

 

2.2.3.6 Structural properties of cysteine capped ZnSe nanoparticles: Effect of 

zinc source……………………………………………………………….. 

 

69 

2.2.4 TEA capped ZnSe nanoparticles…………………………………………. 

 

72 

2.2.4.1 Optical properties of TEA capped ZnSe nanoparticles: Effect of pH……   

 

73 

2.2.4.2 Structural properties of TEA capped ZnSe nanoparticles : Effect of pH...   

 

74 

2.3 Conclusion………………………………………………………………..  

 

78 

2.4 References………………………………………………………………...  

 

79 

 

CHAPTER 3 

Synthesis of HDA capped ZnSe nanoparticles 

3.0 Introduction…………………………………………………………….  84 

3.1 Experimental…………………………………………………………... 85 

3.1.1 Materials and reagents………………………………………………… 85 

3.1.2 Synthesis of HDA capped ZnSe nanoparticles………………………...  85 

3.1.3 Characterization…………………………………………………………  86 

3.2 Results and discussion………………………………………………….  86 

3.2.1 Optical Properties of HDA capped ZnSe nanoparticles: Effect of 

reaction time and temperature…………………………………………. 

 

86 

3.2.2 Structural properties of HDA capped ZnSe nanoparticles…………… 89 

3.3 Conclusion……………………………………………………………… 94 

3.4 

3.5 

Future work …………………………………………………………… 

References………………………………………………………………..   

94 

95 

4.0 Summary and conclusions……………………………………………. 97 

 



xii 

 

LIST OF FIGURES 

Figure 1.1 The spacial electronic state diagram of solid materials showing 

electrical conductivity effect (a) metal (b) semiconductor and (c) 

insulator……………………………………………………………. 

 

 

2 

Figure 1.2 

 

 

The spacial electronic state diagram showing the quantum 

confinement effect of (a) bulk semiconductors and (b) 

nanoparticles [12]………………………………………………….. 

 

 

4 

Figure 1.3   Surface modulation effects induced-selective surfactants on either 

a) anisotropic rod or b) disc growth [79]…………………………... 

 

19 

Figure 1.4 Cross section of dual-labeled sample examined with a Bio-Rad 

1024 MRC laser-scanning confocal microscope with a 40x oil 1.3 

numerical aperture object [83]…………………………………….. 

 

 

22 

Figure 1.5 Schematic diagram showing drug delivery mechanism of the 

nanoparticles into the targeted diseased cells [97]…………………   

 

23 

Figure 1.6 Scattering (A, D, and G), fluorescence (B, E, and H), and 

photothermal (C, F, and I) images recorded on COS7 cells………. 

 

27 

Figure 2.1 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped CdSe nanoparticles synthesized at (i) pH 4 (ii) pH 7 and 

(iii) pH 11…………………………………………………………  

 

 

46 

Figure 2.2 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped CdSe nanoparticles synthesized after reaction times of (i) 1 

(ii) 3 (iii) 5 and (iv) 18 h………………………………………… 

 

 

48 

   



xiii 

 

Figure 2.3 TEM images of cysteine capped CdSe nanoparticles synthesized at 

(a) pH 4 (b) pH 7 and (c) pH 11…………………………………. 

 

49 

Figure 2.4 TEM images of cysteine capped CdSe nanoparticles synthesized 

from (a) cadmium carbonate and (b) cadmium chloride sources…. 

 

50 

Figure 2.5 XRD pattern of the cysteine capped CdSe nanoparticles 

synthesized from cadmium chloride source at pH 7…………… 

 

51 

Figure 2.6 HR-TEM images of cysteine capped CdSe nanoparticles 

synthesized at (a) pH 4 (b) pH 7 and (c) pH 11…………………. 

 

52 

Figure 2.7 FT-IR spectra of (a) cysteine and (b) cysteine capped CdSe 

nanoparticles synthesized with cadmium chloride source for a 

room temperature reaction at pH 7 after 3 h…………………… 

 

 

53 

Figure 2.8 (a) Absorption and (b) photoluminescence spectra of CdSe 

nanoparticles synthesized with (i) 1:1-Cd:Se (ii) 1:4-Cd:Se (iii) 

1:6-Cd:Se (iv) 4:1-Cd:Se and 1:20-Cd:TEA mole ratio………… 

 

 

55 

Figure 2.9 TEM images of CdSe nanoparticles synthesised with (a) 1:1-Cd:Se 

(b) 1:4-Cd:Se (c) 1:6-Cd:Se and (d) 4:1-Cd:Se and 1:20-Cd:TEA  

mole ratios………………………………………………………... 

 

 

56 

Figure 2.10 HR-TEM image of the CdSe nanoparticles synthesised with (a) 

1:1-Cd:Se, (b) 1:4-Cd:Se and (c) 4:1-Cd:Se and 1:20-Cd:TEA 

mole ratios…………………………………………………………. 

 

 

57 

Figure 2.11 TEM images of CdSe nanoparticles synthesised with 1:1-Cd:Se 

and 1:20-Cd:TEA mole ratios (a) for 10 min (b) 25 min (c) 3 h and 

(d) for 18 h reaction at pH 8……………………………………... 

 

 

59 



xiv 

 

Figure 2.12 XRD pattern of the CdSe nanoparticles synthesised with 1:1-

Cd:Se and 1:20-Cd:TEA mole ratios for 18 h reaction at pH 8… 

 

60 

Figure 2.13 FT-IR spectra of (a) TEA capped CdSe nanoparticles and (b) 

TEA……………………………………………………………….  

 

61 

Figure 2.14 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped ZnSe nanoparticles synthesized at pH 4………………...  

 

62 

Figure 2.15 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped ZnSe nanoparticles synthesized at pH 7…………………  

 

63 

Figure 2.16 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped ZnSe nanoparticles synthesized at pH 11………………. 

 

63 

Figure 2.17 Absorption spectra of cysteine capped zinc selenide nanoparticle 

synthesized using zinc chloride source for (a) 1 (b) 3 (c) 5 and (d) 

18 h reaction time at pH 11 and room temperature……………... 

 

 

64 

Figure 2.18 (a) Absorption and (b) photoluminescence spectra of cysteine 

capped ZnSe nanoparticles synthesized at pH 7 and room 

temperature with (i) zinc chloride and (ii) zinc carbonate sources 

after 1 h…………………………………………………………... 

 

 

 

65 

Figure 2.19 TEM images of cysteine capped ZnSe naparticles synthesized at 

(a) pH 4 (b) pH 7 and (c) pH 11…………………………………. 

 

67 

Figure 2.20 TEM images of cysteine capped zinc selenide nanoparticle 

synthesized after (a) 1 (b) 3 (c) 5 and (d) 18 h…………………. 

 

68 

Figure 2.21 TEM images of cysteine capped ZnSe synthesized with (a) zinc 

chloride (b) zinc carbonate sources……………………………… 

 

70 



xv 

 

Figure 2.22 HR-TEM images of cysteine capped ZnSe nanoparticles 

synthesized at (a) pH 7 and (b) pH 11…………………………... 

 

70 

Figure 2.23 XRD pattern of cysteine capped ZnSe nanoparticles synthesized 

from the zinc chloride source at a room temperature reaction at pH 

7……………………………………………………………………. 

 

 

71 

Figure 2.24 FT-IR spectra of (a) cysteine and (b) cyeteine capped ZnSe 

nanoparticles synthesized using zinc chloride at pH 7………..... 

 

72 

Figure 2.25 (a) Absorption and (b) photoluminescence spectra of TEA capped 

ZnSe nanoparticles synthesized at (i) pH 4 (ii) pH 7 and (ii) pH 

11…………………………………………………………………. 

 

 

73 

Figure 2.26 TEM images of TEA capped ZnSe nanoparticle and their 

corresponding HR-TEM images synthesized at pH (a) 4 (b) 7 and 

(c) 11……………………………………………………………... 

 

 

75 

Figure 2.27 XRD pattern of TEA capped ZnSe nanoparticles synthesized with 

zinc chloride source at a room temperature reaction at pH 7…... 

 

76 

Figure 2.28 FT-IR spectra of (a) TEA and (b) TEA capped ZnSe 

nanoparticles……………………………………………………... 

 

77 

Figure 3.1 (a) Absorption and (b) Photoluminescence spectra of HDA capped 

ZnSe nanoparticles synthesized at 190 
o
C after 30 min. reaction 

time………………………………………………………………. 

 

 

87 

Figure 3.2 (a) Absorption and (b) photoluminescence spectra of HDA capped 

ZnSe nanoparticles for (i) 5 (ii) 15 (iii) 30 min. (iv) 1 and (v) 2 h 

reaction time synthesized at 230 
o
C……………………………... 

 

 

88 



xvi 

 

Figure 3.3  (a) Absorption and (b) photoluminescence spectra of HDA capped 

ZnSe nanoparticles synthesized at 270 ºC after 30 min. reaction 

time………………………………………………………………. 

 

 

89 

Figure 3.4 XRD pattern of HDA capped ZnSe nanoparticles synthesized at 

230 
o
C……………………………………………………………... 

 

90 

Figure 3.5 TEM images of HDA capped ZnSe nanoparticles synthesized at 

230 
o
C after (a) 1 and (b) 2 h reaction times……………………. 

 

91 

Figure 3.6 TEM images of HDA capped ZnSe nanoparticles synthesized at 

(a) 190 
o
C (b) 230 

o
C and (b) 270 

o
C after 1h reaction time……. 

 

92 

Figure 3.7 HR-TEM images of HDA capped ZnSe nanoparticles synthesized 

at (a) 190 
o
C and (b) 230 

o
C after 1 h reaction time……………. 

 

92 

Figure 3.8 TEM images of HDA capped ZnSe nanoparticles synthesized at 

230 
o
C using (a) zinc carbonate and (b) zinc chloride………….. 

 

93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

LIST OF ABBREVIATIONS 

 
CBD chemical bath deposition  

PL photoluminescence  

UV-VIS ultra violet and visible 

TEM transmission electron microscopy 

HR-TEM  high resolution transmission electron microscopy 

XRD x-ray diffraction  

FT-IR fourier transforms infrared  

QDs quantum dots  

QYs quantum yields  

FWHM full width at half maximum  

HOMO highest occupied molecular orbital  

LUMO lowest unoccupied molecular orbital  

 

  

 



 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

1.0 General background 

Nanotechnology encompasses the production and application of physical, chemical and 

biological systems at scales ranging from individual atoms or molecules to submicron 

dimensions.  Nanotechnology is likely to have a profound impact on our economy and society in 

the early 21
st
 century, comparable to that of semiconductor technology, information technology, 

and molecular biology. Research in nanotechnology promises breakthroughs in areas such as 

materials and manufacturing, nanoelectronics [1], medicine and healthcare, energy [2], 

biotechnology, information technology and national security [3].  

 

Nanometer scale systems are mainly a self assembly of their elemental constituents.  Examples 

include chemical systems, the spontaneous self-assembly of molecular clusters from simple 

reagents in solution, and biological molecules (e.g. DNA) used as building blocks for the 

production of three-dimensional nanostructures, or quantum dots. The definition of a 

nanoparticle is an aggregate of atoms bonded together with a diameter between 1 to 100 nm, 

typically consisting of 10 to 10
15

 atoms. The discovery of novel materials, processes and 

phenomena at the nanoscale and the development of new experimental and theoretical techniques 

for research provide opportunities for the development of innovative nanosystems and 

nanostructured materials. The properties of materials at the nanoscale are different from the bulk
 

[4-7]. 
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1.1 Electronic properties of semiconducting nanoparticles  

Solid materials can be categorized into metals, insulators or semiconductors depending on their 

capacity to conduct electrical charge and on the separation between the valence and the 

conduction band. Metals are known to be good conductors of electricity and heat, due to the 

overlap between the conduction and valence band, hence electrons have got high mobility 

between the two bands at any temperature. 

 

Figure 1.1 The spacial electronic state diagram of solid materials showing electrical conductivity 

effect (a) metal (b) semiconductor and (c) insulator. 

 

In a semiconducting material, there is a small energy gap between the valence and the 

conduction band (Figure 1.1). According to the Fermi Direc distribution theorem, all the 

electrons are found in the valence band at 0 K, but at temperatures above 0 K, electrons can be 

thermally excited to the conduction band, and therefore, semiconductors can act as conducting 

materials at elevated temperatures. However, in the case of an insulator all the electrons are 
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found in the valence band at any temperature due to the wide separation between the valence and 

the conduction band and therefore, an insulating material cannot conduct electricity at any 

temperature. 

 

The changes that occur in electronic properties of materials as the length scale is reduced are 

directly related to the influence of the wave-like property of electrons (quantum effects) and the 

scarcity of scattering centers. As the size of the system becomes comparable with the de-Broglie 

wavelength of the electrons, the discrete nature of the energy states becomes apparent once 

again, although a fully discrete energy spectrum is only observed in systems that are confined in 

all three dimensions with zero degrees of freedom [8,9]. In certain cases, conducting materials 

become insulators below a critical length scale, as the energy bands cease to overlap. Owing to 

their intrinsic wave like nature, electrons can tunnel quantum mechanically between closely 

adjacent nanostructures, and if a voltage is applied between two nanostructures which aligns the 

discrete energy level, resonance occurs, which suddenly increases the tunneling current [10].  

This phenomenon, known as quantum size effect, causes the continuous band of the solid to split 

into discrete quantized energy levels and the band gap to increase (Figure 1.2).  

 

Quantum confinement has a profound effect on the optical properties of nanoparticles. The 

relationship between the electronic and optical properties exists via the following conversion:   

 

E = hν = hc/λ……………………………………………………………………………….. (1.1) 
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E = band gap energy difference, h = Planck’s constant, c = the velocity of light, ν = the 

frequency of the incident light, and λ = the wavelength of incident light [11].  

As the diameter of the particles decreases due to quantum confinement effects, the energy 

difference of the band gap becomes larger as shown by the inverse proportion between the 

energy and the wavelength of incidence light. The electronic state diagram of bulk 

semiconductors and nanoparticles is shown in Figure 1.2. Bulk materials absorb light at longer 

wavelengths, and as the band gap increases as seen in Figure 1.2 (b), the nanoparticles tend to 

absorb light at a shorter wavelength (e.g. the ultraviolet and visible light), hence absorbance is 

affected by the particle size.  

 

 

Figure 1.2 The spacial electronic state diagram showing the quantum confinement effect of (a) 

bulk semiconductors and (b) nanoparticles [12]. 
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The absorption of photons leads to the excitation of an electron from the valence band to the 

conduction band leaving a hole behind. The electron and hole are taken as charged particles with 

own effective mass. An electron gives up its energy either in the form of phonons/heat via non-

radiative transition or by emitting light in the form of photons via radiative transition as it returns 

to its lowest state, the valence band. The electron-hole recombination occurs via deep traps and 

shallow traps in a bulk semiconductor. In a semiconductor nanoparticle, there is a direct 

recombination of charge carriers.  

 

There have been a lot of attempts aiming at calculating the electronic energy levels in quantum 

dots. Brus [13] developed the model to calculate the first excitonic state of a semiconductor 

cluster with radius R using the approximation expression:  

 

R

e

mmR

h
RERE

he

gg
ε

π
2

**2

22 8.111

2
)()( −








++∞== ……………………………....................... (1.2)  

 

In this equation )(REg is the exciton energy, the first term corresponds to the band gap of the 

bulk semiconductor, the second term corresponds to the sum of the confinement energies for the 

electron and the hole and the last term is their Coulombic  interaction energy. The effective mass 

of electron and hole is represented by *

e
m  and *

h
m  respectively, e represents elementary charge 

and R is the radius of the spherical nanocrystal. The Coulomb term varies )(REg as R, whereas 

the quantum localization terms vary )(REg as
2

R . Owing to these relationships, the apparent 

band gap will always increase for infinitesimally small values of R. The increase in the band gap 

is observed by the blue shift in the absorption spectra as seen in many semiconducting 
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nanoparticles. The luminescence spectra of surface passivated nanoparticles have narrow line 

widths, and exhibit a small Stoke’s shift or near band edge emission due to the direct 

recombination of charge carriers. On the other hand, nanoparticles that show broad emission 

with a large Stoke’s shift are well known to display emission from deep and shallow traps [14]. 

 

1.2 Luminescence  

Luminescence occurs as a result of stimulation of a material which has previously been exposed 

to ionization radiation. When stimulation is caused by heating, the luminescence is called 

thermoluminescence. Optically stimulated luminescence is when the stimulation is by light. The 

underlying principle of luminescence is that defects in a crystal lattice act as charge traps and 

recombination centers. Ionization radiation energy can move charge to these traps which are 

metastable. Subsequent stimulation then de-traps the charges and luminescence is emitted when 

the charges make a transition to a lower energy state. 

 

The most widely used luminescence in nanotechnology is photoluminescence (PL). This process 

involves the absorption of photons by a material followed by the emission of photons. Using the 

principle of quantum mechanics, this can be described as an excitation to a higher energy state 

and then a return to a lower energy state accompanied by the emission of certain energy in the 

form of a photon. This can be described using the simple general reaction:  

 

A
*
 →  A + hv…………………………………………………………………………………. (1.3) 
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in which A
*
 denotes the excited state of a material A, and h and v represents the Planck’s 

constant and the frequency of the photon, respectively. This is one of many forms of 

luminescence (light emission). The period between absorption and emission is typically 

infinitesimally short, in the order of nanoseconds, however, this period can be extended into 

minutes and hours [15-19]. 

 

The emission properties of semiconducting nanocrystals depend on the emission colour, colour 

purity, brightness, quantum yields and stability of the emission [20]. Photoluminescence of 

nanoparticles depend on the behavior of a semiconductor nanocrystal in which two types of 

emission bands can be detected, namely the band gap emission and the deep trap emission [21]. 

The deep trap emission is broad and considerably red shifted from the absorption onset, and this 

is due to the recombination of charge carriers. In the case of the band gap emission, a slight red-

shift is observed with narrow line widths [22,23].  

 

Due to extremely large surface-to-volume atom ratio, or specific surface area in nanoparticles, 

surface atoms play a prominent role in the emission properties of the nanoparticles, whereas in 

the case of a bulk material, the bulk atoms are responsible for the emission properties. A typical 

example is CdSe nanoparticles in which the increase of surface atoms from 20 to 100 % leads to 

the decrease in particle size from 10 to 1 nm. The surface atoms usually have unsaturated bonds, 

extra energy and they are more reactive relative to those in the bulk, and hence the nanoparticles 

are easily transformable from one phase to another with relatively low transformation 

temperature. In addition, surface atoms in a semiconductor usually allow extra electronic states 

in the band gap. The decrease in the size of the crystal due to the increase of the percentage of 
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the surface atoms leads to the formation of more electronic states in the band gap which act as 

electron and hole trapping centres. The excitation of an electron from the valence band to the 

conduction band results in the electron-hole pair recombination. When the electron and hole 

recombination occurs, a photon of light is emitted with an energy equivalent to Eg. There is a 

high possibility of finding either the exited electron or the hole being trapped by the trap states 

within the material caused by surface defects, and thus become less available for the radiative 

recombination. This leads to the quenching of PL which is not desirable for certain applications 

[24].    

 

The possibility of charge carriers residing in traps is decreased by surface passivation in the bulk 

semiconductors. Surface modification results in the increase in quantum yields (QYs). Organic 

shells are extremely efficient in coating the surface of the nanocrystals in the way that they 

provide electronic passivation. They also prevent agglomeration, control the growth rate of the 

nanocrystals, its size, shape and solubility [25]. Inorganic materials of a wide band gap also 

provide good passivation of the surface of the nanocrystals. If the surface of the nanocrystal is 

coated with wide band gap materials, there is further confinement of the electron-hole pair and 

surface states are eliminated. The typical example is CdSe nanocrystals which can be passivated 

with CdS, ZnS or ZnSe to create a core-shell material. If the boundary between the two inorganic 

materials is perfect, a near unity quantum yield (QY) material may result. 

 

1.3 General methods for the synthesis of semiconducting nanoparticles 

There are many routes to synthesize semiconducting nanoparticles. In this dissertation the 

colloidal and hot injection methods will be briefly reviewed. Recent adaptations of these two 
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principal routes leading to the so-called ‘greener route’ to nanostructured materials will also be 

discussed. An ideal synthetic route should produce nanoparticles that are pure, crystalline, 

reasonably mono-dispersed and have a surface which is independently derivatized.  

 

1.3.1 Colloidal methods 

Colloidal methods rely on the precipitation of nanometer sized particles within a continuous fluid 

solvent matrix to form a colloidal sol. Generally a finely dispersed system in a high energy state 

has work to break up the solid, which is equivalent to the free energy required to increase the 

surface area. The colloidal material will therefore tend to aggregate due to attractive van der 

Waals forces and lower its energy unless a substantial energy barrier to this process exists. The 

presence and magnitude of an energy barrier to agglomeration depends on the balance of 

attractive and repulsive forces between the particles [26]. 

 

The synthesis of highly monodispersed nanoparticles was first engineered in the past decades 

where it was suggested that if the seeds (nuclei) could be made to grow in concert into larger 

particles, the formation of the monodispersed sols could be favored [27]. The reported routes to 

the formation of colloidal nanoparticles involved the precipitation of dilute colloidal solution and 

the retardation of growth soon after nucleation. In early years of this work, the particles were 

typically monomeric. Later on, nucleation and growth were properly monitored and the particles 

with dimensions of the order of the nanometers could be reproducibly synthesized as small 

crystals which are less stable, dissolved, and then recrystallize on larger and more stable crystals. 

This process is known as Ostwald ripening. Solvent, pH and the passivating agent are chosen 

such that nanoparticles possess low solubility. The highly monodispersed samples are obtained if 
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nucleation and growth process are distinctly separated (fast nucleation and slow growth). The 

colloidal growth stability of those crystals has been improved by using solvents with low 

dielectric constant or by using stabilizers such as styrene/maleic acid co-polymer [27-31].  

 

The earlier work on colloidal synthesis of nanoparticles of CdS and ZnS was reported by Brus 

[32], Weller [33] and Henglein [34]. Nanocrystalline CdS was synthesized by mixing the 

aqueous solutions of CdSO4 and (NH4)2S [32]. Altering the nucleation kinetics through the 

variation of pH resulted in the control of the size of CdS nanoparticles. Nanocrystalline ZnS and 

CdS were synthesized in methanolic media without surfactants and the agglomeration and/or 

sedimentation was prevented by the repulsion of the electrostatic double layer [35]. The spectral 

characterization revealed the blue-shift compared to the bulk material, and structural 

characterization showed zinc blend structure.  

 

The photophysical properties of the CdS nanoparticles were studied by Henglein, Weller and co-

workers in which they performed the analysis of size distribution [33,34]. Based on their 

analysis, size distribution showed that a certain size with the greatest oscillator strength was 

favoured, this was in a direct relation with absorption spectrum. This was due to the existence of 

magic agglomeration numbers in the size distribution of the sample [36]. Magic agglomeration 

numbers, integral multiples of N of a large number mo come out of the stability of a certain size 

or they are due to the kinetics of particle growth.  

 

Selenosulphate and selenourea have recently been identified as sources of selenium for the 

synthesis of selenide based nanoparticles through reactive solution growth. Typical example for 
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this preparation is the reaction of Cd
2+

 with selenosulphate via the chemical bath deposition 

(CBD) of CdSe films [37]. The precipitation of Cd(OH)2 is usually hindered by complexing Cd
2+

 

in the CBD processes, and thus controlling the rate of the overall reaction. The quantum dots of 

CdSe have been produced by the chemical reaction of complexed cadmium salt with sodium 

selenosulphate (Na2Se2SO3) in aqueous alkaline media [38,39]. If Cd
2+

 is not complexed, the 

formation of a precipitate is usually favored and little formation of film occurs.  

 

Zhong et al. reported the synthesis of CdS, ZnS and ZnxCd1-xS nanocrystals in one-pot method. 

In this report, less-toxic salts of stearate, acetate, chloride and sulphate were used with elemental 

sulphur as the sulphide source [40]. The as-synthesized nanoparticles exhibited band edge 

emission, and the zinc blend phase was obtained at high temperature. 

 

1.3.2 Hot injection routes  

The injection of multiple or single molecular precursors into hot high boiling point solvents is a 

very popular route to synthesize semiconductor nanomaterials. The first reported synthetic 

method via this route was by Murray et al. [41] in which they used a volatile metal alkyl and a 

chalcogenide source TOPX (tri-n-octylphosphine chalcogenide) under anaerobic conditions. 

They dispersed the metal alkyl precursors in TOP (tri-n-octylphosphine) and injected the mixture 

into hot TOPO (tri-n-octylphosphine oxide), a polar coordinating Lewis base solvent at high 

temperatures (120-300 ºC). After injection there is immediate nucleation followed by the slow 

growth or annealing which is believed to be directly related to Ostwald ripening process. They 

used a flocculating solvent to separate the solid particles by centrifugation and dispersed the 

resulting solid particles in a solvent (e.g. toluene) resulting in the formation of a solution of 



12 

 

optically clear TOPO capped nanoparticles. The coordinating solvent is an important stabilizing 

agent for the nanocrystalline colloidal dispersions and it plays a major role in passivating the 

surface of a semiconductor.  

 

The above mentioned route has been used to synthesize and study the optical properties of CdSe 

nanoparticles. However, the major drawback to the route has been the use of the reagents that are 

volatile, extremely toxic, explosive, pyrophoric, unstable at high temperatures and relatively 

expensive [42]. The avoidance of using pyrophoric metal alkyls led to the development of the 

single source molecular precursor route. O’Brien et al. [43-47] made use of the 

diselenocarbamate of the type M(SeCNRR'), (M = Cd or Zn) as single source precursors for the 

synthesis of metal chalcogenide nanoparticles. In their work, they discovered that the 

nanoparticles synthesized using these precursors are stable in air, monodispersed and of good 

quality [43-47].   

 

There has been many follow up studies on the use of metal complexes to synthesize 

nanoparticles. The Revaprasadu group synthesized many sulfur containing complexes such as 

xanthates [48], thiosemicarbazide and thioureas [49-52] to synthesize CdS, PbS and ZnS 

nanoparticles. Bruce et al. [53] used cadmium complexes of N,N-diethyl-N'-benzoylthiourea and 

N,N-diethyl-N'-benzoylselenourea as single-source precursors for the synthesis of HDA capped 

CdS and CdSe. Recent work in Revaprasadu’s group has shown that heterocyclic 

dithiocabarmate complexes are very efficient precursors for larger faceted particles of CdS [54]. 

They obtained particles with a spherical mophology at high precursor concentrations, however, 
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the shapes of the particles varied from rods, bi-pods and tri-pods as the concentration of the 

precursor was decreased. 

 

1.3.3 Greener routes   

Even though organometallic routes give high quantum yields, it offers some disadvantages such 

as the use of volatile and highly toxic precursors and high reaction temperatures. In the materials 

chemistry context, sustainability is a concept that coincides with many of the principles of green 

chemistry. For materials synthesis, these principles include the use of less toxic precursors, the 

use of water as a solvent where possible, using the least quantity of reagents, fewer synthetic 

steps, reducing the amounts of by-products and waste, and using the reaction temperature close 

to room temperature [55]. Due to above mentioned disadvantages and limitations of the hot 

precursor injection methods, there has been an increase in the demand for the development of 

greener routes for synthesizing nanoparticles. 

 

Peng et al. [19] have developed a ‘greener’ synthetic route to CdSe. In their work, the volatile 

dimethyl cadmium precursor (used in the Murray route) [41] was replaced by non-volatile CdO 

as a source of cadmium. They also suggested that the use of cadmium acetate, amines and fatty 

acids as precursors, solvents and capping agents, respectively, could also result in high quality 

CdSe nanocrystals. Natural solvents such as olive oil have also been used to functionalize CdSe 

and PbS nanoparticles. This approach eliminates the use of air sensitive, toxic and expensive 

chemicals such as TOP, TBP and amines thereby making it a cheaper method to synthesize 

nanoparticles on large scale [55-57]. Taking the advantages of both the organometallic related 

and inorganic compound related schemes, Yang et al. [58] have proposed a new strategy for the 
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synthesis of high quality related CdSe QDs in paraffin and oleic acid media. They used simple 

reagents, such as cadmium oxide, selenium powder and sodium sulphide as precursors for Cd, Se 

and S, respectively. Han et al. [59] synthesized small sized (1-3 nm) CdSe  quantum dots from 

CdCl2 solution and Na2SeSO3 solution reacted together with mercaptoacetic acid (MAA) as a 

stabilizing agent.  

 

Oluwafemi et al. [60] proposed the greener route to the synthesis of organically capped cadmium 

selenide nanoparticles. In this synthetic route, simple reagents such as selenium powder and 

cadmium chloride as sources of selenium and cadmium were used in an aqueous solution. The 

resulted bulk cadmium selenide was then dispersed in TOP and the mixture was injected into a 

hot coordinating solvent, TOPO or HDA. The particles showed strong quantum confinement in 

their spectral region [60]. Oluwafemi et al. [61] further synthesized HDA capped CdSe 

nanoparticle via the same route. In this recent work, the growth kinetics of the nanoparticles 

under different conditions was studied deeply. The particles showed blue shift as the reaction 

time was increased indicating strong quantum confinement [61]. Gao et al. [62] recently reported 

the synthesis of cadmium selenide nanoparticles via a mild solution phase synthetic route. They 

used mild reagents such as selenium powder and anhydrous sodium selenosulphite and 

Cd(CH3COO)2.2H2O as sources of selenium and cadmium, respectively. The particles obtained 

via this route showed confinement effect within spectral region. Maseko et al. [63] recently 

reported the influence of cadmium source on the shape of CdSe nanoparticles. They reported 

highly dispersed nanoparticles which showed quantum confinement in optical spectra with 

clearly defined absorption edges and exceptionally narrow emission peaks. They studied the 

effect of changing the source of cadmium and a capping agent on the shape of the nanoparticles. 
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They concluded that the particles synthesized with CdCl2 and CdSO4 resulted in spherical 

particles while those synthesized with cadmium carbonate (CdCO3) resulted in tri-pods and bi-

pods.  

 

Due to the need of greener methodologies, Revaprasadu and co-workers developed a new, 

relatively safe and inexpensive route to water soluble CdSe and ZnSe nanoparticles. Simple and 

mild reagents such as cadmium chloride and selenium powder were used as sources. The 

particles synthesized were stable in air and soluble in water, they also showed strong 

confinement in their optical properties when compared to their bulk counterparts [64]. The same 

method was used to synthesize starch capped CdSe and ascorbic acid capped ZnSe nanoparticles. 

Cysteine capped Au-CdSe hybrid nanoparticles were also synthesized using this route [65]. 

Shang et al. [66] synthesized triethylamine capped cadmium selenide nanoparticles of highest 

degree of sensitivity that were able to detect ion pair in aqueous solution. They used 

environmentally friendly reagents such as cadmium oxide and selenium powder. The particles 

produced were of highest stability and they showed strong quantum confinement. Kristl et al. 

[67] recently reported the synthesis of cadmium sulphide and cadmium selenide nanoparticles 

via the sonochemical method. Amongst the advantages offered by this method is that it is 

relatively simple as compared to other methods because it avoids the use of inert atmosphere, it 

uses non hazardous precursors and environmentally friendly solvents. The particles obtained via 

this route were of a cubic phase and it is believed to be the first report for the synthesis of 

cadmium sulphide and cadmium selenide without an inert atmosphere.  
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1.4 Surface passivation 

The agglomeration of the nanoparticles is due to the existence of the Van der Waals inter-particle 

attraction which can be compensated by surrounding the nanocrystals with bulky organic shells, 

which keep the nanocrystals apart from each other. The organic shells can either possess 

hydrophilic or lipophylic property thereby efficiently stabilizing the colloids in aqueous or non-

polar solvents. A wide variety of materials can be used as components of organic shells with the 

ionic surfactants, coordinating polymers and capping agents being the most commonly used. All 

these molecules possess polar groups that can be attached to the nanoparticle surface, and a bulk 

component within the molecule that provides spatial isolation of the nanocrystal from the 

environment. The capping ligands and surfactants differ in a way they bind to metal atoms at the 

nanocrystal surface, with capping ligands having the greater binding strength. Usually, a 

monolayer of molecules of a capping ligand around the nonocrystal is adequate enough to 

achieve stability against agglomeration, with the possibility of isolating and re-dissolving the 

nanoparticles. Owing to differences in electronic and binding properties, capping ligands can 

have a great influence in the optoelectronic and magnetic properties of functional nanocrystalline 

inorganic materials. Passivating agents also prevent the oxidative diffusion via the surface 

defects which can lead to corrosion of a material, and they play an important role in controlling 

the growth and shape of the nanoparticles [68,69].  

 

The properties of advanced functional materials depend mainly in their final morphology. The 

shapes of the nanocrystals can be classified as zero-dimensional (0D), 1D, 2D and 3D which can 

be achieved by using different reaction conditions. In order to achieve a desired end use of 

functional nanomaterials, shape control need to be taken into consideration. The control of 
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particle shape is a complex process. It requires a fundamental understanding of the interactions 

between solid state chemistry, interfacial reactions and kinetics, and solution or vapour 

chemistry. There are two distinct approaches that could be followed in mastering the shape 

control of the nanocrystals. These include growth directed synthesis typical of precipitation 

processes and template directed synthesis in which the growth is directed by epitaxy via a pre-

existing structure upon which nucleation and growth take place [70]. By using organic ligands or 

surfactants that bind differently to the crystallographic faces, the shape of nanoparticles can be 

controlled. At high temperatures, surfactant molecules are dynamically adsorbed to the surface of 

the growing crystal. The interaction between the organic ligands and particles is dynamic in an 

‘on’ and ‘off’ or intermittent manner allowing for controlled growth [71]. Good examples of 

ligands that behave in this manner are long chain amines such as HDA. HDA, a primary amine 

offers less steric hindrance, high electron donating ability and high capping density as a result of 

its small stereochemical interference [72]. HDA has been reported to adsorb selectively (with its 

amine) on the surface of CdS favoring the formation of anisotropic morphology [73].   

 

Several shapes of CdSe nanocrystals have been reported, ranging from rods, teardrops, tetrapods 

and branched tetrapods [74]. Different shapes of CdSe nanoparticles are obtained via different 

fundamental strategies. The spherical shapes of CdSe nanocrystals are obtained using single 

surfactants under thermodynamic conditions because it minimizes surface area [75], whereas the 

anisotropic nanorods particles are obtained by rapid growth in surfactant mixture under kinetic 

conditions, where the different surfactants are used to selectively control the growth rates of 

different faces [76]. Typical materials that exhibit shape changes as the reaction conditions 

change include CdSe, CdS and PbS due to their wide variation in 1D morphology [8,77].  
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The growth rate between the different crystallographic directions can be emphasized if the 

surfactants stabilize a certain surface by selective adhesion. This selective adhesion of 

surfactants needs to be taken into consideration in the synthesis of CdSe nanorods [74]. A typical 

example is the injection of dimethylcadmium and TOPSe into a hot surfactant mixture of TOPO 

and hexylphosphonic acid (HPA) which leads to the modulation of the growth pattern. This is 

due to the amount of HPA that selectively binds to the surfaces {100} and {110} of the growing 

crystals. The synthesis carried at low HPA concentration or in the absence of HPA result in the 

formation of spherical nanoparticles only. However, the significant increase in the HPA 

concentration leads to the formation of nanorods. This is due to the surface-bond of HPA 

molecules which play a role in the reduction of the growth along {100} and {110} surfaces 

(Figure 1.3 a). Surfactants molecues that specifically bind to the {100} and {110} surfaces of a 

hexagonal structure have preferential growth along the <001> direction, and this type of growth 

facilitates the rod growth (Figure 1.3 a) [74]. Alternatively, surfactant molecules that bind to the 

{001} faces of a hexagonal structure prevent growth along the <001> direction thereby leading 

to the formation of discs shape [78]. 

 

Selective adhesion of surfactants can only induce elongation along a specific axis while the 

compression along other axis is experienced. An example in this regard, is the formation of 

copper sulfide nanodiscs in the presence of surface selective alkanethiol surfactant [78]. 

Alkanethiol molecules strongly absorb on the {001} faces of Cu2S where the formation of 2D 

nanodiscs can be achieved by lowering the surface energy (Figure 1.3 b). Microscopic 

mechanism by which the HPA acts upon the different faces has not yet been understood. The 

modulation of relative growth rates of the different faces could be the mechanism that explains 
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the effect of HPA on the faces. There are two possible mechanisms that could be assumed in this 

type of growth. One could be the HPA being protonated or deprotonated which may directly act 

as a surfactant absorbing on a certain face, for instance the {100} face and to the {110} faces and 

shutting down the growth on these faces. The alternative could be the highly acidic environment 

influencing the growth rates by protonation of particular faces [74].    

 

                           

Figure 1.3 Surface modulation effects induced-selective surfactants on either a) anisotropic rod 

or b) disc growth [79].  

 

1.5 Applications 

There are many applications of nanoparticles. However in this work, only the biological 

applications will be discussed.  
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1.5.1 Biological applications 

Nanocrystalline semiconductors or quantum dots offer several advantages over organic 

fluorescent dyes that are typically used for biological labeling. A limitation of organic dyes is the 

loss of fluorescence that occurs when dye molecules react irreversibly with each other or the 

solvent, producing a non-flourescent material. This process, known as photobleaching, can occur 

in an aqueous solution on the order of minutes [80,81]. However, photobleaching in quantum 

dots is diminished as the passivating layer protects particles from external interactions. The 

passivation layer reduces photo-oxidation of the particle core which can produce free ions (e.g., 

Cd
2+

) and eventually, particle dissolution [82]. As a result of reduced photobleaching, quantum 

dots can exhibit continuous fluorescence for a time period of an order of magnitude greater than 

organic fluorescent dyes [81]. Furthermore, organic fluorescent dyes typically exhibit fixed, 

narrow excitation spectra however quantum dots may be excited in a range of wavelengths as 

determined by their size. Furthermore, the emission bandwidth (e.g., wavelength range of 

emitted light) for organic dyes can be very large (> 40 nm, often with a tail into red wavelengths) 

when compared with quantum dots which is very narrow (~20-30 nm), thus creating difficulty in 

distinguishing individual colours [83]. The narrow band widths result from shrinking and 

splitting of potential energy bands as the particle size decreases. All of these properties have led 

to quantum dot applications in diverse biological fields, including biosensing, cellular labelling, 

and in vivo fluorescent detection and therapeutics. Some of these applications in biology or 

medicine are briefly discussed below. 
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1.5.1.1 Fluorescent biological labels 

 

The common biological use of quantum dots has been in the fluorescent labeling of cells. For 

example, they have been used to investigate the motion of biomolecules, detect cell phenotypes 

and the study of cell migration. In each of these uses, they present several enhancements over 

systems employing fluorescent dyes. Most importantly, their small size and high resistance to 

photobleaching, have allowed quantum dots to be used in a number of high throughput systems 

with real-time monitoring, a feat which is different with dye molecules [84]. 

 

The most exciting possibility for quantum dot labels has been their use in vivo. Quantum dots 

have been utilized in a number of in vivo procedures that would not be possible with organic 

fluorescent dyes. Many of these take advantage of the longevity of their fluorescence, as a result 

of resistance to photobleaching [85-88], while other exploit their electrical properties to deliver 

therapeutic treatment [89-91]. The majority of nanoparticles used in biological applications have 

been based on a CdX structure (where X = selenium, tellurium or sulphur). Cadmium is known 

to interfere with DNA mismatch repair [92], can inhibit certain types of neuronal firing [93] and 

is also a carcinogen [94]. Therefore, the toxicity of the particles has been a major concern. 

Surface passivation can significantly reduce the risk of exposure to free cadmium [95], and 

although the long-term effects of nanoparticle exposure have not yet been investigated, short-

term in vivo studies do not demonstrate any acute effects [85-91]. One novel use of quantum dots 

in vivo has been to monitor embryogenesis in frogs [85].  

 

Quantum dots have been evident in limited therapeutic contexts. They can be used to image and, 

even penetrate cancer cells through receptor mediated endocytosis [91]. Particles can be coupled 
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to therapeutic agents, which are activated in the presence of light excitation. Antibody-

conjugated CdSe/ZnS core shell nanocrystals have been used to detect respiratory syncytical 

viruses [95]. The brightness of the quantum dots enables the virus to be detected in minutes, 

whereas the previous assay requires four days. The result of this new technology is that, antiviral 

drugs can be given early in the infection when they are most effective, reducing hospitalization 

and death. Gold nanoshells conjugated to recognition molecules, can be used to image tumours 

[96]. When they are optically excited they produce heat, depending on the size of the nanoshell 

and heat production can be significant enough to kill the attached cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Cross section of dual-labeled sample examined with a Bio-Rad 1024 MRC laser-

scanning confocal microscope with a 40x oil 1.3 numerical aperture object [83]. 
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In order to demonstrate the use of nanocrystals for biological staining, 3T3 mouse fibroblast cells 

have been fluorescently labeled using two different sizes of CdSe-CdS core-shell nanocrystals 

enclosed in a silica shell. In this demonstration, Mouse 3T3 fibron were grown on fibronectin-

treated specimens. The specimens were then treated successively with unbiotinylated green 

nanocrystals and red biotinylated nanocrystals. The specimen stained and fluoresced at two 

different regions, at 35 nm narrow-pass filter for the green and 585 nm long-pass filter for the red 

(Figure 1.4) [83]. 

 

1.5.1.2 Drug delivery 

Nanomedicine incorporates the science and technology of nanometer scale systems. Drug 

delivery systems are very important in treating, preventing or diagnosing diseases sometimes 

called smart-drug or theragnostics [97].   

 

 

 

 

 

 

 

 

Figure 1.5 Schematic diagram showing drug delivery mechanism of the nanoparticles into the 

targeted diseased cells [97].   
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Nanotechnology offers so many advantages over other technologies due to the number of ways 

that can be used to deliver the drugs into targeted human system. The drug delivery mechanism 

can be by oral administration, intravenous, inhalation, transdermal and implantation. The uptake 

of the nanoparticles via oral administration can occur by transcytosis. It has been noted that 

nanoparticles provide sustainable release of the anti-TB drugs and have considerably enhanced 

efficiency after oral administration [98]. In this demonstration, three drugs rifampin (RMP), 

isoniazid (INH) and pyrazinemide (PZA) were coencapsulated in poly(lactide-co-glycodide) 

(PLG) nanoparticles. It was noted that if the oral dose was given every day, M. tuberculosis 

infected mice were completely cured after 10 days [98]. 

 

The main goal of research in nanomedicine is to achieve specific drug targeting and delivery 

while reducing the toxicity. The knowledge on drug incorporation and release, formation 

stability and shelf life, biocompatibility, bio-distribution and targeting and functionality is a key 

concept in the search for appropriate design of new materials as carriers for drug delivery 

systems [99]. As shown in Figure 1.5, the antibiotics to be delivered are protected from 

degradation and transported by the nanoparticles. Since the nanoparticles are small, they easily 

diffuse through the cell. As they enter the cell, they degrade in the liposome where the antibiotic 

release takes place. The released antibiotics enter the targeted diseased site.  

 

The direct delivery of the TB drug to the lungs is one of the most effective forms of TB cure. 

This type of delivery often occurs by inhalation. The advantages offered by this form of delivery 

include the possibility of reduced systemic toxicity, as well as achieving higher drug 

concentration at the main site of infection. The use of nanocarriers for pulmonary delivery 
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renders some difficulties. Their mass median aerodynamic diameter, an important parameter for 

the particle deposit in lungs is often too small [100]. There have been reports demonstrating the 

effectiveness of pulmonary drug delivery using nanoparticles [101]. Pigs have been used to 

investigate the pharmacokinetics and antibacterial effect of the nanoparticle-bound anti-TB 

drugs. The drugs were administered via the respiratory route. It was found that the respiratory 

administered drugs cured TB in pigs lungs in fewer days relative to other delivery routes [102]  

 

1.5.1.3 Tissue engineering 

Natural bone surface contains features that are in the order of nanometers across. If the artificial 

bone implant is used, its surface need not to be left smooth because the body will try to reject it 

because the smooth surface leads to the production of fibrous tissue covering the surface of the 

implant. Fibrous tissue reduces the bone-implant contact, which may result in loosening of the 

implant and further inflammation. As an alternative, the bone implants made of nanoparticles 

have reduced chances of rejection by the body and they stimulate the production of osteoblast. 

Osteoblasts are the cells responsible for the growth of the bone matrix and are found on the 

advancing surface of the developing bone [103]. 

 

The bone repair using titanium is a widely used technique in orthopaedics and dentistry. 

Titanium has a high fracture resistance, ductility and weight to strength ratio. However, titanium 

use in bone repair offers some disadvantages due to its less bioactivity and it does not well 

support cell adhesion and growth. Apatite coating are known to be bioactive and can bond to the 

bone. As a result, several techniques have been used to provide apatite coating on titanium. 

However, these coatings have some limitations because they have thickness non-uniformity, 
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poor adhesion and low mechanical strength. However, nanometer scale systems can provide a 

solution to this problem. A biomimetic approach to make nanostructured apatite can act as a 

replacement for apatite coatings. The nanostructured apatite work well with stimulated body 

fluids as a result, the formation of a strongly adherent, uniform nanoporous layer occurs. This 

layer which is in the order of nanometers is stable and bioactive [104].  

 

A real bone is a nanomposite material, composed of hydroxyapatite crystallite in the organic 

matrix, which is mainly composed of collagen. The bone is a mechanically tough, at the same 

time plastic that can recover easily from mechanical damage. Actual nano-scale mechanism 

leading to the understanding of the bone properties is an interesting field of research.  

 

1.5.1.4 Protein detection   

Protein functionality needs to be well understood for further progress in human well being. They 

play a major role in cell’s language, machinery and structure. Nanoparticles are used in 

immunohistochemistry to identify protein-protein interaction. However, there are some 

limitations in using this technique for multiple, simultaneous detection. Single dye molecule can 

be well detected using surface enhanced Raman scattering spectroscopy. Nanoparticle can be 

used in designing sophisticated multifunctional probes. The probes made of nanoparticles are 

capable of recognizing small molecules, and they can be modified to contain antibodies on the 

surface to recognize proteins [105].  Cognet et al. [106] performed an immunochemistry assay to 

demonstrate the capabilities of the photothermal interference contrast (PIC) method to image low 

amounts of immunogold-labeled proteins in cells.  
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Figure 1.6 Scattering (A, D, and G), fluorescence (B, E, and H), and photothermal (C, F, and I) 

images recorded on COS7 cells. A–C correspond to untransfected cells and D–I correspond to 

cells expressing a membrane protein (mGluR5, a receptor for neurotransmitter) containing a myc 

tag. All cells were immunolabeled with anti-myc-Alexa568 (10 g/mL) and with anti-IgG 10-nm 

gold as secondary antibody, for two different concentrations (10 g/ml in A–F and 0.5 g/mL in G–

I). Cells expressing mGluR5 were efficiently labeled with anti-myc-Alexa568 and anti-IgG 10-

nm gold. (I Inset) Detail of the PIC image revealing individual anti-IgG 10-nm gold imaging. 

The heating beam intensity is 3 MW/cm
2
 [107]. 

 

Commercially available protein-conjugated colloid gold nanoparticles are in the order of 

nanometers (1-100 nm). When electron microscopy is used, metal particles with sizes less than 

10 nm are preferred because of their better penetration in cellular organelles [107]. The COS7 

cells tranfected with membrane protein were used. Fluorescent images were able to easily 



28 

 

discriminate the cells that contained fluorescent-labeled receptors from untransfected ones 

(Figure 1.6 B, E and H). The untransfected cells didn’t detect any signal on PIC method due to 

the specificity of gold labeling as shown in Figure 1.6 A-C. 

 

Resolved discrete spots that may be attributed to single nanoparticles can be observed in cell 

regions with low density of labels as shown in Figure 1.6 I inset. Successive recording of the 

same region leads to identical images display due to the nonphotobleaching feature of the labels. 

 

1.6 Problem  

The nanoparticles synthesized via the hot injections routes are generally not suitable for 

biological applications. There is an increase in a demand for the use of selenide based 

nanoparticles in a number of fields including biological fields and these materials need to be 

biocompatible and environmentally friendly. In order for the nanoparticles to be used in 

biological fields, they need to be synthesized in such a way that they are both organically and 

aqueous soluble, and hence less toxic.  

 

The synthesis of biocompatible nanoparticles should be via environmentally friendly 

methodologies which eliminate the use toxic starting materials. Environmentally friendly 

methodologies involve the use of less toxic starting materials, least number of reagents, few 

synthetic steps, reduced amount of by-products and wastes, low reaction temperature and if 

possible, the use of water as a solvent. This study presents the synthesis of selenide based 

nanoparticles using mild conditions. 
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1.7 Aims and objectives of the study 

1.7.1 Aims 

• Synthesis of high quality, monodispersed, crystalline CdSe and ZnSe nanoparticles. 

• Investigation of the effect of varying several parameters such as Cd:Se ratio of TEA 

capped CdSe nanoparticles, pH, capping agent, duration of thermolysis of HDA capped 

ZnSe, variation of cadmium/zinc source and reaction time on optical, morphological and 

structural properties of CdSe and ZnSe nanoparticles. 

 

1.7.2 Objectives 

• To synthesize water soluble triethanolamine (TEA) and cysteine capped CdSe and ZnSe 

nanoparticles.  

 

• To investigate the effect of varying the following parameters on the morphology and 

electronic properties of the CdSe and ZnSe particles:  

(a) Cd:Se ratio of TEA capped CdSe nanoparticles  

(b) capping agent, 

 (c) pH 

 (d) cadmium or zinc source 

 (e) reaction time and 

       (f) duration of thermolysis of HDA capped ZnSe  

 

• To study the optical, morphological and structural properties of CdSe and ZnSe 

nanoparticles.  
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Chapter 2 

Synthesis of water soluble CdSe and ZnSe nanoparticles 
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2.0 Introduction 

Many methods have been developed to synthesize semiconductor nanoparticles ranging from 

colloidal to hot injection routes. There are still a few limitations to some of these methods due to 

the fact that they use sophisticated equipment, volatile solvents, toxic precursors and extremely 

high temperatures and therefore, they are not environmentally friendly and cost effective [1]. The 

biocompatibility of semiconducting materials depends on their solubility. The solubility of the 

functional nanostructures is attained by surface modification, which is generally very time 

consuming [2]. An alternative direct synthesis in an aqueous medium can also be used. The 

passivating groups used in these aqueous routes are predominantly thiophenols, thioureas and 

mercapto acetates. The toxicity of these ligands can have harmful effect in the environment if the 

synthesis is done on a larger scale [3,4]. It is therefore important to develop greener routes to 

nanomaterials. These routes should involve the use of less toxic precursors, use of water as a 

solvent where possible, use of least number of synthetic steps as possible, reducing the amounts 

of by-products and waste, and using the reaction temperature close to room temperature [1,5,6].   

 

Amongst the II-VI group semiconducting materials, CdSe is undoubtedly the most widely 

studied because of its major contribution to photovoltaics, biosensors, targeted drug deliveries, 

fluorescent sensors and solar cells [7-13]. A variety of methods have been reported to synthesize 

cadmium selenide nanoparticles which include the single source precursor method, aqueous 

synthesis, electrochemical deposition, chemical bath deposition, spray pyrolysis deposition and 

chemical vapour deposition techniques [14-25]. Pioneering work on CdSe was done by Murray, 

Norris and Bawendi [26]. They used dimethyl cadmium (Me2Cd) as the cadmium source and 

(TMS)2X (X = S, Se, Te) or TOPSe as the chalcogen source. These reagents were injected into 
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tri-n-octyl-phosphine oxide (TOPO), a high boiling point coordinating solvent, at temperatures 

ranging from 120 to 250 oC. Due to the reported risks involved in Bawendi’s method, Peng et al. 

[27] replaced volatile dimethyl cadmium with CdO to synthesize CdSe nanoparticles. Later, his 

group showed that cadmium acetate, amines and fatty acids as precursors, solvents and capping 

agents also give high quality CdSe nanocrystals [28]. CdSe nanocrystals have also been prepared 

in aqueous solution, but their quantum yields (QY) were very low [29] with quite broad 

bandwidths (the full width at half maximum, FWHM > 100 nm).  In comparison to the organic 

route synthetic routes for quantum dots, little attention has been paid to aqueous based routes for 

high quantum yields. 

 

In the search for methodologies to synthesize water soluble nanoparticles, Ge et al. [30] 

proposed a novel method of synthesizing CdSe nanocrystallites in an aqueous solution by an 

ultrasonic technique.  Han et al. [31]  proposed a method for synthesizing small sized (1-3 nm) 

CdSe nanoparticles, based on the reaction of CdCl2 and Na2SeSO3 solutions reacted together 

with mercaptoacetic acid (MAA) as a stabilizing agent in the high-intensity ultrasonic horn. They 

further studied the influence of the initial molar ratio of Cd:Se and reaction time on the size of 

CdSe nanoparticles.   

 

Cadmium is generally known for its inherent toxicity. Therefore, for safe use in in-vivo 

applications, cadmium containing sources need to be replaced with less toxic labeling materials. 

Cadmium ions can easily be released in aqueous solutions. This hinders the use of CdSe for 

biomedical purposes. The natural toxicity of Cd2+ has led to the replacement of Cd2+ with Zn2+. 

As one of the wide band gap semiconducting materials, ZnSe, a light yellow solid with a band 
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gap Eg = 2.7 eV, is potentially a suitable material for short wavelength photoelectronic devices 

including but not limited to blue laser diodes, light emitting diodes, photodetectors, high density 

optical storage, full colour displays and biomedical labeling and sensors [32-37]. ZnSe has 

recently also been found to be a sensitive-type humidity sensor based on a one dimensional ZnSe 

nanostructure. However, humidity sensors made of ZnSe have poor reproducibility, and hence, 

finding ways to improve the stability and the reproducibility of humidity sensors based on ZnSe 

is an interesting field of study [38].   

 

ZnSe nanoparticles have been synthesized via the microwave heating process, which is very 

cheap and quick [39]. Owing to the advantages offered by water soluble routes, Archana et al. 

[40] synthesized triethanolamine (TEA) capped ZnSe nanoparticles using a simple wet chemical 

method. Their main goal was to study the properties of the quantum dots such as shape, size, 

structure, band-gap, absorption and luminescence. Haung et al. [41] recently reported the 

synthesis of water soluble ZnSe nanoparticles via the microwave irradiation technique. This 

method showed that the properties of the particles are pH dependent, which is typical of water 

soluble nanoparticles.    

 

For biological related applications, cysteine and triethanolamine are commonly chosen as 

capping groups. Cysteine is chosen as a biocompatible capping agent because it is an amino acid 

that can be found in many proteins throughout the body. When it used as a supplement, it is 

usually in the form of N-acetyl-L-cysteine (NAC). This current work describes the synthesis of 

water soluble cadmium and zinc selenide nanoparticles. The CdSe and ZnSe particles were 

capped with water soluble capping groups, cysteine and triethanolamine (TEA). In addition, the 
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reaction parameters such as reaction time, pH, temperature and the metal source on optical and 

structural properties of the as-synthesized nanoparticles were investigated. 

 

2.1 Experimental 

2.1.1 Chemicals  

All chemicals used were obtained from Sigma Aldrich and are, hydrochloric acid (90.0%), 

ammonia solution (90.0%), selenium powder (99.99%), cadmium chloride (88 %), cadmium 

carbonate (90 %), zinc chloride (89.0%), zinc carbonate (90.0%), triethanolamine, cysteine 

(99.99%) and N2 gas were used as received.   

 

2.1.2 Synthesis of water soluble CdSe and ZnSe nanoparticles 

CdSe and ZnSe nanoparticles were synthesized in water soluble capping groups, cysteine and 

triethanolamine (TEA). The method used is an adaptation of the method previously reported by 

Oluwafemi and Revaprasadu [42] with slight modifications. 

 

2.1.2.1 Synthesis of cysteine capped CdSe nanoparticles  

In this synthetic procedure, cysteine had been chosen as the surface passivating group for CdSe 

nanoparticles. CdSe nanoparticles were prepared using Se powder as source of selenium. In a 

typical room temperature reaction, selenium powder (0.32 mmol) was mixed with 20.0 mL of 

de-ionized water in a three-necked round bottom flask and purged with N2. This was followed by 

the addition a solution of sodium borohydrate (0.81 mmol). The complete reduction of selenium 

powder was confirmed by the formation of clear colourless solution after two hours. An aqueous 

solution of CdCl2 or CdCO3 (3.2 x 10-4 M) was added into the reduced selenium solution 
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followed by an immediate addition of cysteine with a mole ratio 1:20-Cd2+:cysteine. The reaction 

was carried at room temperature and 90 oC. The pH of the reaction was varied from 4, 7 and 11. 

Aliquots were withdrawn, at intervals of 1, 3, 5 and 18 h, respectively centrifuged and the 

isolated product redispersed in de-ionized water, for analysis.  

 

2.1.2.2 Synthesis of TEA-capped cadmium selenide 

 
The methodology explained in section 2.1.2 had been used to synthesize TEA capped CdSe 

nanoparticles [42]. Briefly, in a typical room temperature reaction, selenium powder (0.32 mmol) 

was mixed with de-ionised water (20.0 mL) in a three necked round bottom flask. A solution of 

sodium borohydrate (0.81 mmol) was added into this mixture and the flask was immediately 

purged with nitrogen gas in order to create an inert atmosphere. After the complete dissolution of 

selenium (~2-3 h), a CdCl2 (0.32 mmol) solution and a solution of TEA (0.64 mmol) were 

simultaneously added into the reduced selenium solution. Aliquots were withdrawn, centrifuged 

and re-dispersed in de-ionized water for analysis. The reaction was investigated with different 

mole ratios of cadmium to selenium in which the concentration of a capping agent was not 

varied. The reaction pH was maintained at pH 8.0 by using HCl (0.10 M) and NH3 (0.10 M) 

solutions.  

 

2.1.2.3 Synthesis of cysteine capped ZnSe nanoparticles  

The nanoparticle was done using a modified version of the methodology reported by Oluwafemi 

and Revaprasadu [42]. In a typical room temperature reaction, Selenium (Se) powder (0.32 

mmol) was mixed with deionised water (20.0 mL) in a three necked flask. Sodium borohydride 

(NaBH4) (0.81 mmol) was added to reduce selenium powder, and the flask instantly purged with 
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nitrogen gas to create an inert atmosphere. After 2 h of Se digestion, a clean colourless solution 

represents the complete reduction of selenium powder. A solution of zinc source (ZnCl2 or 

ZnCO3) dissolved in de-ionized water (20.0 mL) was added to the reduced selenium solution and 

water soluble capping agent (cysteine) was added instantly under inert N2 conditions. The 

reactions were carried at room temperature and 90 oC. The ratio of Zn:Se was kept at 1:1 and that 

of zinc to a capping group (Zn:TEA or Zn:cysteine) was kept at 1:20. The aliquots were 

withdrawn at 1, 3, 5, and 18 h intervals and samples were centrifuged to isolate the capped 

particles.  

 

2.1.2.4 Synthesis of TEA capped ZnSe nanoparticles 

In this synthetic procedure, TEA has been chosen as a capping agent. ZnSe nanoparticles have 

been synthesized by the reduction of selenium powder (0.32 mmol) with sodium borohydrate 

(0.81 mmol) using de-ionized water as a solvent under inert atmosphere to produce selenide ions. 

The complete reduction of selenium took about 2 h leading to the formation of clear colourless 

solution. After 2 h of selenium reduction, simultaneous addition of zinc salt (zinc chloride or 

zinc carbonate) and a capping agent (TEA) led to the formation of TEA capped ZnSe 

nanoparticles. The synthesis was carried at room temperature and at 90 oC, while the pH of the 

reaction medium was varied from 4, 7 and 11 using dilute hydrochloric acid and ammonia 

solutions to control the pH. The ratio of Zn:Se was fixed to 1:1 and that of Zn:TEA to 1:20. The 

aliquots were withdrawn at 1, 3, 5 and 18 h, respectively. The samples were centrifuged and 

redispersed in de-ionized water for characterization. 
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2.1.3 Characterization   

The synthesized particles were characterized by UV-Vis, photoluminescence, X-ray diffraction, 

TEM, HR-TEM and FT-IR techniques. 

 

2.1.3.1 Optical characterization  

Perkin Elmer Lambda 25 UV-Vis Spectrophotometer was used to carry out the optical 

measurements and the samples were placed in cuvettes (1 cm, path length), using deionized 

water and/or methanol as a reference solvent. A  Perkin Elmer LS 55 Lumminiscence 

Spectrophotometer was used to measure the photoluminescence of the particles. The samples 

were placed in cuvettes (1 cm path length). The measurements were done at room temperature. 

 

2.1.3.2 TEM and HR-TEM analysis   

The transmission electron microscopy (TEM) and high resolution transmission electron 

microscopy (HR-TEM) images were obtained using a JEOL 1010 and JEOL 2100 respectively.  

Viewing was done at an accelerating voltage of 100 kV (TEM) and 200 kV (HR-TEM), and 

images were captured digitally using a Megaview III camera; stored and measured using Soft 

Imaging Systems iTEM software.  

 

2.1.3.3 X-Ray diffraction  

The diffraction patterns were recorded in the high angle 2θ range of 10-80o using a Bruker AXS 

D8 Advance X-ray diffractometer, equipped with nickel filtered Co Kα radiation (λ = 1.5418 Å) 

at 40 kV, 40 mA and at room temperature.  The scan speed and step size were 0.05o min−1 and 

0.00657 respectively. 
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2.1.3.4 FT-IR analysis  

Bruker FT-IR spectrometer was used for the FT-IR measurements. Solid samples were dried and 

ground to fine powder and the spectra were recorded using a Tensor 27. Liquid samples were 

directly measured without further preparative techniques. 

 

2.2 Results and discussion  

2.2.1 Cysteine capped CdSe nanoparticles 

The synthetic procedure used in this study involves the addition of cadmium salt to freshly 

prepared aqueous selenium solution. The reaction was carried at room temperature and at 90 oC 

and the metal sources used are cadmium chloride and cadmium carbonate. The same synthetic 

procedure was used to synthesize to ZnSe nanoparticles using different capping agents (TEA and 

systeine). The reaction representing the formation of cysteine capped-CdSe nanoparticles is 

shown in Equations 2.1. 

 

 

 

 

 

 

Equations 2.1 Equations representing the synthetic route for cysteine-capped CdSe 

nanoparticles synthesized at room temperature (R.T) and at 90 oC. 

 

 

 

 

2 NaHSe  +  Na2B4O7  +  14 H2                4 NaBH4  +  2 Se +  7 H2O                         

           N2, R.T. 

2 h 

Cysteine-capped CdSe  +  NaCl  +  HCl 

    

 NaHSe  +  CdCl2/CdCO3                       

R.T./ 90 
o
C 

N2  
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2.2.1.1 Optical properties of cysteine capped CdSe: Effect of pH 

The effect of pH on the behavior of absorption and photoluminescence spectra under different 

pH (4, 7 and 11) was investigated. The nanoparticles synthesized with pH 11 showed unique 

behavior in its absorption spectrum compared to the nanoparticles synthesized at pH 4 and 7. The 

nanoparticles synthesized at pH 11 displayed showed two excitonic peaks, one at 225 nm and 

another at 430 nm. The reason for the formation of two excitonic peaks could be due to the 

polydispersity of the nanoparticles. The cysteine capped CdSe nanoparticles exhibiting excitonic 

peak at 225 nm had been previously reported [18].  

 

 

  

 

 

 

 

 

Figure 2.1 (a) Absorption and (b) photoluminescence spectra of cysteine capped CdSe 

nanoparticles synthesized at (i) pH 4 (ii) pH 7 and (iii) pH 11 using CdCl2 source.  

 

The absorption (Figure 2.1a) and the emission (Figure 2.1b) spectra under all the reaction 

conditions are blue shifted when compared to their bulk counterparts which is 716 nm. The band 
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edges of the nanoparticles synthesized under different pH standards have been compared. The 

nanoparticles obtained at pH 4, displayed a band edge at 490 nm, whereas those synthesized at 

pH 7 displayed a band edge at 500 nm. A band edge of 530 nm and an excitonic peak at 370 nm 

was observed when the pH of the solution was further increased to 11. The photoluminescence 

spectra of the as synthesized CdSe nanoparticles are shown in Figure 2.1b. The nanoparticles 

synthesized at different pH conditions displayed emission maximum at approximately 435 nm.   

 

2.2.1.2 Optical properties of cysteine capped CdSe: Effect of reaction time 

The effect of the reaction time on the optical properties of cysteine capped CdSe nanoparticles 

was also investigated. This was done by keeping certain reaction parameters constant and 

varying the reaction time by withdrawing aliquots at pH 11. Figure 2.2 shows the absorption and 

photoluminescence spectra of cysteine capped CdSe nanoparticles at room temperature at 

different reaction times. The absorption band edges are blue shifted when compared to their bulk 

counterparts, an indication of quantum confinement. The absorption band edges for the samples 

are at 460 nm, 2.66 eV (1 h), 465 nm, 2.63 eV (3 h), 470 nm, 2.60 eV (5 h) and 600 nm, 2.04 eV 

(18 h). The shift of the absorption band gaps to lower energies as the reaction time increases is 

attributed to the increase in particle size. The absorption shoulders become narrow as the 

reaction time decreases indicating the narrowing of particle size distribution. 

 

The emission properties of cysteine capped CdSe nanoparticles were also investigated at 

different reaction times. The photoluminescence spectra of the as-synthesize cysteine capped 

CdSe nanoparticles are shown in Figure 2.2b. The as-synthesized cysteine capped CdSe 

nanoparticle exhibit exceptionally narrow emission peaks, reflecting negligible surface emission 
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and significant confinement. The emission maximum is observed at 435 nm for samples prepared 

at shorter reaction times and the sample prepared at longer reaction time of 18 h shows a slight 

red-shift, with a slight increase in the FWHM as the reaction time increases.  

 

 

 

 

 

 

Figure 2.2 (a) Absorption and (b) photoluminescence spectra of cysteine capped CdSe 

nanoparticles synthesized after reaction times of (i) 1 (ii) 3 (iii) 5 and (iv) 18 h using CdCl2 

source. 

 

2.2.1.3 Structural and morphological properties of cysteine capped CdSe nanoparticles: 

Effect of pH 

The structural properties of the as-synthesized cysteine capped CdSe nanoparticles were studied 

using TEM, XRD, HR-TEM and FT-IR techniques. The TEM images of cysteine capped CdSe 

nanoparticles are shown in Figure 2.3. The growth mechanism of the nanoparticles was studied 

at different pH values (4, 7 and 11). The particles are not mono-dispersed but are of aggregated 

in nature as shown in Fig. 2.3. 
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Figure 2.3 TEM images of cysteine capped CdSe nanoparticles synthesized at (a) pH 4 (b) pH 7 

and (c) pH 11 using CdCl2 source.  

 

The nanoparticles synthesized at pH 4 (Figure 2.3a) yielded the particles with average particle 

sizes of 8.42 ± 1.92 nm, whereas those synthesized at pH 7 (Figure 2.3b) had an average particle 

size of 5.89 ± 1.46 nm. The decrease in particle size is in good agreement with the optical spectra 

data. All the nanoparticles synthesized under different pH conditions had a spherical 

morphology. The average particle size of the nanoparticles synthesized at pH 11 was 7.88 ± 2.86 

nm. 

 

 

100 nm 100 nm 

100 nm 

100 nm 100 nm 

100 nm 

100 nm 100 nm 

100 nm 
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2.2.1.4 Structural properties of cysteine capped CdSe nanoparticles: Effect of cadmium 

source 

The morphological properties of the nanoparticles involving the use of different cadmium 

sources (CdCl2 and CdCO3) were investigated. Figure 2.4 shows the TEM images of CdSe 

nanoparticles synthesized with (a) cadmium carbonate and (b) cadmium chloride as sources at 

pH 11 after a reaction time of 18 h. It is clear from the images that the nanoparticles synthesized 

using cadmium carbonate as a source showed particles that are aggregated with an average 

particle size of 10.49 ± 2.60 nm. This effect may be due to the fact that cadmium carbonate is 

less soluble than the other cadmium salts and as a result they participate in self capping.  

 

 

 

 

 

 

 

 

Figure 2.4 TEM images of cysteine capped CdSe nanoparticles synthesized from (a) cadmium 

carbonate and (b) cadmium chloride sources. 

 

The nanoparticles synthesized from cadmium chloride as a source resulted in the particles that 

are reasonably monodispersed with an average particle size of 8.49 ± 1.31 nm which is smaller 

100 nm 100 nm 
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than that obtained from carbonate source. Both the sources resulted in particles that are spherical 

in shape.  

 

The crystallographic analysis of cysteine capped CdSe nanoparticles was performed to study its 

crystal phase structure. The diffraction pattern of the CdSe nanoparticles synthesized from 

cadmium chloride at pH 7 showed three typical distinct peaks as shown in Figure 2.5. The first 

peak at 2θ = 25.6º is due to the (111) reflection and the two broad peaks appearing at 2θ = 42.4º 

and 49.8º correspond to the (220) and (311) reflections, respectively. This can be indexed to the 

cubic phase of CdSe nanoparticles. The present experimental scheme is a convenient route to 

acquire highly crystalline cubic structure of CdSe nanoparticles which agree with the results that 

we have reported recently with TEA capped CdSe nanoparticles [43]. No peaks corresponding to 

impurities were detected, indicating the high purity of the material. 

 

 

 

 

 

 

 

 

 

Figure 2.5 XRD pattern of the cysteine capped CdSe nanoparticles synthesized from cadmium 

chloride source at pH 7. 
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The crystallinity of the as-synthesized cysteine capped CdSe nanoparticles was further confirmed 

by HR-TEM studies. The HR-TEM images of cysteine capped CdSe nanoparticles synthesized at 

different pH values are shown in Figure 2.6. The HR-TEM images showed all the nanoparticles 

that are of crystalline in nature and the distinct lattice fringes with an interplanar distance of 3.44 

Å indexed to the (111) plane of cubic CdSe.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 HR-TEM images of cysteine capped CdSe nanoparticles synthesized at (a) pH 4 (b) 

pH 7 and (c) pH 11. 
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The capping of CdSe nanoparticles by cysteine was further confirmed by FT-IR spectroscopy. 

The typical spectra of amino acids usually are of carboxylate and primary amine salts. The 

presence of the –COO- group was confirmed by the IR absorption observed around 1637 and 

1430 cm-1 (Figure 2.7). Covalent bonding between thiols and the surface of CdSe hindered the 

existence of the S-H group vibration at 2550-2670 cm-1 on the cysteine capped CdSe 

nanoparticles. The shift of the carboxylic group stretching frequency from 1717 cm-1 to 1631 

cm-1 could be due to the change of dipole moment caused by binding of cysteine with high 

electron density metal surface [44]. These results confirm the capping of CdSe nanoparticles by 

cysteine.  

  

 

 

 

 

 

 

 

 

 

Figure 2.7 FT-IR spectra of (a) cysteine and (b) cysteine capped CdSe nanoparticles synthesized 

with cadmium chloride source for a room temperature reaction at pH 7 after 3 h. 
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2.2.2 TEA capped CdSe nanoparticles 

Water-soluble amino alcohols such as triethanolamine (TEA) have been used as surface 

stabilizing agents for nanoparticles. There have been few reports on the synthesis of TEA-capped 

nanoparticles such as CdSe, PbS, CdS and ZnSe [11,40,45,46]. The CdSe particles are attached 

to TEA through the amino group. The amino group binds to the Cd atom and the RNH2
_ amino 

polar group provides the hydrophilicity function. This work presents the synthesis of TEA 

capped CdSe nanoparticles. The synthesis involves the simultaneous addition of a cadmium 

source and a capping agent to a freshly prepared aqueous selenium solution at room 

temperatuture. The mole ratios of Cd:Se were varied from 1:1, 1:4 1:6 to 4:1. The typical 

reaction showing the step by step synthesis of TEA capped CdSe nanoparticles is shown in 

Equations 2.2.    

 

 

 

 

Equations 2.2 Equations representing the synthetic route for TEA-capped cadmium selenide 

nanoparticles. 

 

2.2.2.1 Optical properties of TEA capped CdSe nanoparticles: Effect of Cd:Se ratio 

UV-Vis and photoluminescence spectroscopy have been used to study the effect of Cd:Se molar 

concentrations on the optical properties of the as-synthesized CdSe nanoparticles. The absorption 

and photoluminescence spectra of the TEA capped CdSe nanoparticles with varying Cd:Se mole 

2 NaHSe  +  Na2B4O7  +  14 H2                4 NaBH4  +  2 Se +  7 H2O                         

           N2, R.T. 

2 h 

TEA-capped ZnSe  +  NaCl  +  HCl     NaHSe  +  ZnCl2                       

TEA, R.T. or 90 
o
C 

N2  
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ratios are shown in Figure 2.8. The observed absorption spectra are typical for CdSe with distinct 

excitonic peaks at about 450 nm for all the reaction conditions. The absorption band edge for the 

CdSe nanoparticles with Cd:Se mole ratios of 1:1, 1:4 1:6 and 4:1 were 518, 516, 500 and 537 

nm, respectively. The emission spectra shows narrow emission with the maxima for the CdSe 

nanoparticles with Cd:Se mole ratios of 1:1, 1:4 1:6 and 4:1 observed at 456, 456, 457 and 455 

nm respectively. 

 

Figure 2.8 (a) Absorption and (b) photoluminescence spectra of CdSe nanoparticles synthesized 

with (i) 1:1-Cd:Se (ii) 1:4-Cd:Se (iii) 1:6-Cd:Se (iv) 4:1-Cd:Se and 1:20-Cd:TEA mole ratio. 

 

2.2.2.2 Structural properties of TEA capped CdSe nanoparticles:  Effect of Cd:Se ratio 

Transmission electron microscopy (TEM) was used to determine the particle size and 

morphology of the TEA capped CdSe nanoparticles. In order to study the effect of the Cd to Se 

concentration on the particle size, the reaction was monitored by varying the mole ratio of Cd:Se 

and keeping Cd:TEA mole ratio constant at 1:20, reaction time ~18 h and at a pH of 8.0.  



 

 

 

56 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.9 TEM images of CdSe nanoparticles synthesised with (a) 1:1-Cd:Se (b) 1:4-Cd:Se (c) 

1:6-Cd:Se and (d) 4:1-Cd:Se and 1:20-Cd:TEA  mole ratios. 

 

Figure 2.9 shows the TEM images for the CdSe nanoparticles synthesized at different Cd:Se 

mole ratios. All images show well defined particles within the matrix of the capping group. With 

the Cd:Se mole ratio at 1:1, the average size of the particles observed was 9.95 ± 1.45 nm 

ranging from 8-19 nm (Figure 2.9a). When the ratio of Cd:Se was increased to 1:4 (Figure 2.9b), 

the average particle size increased to 13.50 ± 1.90 nm. Whereas, with the 1:6-Cd:Se ratio the 

average particle size was found to be 9.47 ± 0.84 nm (Figure 2.9c). The 4:1-Cd:Se mole ratio 

resulted particles with an average size of 9.53 ± 1.42 nm (Figure 2.9d). The variation of selenium 
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concentration had induced a slight change in the particles size, however, the 1:4-CdSe 

concentration produced the particles that are predominantly larger as compared to other mole 

ratio variations. There is also very little variation of particle shape with change in mole ratio of 

the starting materials.  

 

Figure 2.10 HR-TEM image of the CdSe nanoparticles synthesised with (a) 1:1-Cd:Se, (b) 1:4-

Cd:Se and (c) 4:1-Cd:Se and 1:20-Cd:TEA mole ratios. 

 

The HR-TEM images show particles with distinct lattice fringes (Figure 2.10). From the HR-

TEM images, it is clear that the crystalline particles are surrounded by the triethanolamine 



 

 

 

58 

 

matrix. The lattice spacing of 3.44 Å visible in all images can be indexed to the (111) plane of 

cubic CdSe.  

 

2.2.2.3 Structural properties of TEA capped CdSe nanoparticles: Effect of reaction time 

In order to study the effect of the reaction time on the growth of CdSe nanoparticles, parameters 

such as Cd:Se and Cd:TEA mole ratios were kept constant at 1:1, 1:20, respectively, and the pH 

of the solution was kept at 8.0. The effect of the reaction time on the growth of the nanoparticles 

was monitored by varying the duration of the reaction involving 1:1-Cd:Se and 1:20-Cd:TEA 

mole ratios at a pH of 8.0. When the reaction time was 10 min, the average particle size was 8.04 

± 1.18 nm (Figure 2.11a), and when the reaction time was increased to 25 min (Figure 2.11b) 

and 3 h (Figure 2.11c), resulted in the average particle size of 7.62 ± 1.29 nm and 8.84 ± 1.37 

nm, whereas with 18 h reaction, the average particle size observed was 8.33 ± 1.06 nm (Figure 

2.11d). This trend shows that with the increase in the duration of reaction from 10 min to 18 h, 

the average size of the particles become smaller. This decrease in particle size could be due to 

digestive ripening, a process whereby particles are broken into smaller fragments [47]. Factors 

such as type of ligands, solvents and surfactants have been identified as the driving force for this 

mode of growth.  
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Figure 2.11 TEM images of CdSe nanoparticles synthesised with 1:1-Cd:Se and 1:20-Cd:TEA 

mole ratios (a) for 10 min (b) 25 min (c) 3 h and (d) for 18 h reaction at pH 8. 

 

The crystallographic study of the as synthesized TEA capped CdSe nanoparticles was performed 

using the XRD technique. From the XRD pattern (Figure 2.12), three typical distinct peaks can 

be distinguished. The first peak at 2θ = 25.6º is due to the (111) reflection and the two broad 

peaks appearing at 2θ = 42.4º and 49.8º results from the (220) and (311) reflections, respectively.  

The present experimental scheme is a convenient route to acquire highly crystalline cubic 
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structure of CdSe nanoparticles which agree with the results that have previously been reported 

[31] and no peaks corresponding to impurities were detected, indicating the high purity of the 

product.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 XRD pattern of the CdSe nanoparticles synthesised with 1:1-Cd:Se and 1:20-

Cd:TEA mole ratios for 18 h reaction at pH 8. 
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Figure 2.13 FT-IR spectra of (a) TEA capped CdSe nanoparticles and (b) TEA. 

 

In orders to confirm the capping efficiency of the ligand, the FT-IR analysis were performed. 

The FT-IR spectra of TEA capped CdSe nanoparticles and that of TEA are shown in Figure 2.13. 

The FT-IR results reveal that the CdSe particles are coordinated to the TEA ligand. The peak 

observed at 1360 cm−1, the multiplet at around 2824 - 2948 cm−1, and the peak around 3005 cm−1 

can be attributed to C–H stretching. The broad bands around 3308 cm−1, 3425 cm−1  and shoulder 

at around 1660 cm−1 could be due to the –OH stretching [31,48]. The NH stretching can be seen 

at around 3420-3440 cm−1 and NH bending at 1533 cm−1. 
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2.2.3 Cysteine capped ZnSe nanoparticles 

Water soluble ZnSe were under similar reaction conditions to the cadmium based 

nanoparticles. Zinc chloride and zinc carbonate were used as the metal sources.  

 

2.2.3.1 Optical properties of cysteine capped ZnSe nanoparticles: Effect of pH 

The optical properties of cysteine capped ZnSe nanoparticles were studied at different pH and 

reaction times. The absorption and the photoluminescence spectra of an aqueous solution of 

cysteine capped ZnSe nanoparticles at different pH (4, 7 and 11) after 1 h reaction time are 

shown in Figures 2.14- 2.16. The particles showed clearly defined excitonic peaks at 365 nm 

(Figure 2.14), 372 nm (Figure 2.15) and 400 nm (Figure 2.16) respectively, evidence for the 

formation of particles with sizes in the order of the nanometer range indicating strong 

quantum confinement. The pH 11 sample shows a more pronounced excitonic peak. The 

absorption band gap is observed at 410 nm (pH 4), 440 nm (pH 7) and 418 (pH 11). The PL 

maxima for all samples are observed at approximately 425 nm. 

 

 

 

 

 

 

Figure 2.14 (a) Absorption and (b) photoluminescence spectra of cysteine capped ZnSe 

nanoparticles synthesized at pH 4.  
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Figure 2.15 (a) Absorption and (b) photoluminescence spectra of cysteine capped ZnSe 

nanoparticles synthesized at pH 7.  

 

 

 

 

 

 

 

 

 

Figure 2.16 (a) Absorption and (b) photoluminescence spectra of cysteine capped ZnSe 

nanoparticles synthesized at pH 11. 
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2.2.3.2 Effect of the reaction time on optical properties  

The reaction at pH 11 was repeated with samples collected at different reaction times (1, 3, 5 

and 18 h). The absorption spectra are shown in Figure 2.17. In relation to the bulk band gap 

of ZnSe, the absorption band-edges showed a blue shift in relation to their bulk counterparts 

indicating quantum confinement. The particles synthesized under the reaction time of 1 and 3 

h exhibit sharp pronounced excitonic peaks which indicate that the as-synthesized particles 

are mono-dispersed. The ZnSe nanoparticles synthesized after 18 h did not show any 

excitonic features. With an increase in the reaction time, the band gaps varied from 410 nm 

(for 1 h), 415 nm (for 3 h), 440 nm (for 5 h) and  500 nm (for 18 h) confirming an increase in 

the particle size with an increase in reaction times.  

 

 

 

 

 

 

 

Figure 2.17 Absorption spectra of cysteine capped zinc selenide nanoparticle synthesized 

using zinc chloride source for (a) 1 (b) 3 (c) 5 and (d) 18 h reaction time at pH 11 and room 

temperature. 
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2.2.3.3 Optical properties of cysteine capped ZnSe nanoparticles: Effect of zinc source 

The effect of the zinc source on the optical properties of the as-synthesized cysteine capped 

ZnSe nanoparticles was investigated. Zinc carbonate was used as the alternate zinc source. 

The absorption and photoluminescence spectra of the cysteine capped ZnSe nanoparticles 

synthesized with zinc chloride and with zinc carbonate are shown in Figure 2.18. In both 

cases, the reaction was carried at room temperature and at pH 7 for 1 h. The reaction studies 

using zinc chloride source resulted in a band gap of 380 nm (Figure 2.18a-i) while zinc 

carbonate source yielded a band gap of 520 nm (Figure 2.18a-ii).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 (a) Absorption and (b) photoluminescence spectra of cysteine capped ZnSe 

nanoparticles synthesized at pH 7 and room temperature with (i) zinc chloride and (ii) zinc 

carbonate sources after 1 h. 
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The emission maximum for the zinc chloride sample (Figure 2.18b-i) appeared at about 433 

nm and that of zinc carbonate sample (2.18b-ii) appeared at 420 nm, in which the zinc 

chloride source resulted in narrow emission as compared to that obtained using the zinc 

carbonate source. The shift of the optical band gap of the nanoparticles synthesized using 

zinc chloride as compared to that synthesized with zinc carbonate is due to the reduction of 

particle size. The narrow emission of the nanoparticles synthesized with zinc chloride results 

from the narrowing of particle size distribution.  

 

2.2.3.4 Structural properties of cysteine capped ZnSe nanoparticles: Effect of pH 

The TEM images of cysteine capped ZnSe nanoparticles at different pH values (4, 7 and 11) 

for 3 h reaction time are shown in Figure 2.19. It was extremely difficult to estimate the size 

of the particles of ZnSe synthesized at pH 4 (Figure 2.19a). This effect could be caused by 

the large ratio of the uncoordinated thiol groups to the particles, which resulted in the 

aggregation of ZnSe nanoparticles. The nanoparticles synthesized at pH 7 (Figure 2.19b) are 

small, nearly mono-dispersed and are of close to spherical morphology. At pH 11, the ZnSe 

nanoparticles aggregated to form clusters or microspheres with an average size of 148.42 ± 

11.99 nm. In correlation with the optical properties, it was noticeable that with the increase of 

the pH of the solution the size of the particles became smaller as shown in Figure 2.19b for 

pH 7 (6.8 ± 1.62 nm) and Figure 2.19c for pH 11 (average particle size - 3.79 ± 0.80 nm). 
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Figure 2.19 TEM images of cysteine capped ZnSe naparticles synthesized at (a) pH 4 (b) pH 

7 and (c) pH 11.  
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2.2.3.5 Structural properties of cysteine capped ZnSe nanoparticles: Effect of reaction 

time 

The effect of the reaction time on the morphology of the as-synthesized ZnSe nanoparticles 

has been studied. The TEM images of cysteine capped ZnSe nanoparticles at different 

reaction times (1, 3, 4 and 18 h) synthesized from zinc chloride at pH 11 at room temperature 

are shown in Figure 2.20. 

 

 

Figure 2.20 TEM images of cysteine capped zinc selenide nanoparticle synthesized after (a) 

1 (b) 3 (c) 5 and (d) 18 h. 

200 nm 200 nm 

100 nm 100 nm 
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The nanoparticles synthesized at this pH led to the formation of clusters which varied in 

diameter as the reaction time was increased. As the reaction time was increased, the diameter 

of clusters increases as shown in Figure 2.20 from 1h (103.23 ± 6.76 nm), 3 h (123.12 ± 6.66 

nm) to 5 h (132.32 ± 10.75 nm). The shape of the nanoclusters synthesized after 18 h reaction 

time is not regular compared to the nanoclusters synthesized under reaction time less than 18 

h which resulted in spherical clusters.  The theoretical study of colloidal semiconductors 

shows that the pH and reaction time have the major effect in control of cluster sizes [49]. It 

has been experimentally proven that the correlation between the cluster sizes and the band 

gaps exists. As the size of the cluster increases due to the increase in the reaction time, the 

band gaps in the absorption spectra shift to lower energies.  

 

2.2.3.6 Structural properties of cysteine capped ZnSe nanoparticles: Effect of zinc 

source 

The TEM images of cysteine capped ZnSe nanoparticles synthesized using zinc chloride 

(Figure 2.21a) and zinc carbonate at pH 7 are shown in Figure 2.21. The particles obtained 

from the zinc chloride source are well defined, monodispersed and spheroidal in shape with 

an average diameter of 6.79 ± 1.66 nm (Figure 2.21a). The zinc carbonate source produced 

aggregated nanoparticles in the capping matrx making the particle size difficult to determine. 

 

The crystallinity of the as-synthesized cysteine capped nanoparticles was studied with HR-

TEM. The HR-TEM images of cysteine capped ZnSe nanoparticles synthesized from the 

chloride source are shown in Figure 2.22 for (a) pH 7 and (b) pH 11. The existence of lattice 

planes reveals that the particles are crystalline. The lattice spacing of about 3.42 ± 0.19 Å 
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(Figure 2.22a) and 3.36 ± 0.20 Å (Figure 2.22b) corresponds to the (111) plane of cubic 

ZnSe. 

 

 

 

 

 

 

 

 

 

Figure 2.21 TEM images of cysteine capped ZnSe synthesized with (a) zinc chloride (b) zinc 

carbonate sources. 

Figure 2.22 HR-TEM images of cysteine capped ZnSe nanoparticles synthesized at (a) pH 7 

and (b) pH 11. 
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The crystallinity of the particles was further confirmed by the powder XRD technique. From 

the XRD pattern (Figure 2.23), three distinct peaks can be observed. The first peak at 2θ = 

26.4o is due to the (111) reflection and the two broad peaks appearing at 2θ = 43.2o and 50.2o 

result from the (220) and (311) reflections, respectively, and therefore the pattern can be 

indexed to cubic ZnSe. 

 

 

 

 

 

 

 

Figure 2.23 XRD pattern of cysteine capped ZnSe nanoparticles synthesized from the zinc 

chloride source at a room temperature reaction at pH 7. 

 

FT-IR spectroscopy was used to investigate the surface morphology of the nanoparticles in 

order to confirm the capping of the ZnSe nanoparticles by cysteine. Usually, amino acids 

exist as zwitterions (internal salts) and exhibit typical spectra of both carboxylate and primary 

amine salts. Amino acids of this type show NH3+ stretch (very broad), N-H bend 

(asymmetric/symmetric) and COO- (carboxylate ion) stretch (asymmetric/symmetric) as 

characteristic vibrations [50]. 
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Figure 2.24 FT-IR spectra of (a) cysteine and (b) cysteine capped ZnSe nanoparticles 

synthesized using zinc chloride at pH 7. 

 

The FT-IR absorption observed around 1637 and 1430 cm-1 indicates the presence of the –

COO- group (Figure 2.24). The evidence for the de-protonation of S-H group vibration at 

2550-2670 cm-1would tend to suggest that the interaction of cysteine with the ZnSe is most 

probably electrostatic rather than covalent; i.e. the surface of ZnSe probably carries a net 

positive charge.  The shift of the carboxylic group stretching frequency from 1717 cm-1 to 

1631 cm-1 could be due to the change of dipole moment caused by binding of cysteine with 

high electron density metal surface [44]. These results confirm the presence of typical amino 

acid.  

 

2.2.4 TEA capped ZnSe nanoparticles 

Water soluble triethanolamine (TEA) capped ZnSe were synthesized under similar reaction 

conditions to the csyteine capped nanoparticles.  
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2.2.4.1 Optical properties of TEA capped ZnSe nanoparticles: Effect of pH   

The optical properties of TEA capped ZnSe nanoparticles were studied at different pH values 

(4, 7 and 11). The absorption and the photoluminescence spectra of an aqueous solution of 

TEA capped ZnSe nanoparticles at different pH are shown in Figure 2.25. With an exception 

of the synthesis carried at pH 4 (Figure 2.25a-i), the particles showed clearly defined 

absorption peaks at 415 nm ( pH 7, Figure 2.25a-ii) and at 409 nm (pH 11, Figure 2.25a-iii).   

 

     

 

 

 

 

 

Figure 2.25 (a) Absorption and (b) photoluminescence spectra of TEA capped ZnSe 

nanoparticles synthesized at (i) pH 4, (ii) pH 7 and (ii) pH 11 using ZnCl2 source. 

 

The absorption band gap obtained using a direct band gap method is 500 nm (2.48 eV) for 

ZnSe nanoparticles synthesized at pH 4 (Figure 2.25a-i). For the particles synthesized at pH 

7, the band gap is at 470 nm (Figure 2.25a-ii) and 460 nm for the reaction at pH 11 (Figure 

2.25a-iii). The absorption spectra indicate clearly that the absorption peaks shifted to higher 

energies as the pH of the solution was increased from 4 to 11. The as-synthesized ZnSe 
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nanoparticles photoluminescence spectra are as shown in Figure 2.25b. The emission 

maximum is at approximately 420 nm. 

 

2.2.4.2 Structural properties of TEA capped ZnSe nanoparticles: Effect of pH   

The TEM images synthesized at different pH (4, 7 and 11) are shown in Figure 2.26. All the 

images show well defined particles within the matrix of the capping group. The particles 

synthesized at pH 4, had the average size of the particles of 6.37 ± 0.88 nm (Figure 2.26a). 

As the pH of the solution was increased from 4 to 11, the average particle size decreased. 

When the pH was 7, the average size of the particles was 5.10 ± 0.58 nm (Figure 2.26b), 

whereas pH 11 (Figure 2.26c) resulted an average particle size of 4.88 ± 0.22 nm. It is clear 

from the images that the morphology and shape of the particles is pH dependent, in which the 

acidic medium yielded larger particles while the basic medium produced smaller particles. 

 

The particles of similar sizes have been previously reported by Jiao et al. [51]. The 

crystallinity of the particles was confirmed with HR-TEM images shown in Figure 2.26, and 

the images show the particles with distinct lattice fringes. The particles are surrounded by the 

triethanolamine matrix. The lattice spacing of 3.44 Å visible in all images can be indexed to 

the (111) plane of a cubic phase ZnSe nanoparticles.  

 

The crystallinity of the particles was confirmed by XRD. From the XRD pattern (Figure 

2.27), three distinct peaks can be observed. The first peak at 2θ = 26.4o is due to the (111) 

reflection and the two broad peaks appearing at 2θ = 43.2o and 50.2o results from the (220) 

and (311) reflections, respectively. The peaks can be assigned to the cubic phase of ZnSe.  
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Figure 2.26 TEM images of TEA capped ZnSe nanoparticle and their corresponding HR-

TEM images synthesized at pH (a) 4 (b) 7 and (c) 11.  
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Figure 2.27 XRD pattern of TEA capped ZnSe nanoparticles synthesized with zinc chloride 

source at a room temperature reaction at pH 7.  

 

The surface morphology of the nanoparticles was studied using FT-IR spectroscopy. The FT-

IR spectra of TEA capped ZnSe are shown in Figure 2.28 indicating the presence of TEA 

capped ZnSe nanoparticles. The strong band at 3308 cm-1 corresponds to O-H group 

vibrations. Usually, the C-N stretching and the C-H bonding vibrations appear in the range of 

1000-1180 cm-1 and 1400-1300 cm-1, respectively [52].  

 

 

 



77 

 

 

Figure 2.28 FT-IR spectra of (a) TEA and (b) TEA capped ZnSe nanoparticles. 

 

In this current work, the C-N stretching appears at 1092 cm-1 and the C-H bonding vibrations 

appear at 1379 cm-1. The band at 1590 cm-1 could be due to the N-H bending. The existence 

of the major functional groups of TEA confirms the effective bonding of the TEA molecules 

with the vacancy shell of Zn2+ in ZnSe nanostructures. 
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2.3 Conclusion  

CdSe and ZnSe nanoparticles have been synthesized in two water soluble capping groups, 

cysteine and triethanolamine (TEA). The method employed is a simple one pot synthesis 

which involves the addition of the metal salt and capping group to a freshly prepared solution 

of reduced selenium. The effect of the reaction parameters such as pH, reaction time, 

concentration, reactant ratio and temperature on the optical properties and morphology of 

cysteine and TEA capped CdSe and ZnSe nanoparticles was investigated. The cysteine 

capped CdSe nanoparticles showed blue shifted absorption spectra for the reactions carried 

out at pH 4, 7 and 11. There was a slight shift in the absorption band gap to higher energy 

with increase in pH. Distinct excitonic peaks were visible in the absorption spectra. There 

were no differences in the position and shape of the emission maxima at the various pH. The 

pH of the reaction did not have a profound effect on the particle morphology. The particles 

were spherical in shape ranging in sizes from 5-8 nm. Aliquots of samples were drawn for the 

reaction at pH 11 to monitor the growth with reaction time. The optical absorption band gap 

was shifted to lower energies as the reaction time increases from 1 to 18 h. The effect of the 

cadmium source was investigated by using cadmium carbonate as an alternate cadmium 

source. Aggregated particles were observed in TEM image when the carbonate source was 

used. The XRD pattern confirmed the cubic phase of CdSe. The HR-TEM images showed 

well defined particles with distinct lattice fringes.   

 

The effect of the Cd:Se ratio (1:1; 1:4; 1:6; 4:1) was studied in the synthesis of the TEA 

capped CdSe nanoparticles. The variation in mole ratio seemed to have no effect on the 

optical properties. The TEM images also confirmed this whereby speherical particles were 

obtained at all ratios. The XRD study confirmed the presence of cubic CdSe.  
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The cysteine capped ZnSe nanoparticles were also synthesized at different pH. There was not 

much difference in the position of the band gap however the sample synthesized at pH 11 

showed a more pronounced excitonic peak. The TEM images showed that the particles 

syntehsized at pH 7 had regular morphology with the appearance of close to spherical 

particles. The particles synthesized at pH 11 were large clusters or microspheres. The zinc 

carbonate source produced agglomerated particles whose size was difficult to determine. The 

XRD pattern was indexed to the cubic phase. The TEA capped ZnSe were also synthesized at 

pH of 4,7 and 11. The sample at pH 4 did not show a clearly defined absorption peak. The 

TEM images show spherical nanoparticles in the 4-6 nm size range, surrounded by the 

capping matrix. The HR-TEM images show particles with distinct lattice fringes.   
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Chapter 3 

Synthesis of HDA capped ZnSe nanoparticles 
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3.0 Introduction  

The natural toxicity of cadmium may limit the use of cadmium based nanoparticles in in-vivo 

applications, therefore there is a search for substituting cadmium with less toxic labeling 

materials. There are many drawbacks caused by the high toxicity of Cd
2+

 ions in biological 

applications which can easily be released in aqueous solutions. Due to these drawbacks, there 

had been many reports of the use of doped and undoped ZnSe nanoparticles in the place of 

cadmium.  In addition, ZnSe nanoparticles have a wide band gap (Eg = 2.7 eV) which is not 

observed in other II-IV semiconducting materials and they also show potential applications in 

short wavelength electrochemical devices. These devices include blue laser diodes [1-3], 

photodetectors, light emitting diodes [4], high density optical storage [5], full color displays and 

biomedical labeling and sensors [6]. ZnSe has also recently been found to be a sensitive-type 

humidity sensor based on a one dimensional ZnSe nanostructure [7].  

 

There have been many reports for the synthesis of ZnSe nanoparticles. Revaprasadu et al. [8] 

reported the synthesis of well defined, isolated tri-n-octylphosphine oxide capped ZnSe 

nanoparticles using the single source molecular precursor method. Gong et al. [9] used a 

hydrothermal method to synthesize ZnSe powders. The particles synthesized were of good 

quality. However, the long soaking period in the autoclave made the Gong’s [9] method not as 

cost effective with regards to energy consumption.  Other methods that have been developed to 

synthesize ZnSe nanoparticles include the chemical bath deposition [10], molecular beam 

epitaxy deposition [11], low temperature synthesis [12,13], molecular precursor deposition [14], 

microwave irradiation [15], reverse micelles soft templates [16], hydrothermal synthesis [17] and 

chemical vapor deposition method [18].  
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In this study we report the synthesis of organically capped ZnSe nanoparticles. The synthetic 

route used in this study is an adaptation of the previously reported procedure by the Revaprasadu 

group for cadmium based chalcogenides nanoparticles [19,20]. The effect of the reaction time, 

temperature and the metal sources on the morphological and optical properties of ZnSe 

nanoparticles is being investigated. Hexadecylamine (HDA), zinc chloride and zinc carbonate 

have been chosen as capping agent and sources respectively. 

 

3.1 Experimental 

3.1.1 Materials and reagents 

Zinc chloride (ZnCl2), zinc carbonate (ZnCO3), sodium borohydride (NaBH4), de-ionized water 

(HPLC grade), trioctylphosphine (TOP) and hexadecylamine (HDA) were purchased from 

Aldrich and the selenium powder from Merck. All the chemicals were of analytical grade and 

used as purchased. 

 

3.1.2 Synthesis of HDA capped ZnSe nanoparticles  

HDA capped ZnSe nanoparticles were synthesized by modifying the method by Oluwafemi and 

Revaprasadu [21,22]. Briefly, in a typical room temperature reaction, selenium (Se) powder 

(0.32 mmol) was mixed with deionised water in a three necked flask.  Sodium borohydride 

(NaBH4) solution (0.81 mmol) was added into this mixture which dissolves suddenly, and the 

flask instantly purged with nitrogen gas to create an inert atmosphere. After 2 h of Se digestion, a 

clear colourless solution represents the complete reduction of selenium powder. The zinc salt 

dissolved in de-ionized water (1:1-Zn:Se) was added to the reduced selenium solution and the 

mixture was allowed to react for about 30 min. under stirring. The bulk ZnSe formed was then 
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flocculated with methanol, centrifuged and dispersed in TOP. The resulting mixture was then 

injected into a hot coordinating solvent (HDA). The synthesis was carried at different 

temperatures (190, 230 and 270 
o
C). In each reaction temperature, the aliquots were withdrawn 

at different reaction times, flocculated with methanol, centrifuged and re-dispersed in toluene for 

further analysis. The reactions were studied at different reaction times (5, 15, 30 min., 1 and 2 h) 

and temperatures. 

 

3.1.3 Characterization  

The as synthesized particles were characterized by UV-Vis and photoluminescence 

spectroscopy, Powder X-ray diffraction (XRD), TEM and HRTEM techniques as described in 

the previous chapter (Section 2.1.3, Page no. 43-44). 

 

3.2 Results and discussion  

3.2.1 Optical properties of HDA capped ZnSe nanoparticles: Effect of reaction time and 

temperature 

The  absorption spectra (Figure 3.1a) of the nanoparticles synthesized at 190 
o
C after 30 min. 

reaction time show the absorption edge (410 nm) shifted to higher energies compared to the bulk 

band gap of ZnSe (460 nm). The photoluminescence spectra (Figure 3.1b) shows a narrow 

emission curve with emission maxima at 424 nm.  
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Figure 3.1 (a) Absorption and (b) Photoluminescence spectra of HDA capped ZnSe 

nanoparticles synthesized at 190 
o
C after 30 min. reaction time. 

 

The absorption and photoluminescence spectra of HDA capped ZnSe nanoparticles synthesized 

at 230 
o
C after various reaction times are shown in Figure 3.2. The absorption band edge is far 

blue shifted indicating strong quantum confinement. The optical absorption band gap of 390 nm 

was observed for 5 and 15 min. reactions. Whereas, the reactions carried for 30 min. and 1 h 

resulted in the band gap of 385 nm. There is a distinct absorption shoulder for all samples. In 

comparison to the report by Revaprasadu et al. [8], the as-synthesized ZnSe nanoparticles 

showed strong quantum confinement confirmed by relatively large shift of the band gaps to 

higher energies and exceptionally narrow band edge emission appearing at approximately 420 

nm. The noticeable shift of the band gaps to higher energies as the reaction time increases is 

associated with a decrease in particle size. 
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Figure 3.2 (a) Absorption and (b) photoluminescence spectra of HDA capped ZnSe 

nanoparticles for (i) 5 (ii) 15 (iii) 30 min. (iv) 1 and (v) 2 h reaction time synthesized at 230 
o
C.  

 

The optical studies of a reaction carried at 270 
o
C were also investigated. The absorption band 

gap was observed at 400 nm (Figure 3.3a). The emission maximum was observed at 425 nm 

(Figure 3.3b). The exceptionally narrow emission spectrum is due to HAD which suppresses the 

growth rate and the particle size when used as capping group, and it also improves the quantum 

efficiency by effectively passivating the surface defects [24,25].  
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Figure 3.3 (a) Absorption and (b) photoluminescence spectra of HDA capped ZnSe 

nanoparticles synthesized at 270 ºC after 30 min. reaction time. 

 

3.2.2 Structural properties of HDA capped ZnSe nanoparticles 

The XRD pattern of the HDA capped ZnSe nanoparticles synthesized at 230 
o
C is shown in 

Figure 3.4. The pattern can be assigned to the hexagonal phase of ZnSe with the (100), (002), 

(110), (103) and (112) planes of the wurtzite being clearly observed. The broadening of the 

diffraction peaks confirms the nanocrystalline nature of the particles. The stronger and narrow 

peak for (002) planes show that the nanoparticles are elongated along the c-axis. 
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Figure 3.4 XRD pattern of HDA capped ZnSe nanoparticles synthesized at 230 
o
C. 

 

The effect of the reaction time on the morphological properties of ZnSe nanoparticles was 

studied using the reaction synthesized at 230 
o
C. Figure 3.4 shows the TEM images of HDA 

capped ZnSe nanoparticles after 1 h (Figure 3.5a) and 2 h (Figure 3.5b) reaction time. The 

average particle size of the HDA capped ZnSe nanoparticles for the 1 h reaction was 7.73 ± 2.22 

nm (Figure 3.5a), while that of 2 h reaction was 7.17 ± 1.70 nm (Figure 3.5b). This observation 

shows that as the thermolysis reaction time increases, the average particle size of the 

nanoparticles becomes smaller.  
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Figure 3.5 TEM images of HDA capped ZnSe nanoparticles synthesized at 230 
o
C after (a) 1 

and (b) 2 h reaction times. 

 

The effect of the reaction temperature was also studied using transmission electron microscopy. 

This was done by fixing the reaction time at 1 h and varying the temperature from 190, 230 and 

270 
o
C. The TEM images of HDA capped ZnSe nanoparticles synthesized at different 

temperatures are shown in Figure 3.6. ZnSe nanoparticles synthesized at 190 
o
C (Figure 3.6a) 

were nearly spherical in shape but the size could not be estimated. The nanoparticles synthesized 

at 230 
o
C (Figure 3.6b) are well defined, reasonably monodispersed and spherical in shape. This 

is in good agreement with absorption spectra which showed distinct excitonic peaks with band 

gaps shifted to higher energies. This reaction temperature resulted in average particle size of 7.73 

± 0.09 nm. The synthesis carried out at 270 
o
C resulted in spherical, highly monodispersed 

particles with an average particle size of 7.14 ± 0.01 nm. 
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Figure 3.6 TEM images of HDA capped ZnSe nanoparticles synthesized at (a) 190  (b) 230 and 

(b) 270 
o
C after 1h reaction time. 

 

 

 

 

 

 

 

 

Figure 3.7 HR-TEM images of HDA capped ZnSe nanoparticles synthesized at (a) 190 and (b) 

230 
o
C after 1 h reaction time. 

3.11 Å 

3.40 Å 
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The crystallinity of the as-synthesized HDA capped ZnSe nanoparticles was confirmed by HR-

TEM.  The HR-TEM images are shown in Figure 3.7. The images reveal that the particles are 

well defined, crystalline with clearly visible lattice fringes. 

 

The use of different metal sources plays an important role in the final morphology of the 

nanoparticles. In order to investigate this effect, zinc carbonate was used as an alternate zinc 

source at 230 
o
C. The TEM images of HDA capped ZnSe nanoparticles synthesized from the 

carbonate and chloride sources are shown in Figure 3.8a and Figure 3.8b respectively.  

 

 

 

 

 

 

 

 

Figure 3.8 TEM images of HDA capped ZnSe nanoparticles synthesized at 230 
o
C using (a) zinc 

carbonate and (b) zinc chloride. 

 

The nanoparticles synthesized with ZnCO3 source were aggregated and not well defined. The 

chloride source produced monodispersed ZnSe nanoparticles which are spherical in shape with 

an average diameter of 7.73 ± 2.22 nm.  
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3.3 Conclusion 

Hexadecylamine (HDA) capped ZnSe nanoparticles have been synthesized by a non-

organometallic route. The effect of reaction time, temperature and zinc source on the optical and 

morphological properties of the ZnSe particles was studied. The particles synthesized at all 

reaction temperatures (190, 230 and 270 ºC) displayed absorption band edges which were blue 

shifted from the bulk ZnSe. The effect of the reaction time was investigated for thereaction at 

230 ºC. There was an increase in the band gap as the reaction proceeded with time, an indication 

of the increase in particle size. The emission spectra of the as-synthesized HDA capped ZnSe 

nanoparticles at all reaction conditions show close to band gap emission. The XRD studies 

confirm the presence of hexagonal ZnSe. The TEM images of the particles synthesized at all 

temperatures show close to monodispersed particles with average particle size of ca 7.5 nm. The 

HRTEM images show crystalline particles with lattice fringes.  

 

3.4 Future Work 

This study describes the successful synthesis of water soluble cysteine capped and TEA capped 

ZnSe nanoparticles using a simple route. The results of the study has opened the way for further 

work on the use of these water soluble nanoparticles in applications such as biological imaging. 

The toxicity of the particles can also be studied and compared with other semiconductor 

materials such as CdSe and CdTe. 

 

The work on the hexadecylamine capped ZnSe can also be extended. Other primary amines such 

as oleylamine, decylamine and dodecylamine can be used as capping groups.  
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4.0 Summary and conclusions  

The successful synthesis of water soluble CdSe and ZnSe nanoparticles is discussed in chapter 

two. The nanoparticles have been synthesized using cysteine and triethanolamine (TEA) as 

capping groups via one pot synthesis method, which involves the addition of the metal salt and 

capping group to a freshly prepared solution of reduced selenium.  

 

The effect of the reaction parameters such as pH, reaction time, capping agent, reactant ratio, 

variation of Cd/Zn srouces and temperature on the optical properties and morphology of cysteine 

and TEA capped CdSe and ZnSe nanoparticles were investigated. The cysteine capped CdSe 

nanoparticles showed blue shifted absorption spectra for the reactions carried out at pH 4,7 and 

11. There was a slight shift in the absorption band gap to higher energy with the increase in pH. 

Distinct excitonic peaks were visible in the absorption spectra. The emission and absorption 

spectra for the reactions carried at shorter reaction times were blue-shifted and the samples 

synthesized at longer reaction time (18 h) showed a slight red-shift. The as-synthesized particles 

were spherical in shape ranging in sizes from 5-8 nm. Cadmium carbonate salt as the cadmium 

source resulted in aggregated particles showed by TEM images. The cubic phase of CdSe was 

confirmed from the XRD pattern with well-defined particles and distinct lattice fringes with 

lattice spacing (111) was revealed by HR-TEM images. The variation of the Cd:Se ratio (1:1; 

1:4; 1:6; 4:1) in the synthesis of the TEA capped CdSe nanoparticles didn’t alter the optical and 

structural properties of the particles.  

 

The cysteine capped ZnSe nanoparticles were also synthesized at different pH. The XRD pattern 

confirmed the cubic phase of ZnSe. The effect of pH variation on the TEA capped ZnSe 
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nanoparticles synthesised at pH 4 did not show a clearly defined absorption peak. The TEM 

images show spherical nanoparticles in the range of 4-6 nm, which are surrounded by the 

capping matrix and also the distinct lattice fringes were observed in the HR-TEM images.  The 

TEM studies showed that the particles syntehsized at pH 7 had a regular morphology with the 

appearance of spheroidal particles. There was not much difference in the position of the band gap 

however the sample synthesized at pH 11 showed a more pronounced excitonic peak. The 

particles synthesized at pH 11 were large microsphere clusters.  

 

Chapter three describes the synthesis of hexadecylamine (HDA) capped ZnSe nanoparticles via a 

non-organometallic route with variation in the reaction parameters such as reaction time, 

temperature and zinc source on the optical and morphological properties of the ZnSe particles. 

The particles showed blue shift in their absorption spectra for all reaction temperatures (190, 230 

and 270 ºC) when compared with the bulk ZnSe. The effect of reaction time was also 

investigated for the reactions carried at 230 
o
C. The band gap was noticed to increase as the 

reaction time increases, indicating the increase in particle size. The absorption and emission 

spectra of the as-synthesized HDA capped ZnSe nanoparticles showed blue-shit at all reaction 

conditions. The XRD studies confirm the presence of hexagonal phase of the ZnSe nanoparticles. 

The TEM images of the particles synthesized at all temperatures show close to monodispersed 

particles with average particle size of ca 7.5 nm. The HRTEM images also confirm the 

crystallinity of the ZnSe nanoparticles with distinct lattice fringes.  


