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ABSTRACT 

 

Currently, non-renewable sources are mostly used to meet the ever-growing demand for 

energy. However, these sources are not sustainable. In addition to these energy sources 

being not sustainable, they are bad for the environment although the energy supply sectors 

highly depend on them. To address such issues the use of renewable energy sources has 

been proven to be beneficial for the supply of energy for the global population and its 

energy needs. Advantageous over non-renewable sources, renewable energy plays a crucial 

role in minimizing the use of fossil fuel and reduces greenhouse gases. Minimizing use of 

fossil fuels and greenhouse gases is important, because it helps in the fight against climate 

change. The use of renewable energy sources can also lead to less air pollution and 

improved air quality. Although solar energy is the most abundant source of renewable 

energy that can be converted into electrical energy using various techniques, there are 

some limitations. Among these techniques are photovoltaic cells which are challenged by 

low efficiencies and high costs of material fabrication. Hence, current research and 

innovations are sought towards the reduction of costs and increasing the efficiency of the 

renewable energy conversion devices. This work developed and investigated the 

electrochemistry and photophysics of carbon nanodots-decorated quaternary quantum dots 

of nickel (Ni), indium (In), gallium (Ga) and selenium (Se) (NIGS) as potential material 

that can be efficiently convert light into useful energy. The carbon nanodots were 

synthesized using a greener route through microwave irradiation while the NIGS quantum 

dots were synthesized using solvothermal synthesis. These materials were then combined 

into a nanocomposite using the microwave synthesis. The properties of these materials 

(CNDs, NIGS and CND-NIGS nanocomposite) were investigated using spectroscopy 

(Fourier Transform Infrared (FT-IR) spectroscopy, ultraviolet-visible (UV-Vis) 
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spectroscopy, photoluminescence (PL) spectroscopy, Raman spectroscopy, small angle X-

ray scattering (SAXS) spectroscopy and X-ray diffraction spectroscopy (XRD)), 

microscopy (transmission electron microscopy (TEM)), and electrochemistry (cyclic 

voltammetry (CV)).The FTIR spectrum of carbon nanodots revealed that the structure 

consisted of O-H, C-O-C and C=O bands originating from the glucose precursor. The UV-

Vis spectroscopy revealed that the carbon nanodots absorb light in the UV region with a 

characteristic short-wavelength peak at 284 nm, attributed to the π-π* transitions. The 

carbon nanodots also exhibited intense photoluminescence with emission peaks at 445 nm 

and 636 nm. The shape of the carbon nanodots was found to be spherical with diameters 9-

13 nm as determined from HRTEM analysis, and 15-20 nm as determined from SAXS 

analysis. Carbon nanodots exhibited an oxidation-reduction pair centered at 0.6 V and 0.01 

V (vs Ag/AgCl). This pair was attributed to oxidation and reduction of the CNDs. XRD 

and SAED from HRTEM revealed an amorphous nature of the carbon nanodots. Similarly 

to CNDs, NIGS quantum dots had a spherical shape, but with estimated diameters of 11.55 

nm from HRTEM analysis and 18-55 nm from SAXS analysis. The NIGS quantum dots 

absorb light at 547 nm with a broad band extending to 750 nm. From these results, an 

optical bandgap of 2.01 eV was determined. The PL analysis revealed that the NIGS 

quantum dots emit light at 397 nm. The NIGS quantum dots exhibited two oxidation peaks 

with maximum peak current of 29 µA and at 35 µA appearing at 0.53 V and 0.95 V, 

respectively. The carbon nanodots-decorated NIGS quantum dots absorbed light in the 

visible region of the solar spectrum at 400 nm and 750 nm from which an optical bandgap 

of 1.97 eV was determined. The carbon nanodots-decorated NIGS quantum dots exhibit 

maximum peak current of 98 µA at 0.63 V and 17 µA at 1.0 V (vs Ag/AgCl). The low 

bandgap of carbon nanodots-decorated NIGS quantum dots indicates potential applications 

in photovoltaic cells. 
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CHAPTER 1: 

INTRODUCTION 

1.1 Overview 

In this chapter, the summary of the importance of carrying this project is stated. The 

background of the research is also discussed. This chapter also includes the problem 

statement, motivation for carrying out the study aims and objectives.  

1.2 Introduction 

1.2.1 Energy demand 

Ever since the end of World War 2 in 1945, humans have become more dependent on non-

renewable energy sources for energy supply [1]. In the modern world energy has become a 

burning issue, as we have been relying on unstainable sources of energy such as fossil fuels 

for a very long time [2]. Non-renewable energy is obtained from sources which are 

predicted to run out in the next 200 years [3]. These unrenewable sources of energy will 

not only run out soon they are also having adverse effects on the environment [4]. As the 

demand for energy supply increases, with the world’s population increasing at an 

exponential rate, it is predicted that these non-renewable energy sources will not be able to 

handle this increasing demand in future [5]. Renewable energy most sources include 

natural gas, oil and coal which are limited [6]. The shortage of energy does not only 

negatively affect the environment, it has social impact as well. The competition for 

resources can lead to regional conflicts such as the case for oil while the burning of fossil 

fuels contributes to global warming [7]. As a results, the over use of these non-renewable 

energy sources can lead to them running out sooner than expected [8]. 
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Renewable energy sources offer benefits to the environment and to human beings, because 

little or no toxic gases are emitted during their use [9]. Amongst the benefits of using these 

renewable sources of energy is that they are not going to run out anytime soon [10]. 

Renewable energy activities are situated in rural areas, this could provide economic 

opportunities for local residents [11]. Most countries around the world are moving into 

renewable energy but at a snail’s pace [12]. In 2013, the use of renewable sources for the 

generation of energy around the globe was estimated to be 19.1% and this was expected to  

increase, the biggest growth was observed in solar energy technologies followed by wind 

power [13]. 

1.2.2 Solar energy 

It is obvious that there is a need to move towards renewable energy sources to solve the 

problem of energy supply especially for a region like Africa. One of those renewable 

sources is solar energy, the energy from the sun [14]. Solar energy has many applications 

including electricity power production, solar propulsion and solar desalination [15]. The 

sun is a stable, cleanest and most reliable source of energy on earth, with no carbon 

emissions or product waste generated [16]. This abundant energy source is converted to 

useful energy utilizing various devices including solar cells (photovoltaic cells and 

concentrated solar cells). Photovoltaic (PV)  cells are the popular of the two and will be the 

focus of our research [17].  

 

The history of PV cell dates back to 1876 and it is recognized as the energy for the future, 

because the energy from the sun is expected to last for billions of years.  South Africa is 

one of those African countries with the highest solar radiation, with an average of 8 and a 
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half hour of sunshine daily [18]. Most of this abundant solar radiation is found in the 

province of Northern Cape in Upington with a potential to generate 5000 megawatts (MW) 

of electricity from solar power using PV cells [19]. Clearly, South Africa has a big 

potential in generating energy using PV cells, following the fact in 2014 it was listed 9
th

 in 

the world for the solar PV market [20]. Also one of the biggest solar PV cell in Africa is 

found in Northern Cape, with a potential of providing 180 GWh of electricity to 80000 

households [19].  According to the Climatescope report of 2015, South Africa had invested 

more in PV cells than any other sub-Saharan African country [21]. However high costs and 

low efficiencies are hindering the development of these energy conversion devices [22]. As 

a result many research groups have recognized improvements in photovoltaic cells are 

needed to optimize the conversion of this fascinating energy from the sun [23].  

1.2.3 Energy and nanotechnology 

In age of renewable energy, most countries are moving towards green energy solutions, 

because it is being seen as the energy for the future [24]. Current approaches of improving 

the materials used for solar energy conversion to electricity have major drawbacks such as 

not being environmentally benign and economically feasible [25]. This is a problem 

especially in a country like South Africa which has so much inequality. Thankfully, 

nanotechnology has a potential to solve some of these problems, which in future can lead 

to equality access energy sources for everyone [26]. Particularly the use of nanoparticles 

holds a big promise of minimizing the costs in the current solar conversion technologies 

[27]. Among these nanoparticles, semiconductor nanocrystals such as quantum dots and 

the emerging carbon nanodots have attracted strong interest due to their novel optical and 

electronics characteristics which, apart from the diverse applications, can increase the 

efficiency of solar conversion devices at lower costs [28]. 
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1.2.4 Energy conversion and challenges 

Although, the sun is the cleanest and sustainable sources of energy, the biggest challenge is 

finding suitable materials to efficiently collect this energy [29]. Solar cell is one of the 

important energy conversion device, a photovoltaic cell is a type of solar cell that uses the 

principle of photo electric effect to convert solar energy into electrical energy [30]. The 

process (as illustrated in Figure 1.1) begins when photons of light fall on the cell free 

electrons are ejected, this results in the flow of electric current [31]. The majority of 

photovoltaic cells consist of semiconducting material which absorb and traps photons from 

the sun [32]. These absorbed photons generate electron-hole pair, the electrons flow in a 

similar direction being controlled by internal electric field originating from p-n junction 

material, and finally generate electric current [33].  The p-n junction is formed by 

combining positively charged (p) material with negatively charged (n) material [34].  

 

Figure 1.1: Visual representation of the working principle of PV cells [34]. 
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1.2.5 Quantum dots 

Semiconducting nanoparticles recently have become a hot topic in research, because of 

their unique properties [35]. Quantum dots were discovered about three decades ago and 

have attracted attention in solar cell technology because of their superior optical, electronic 

and photoluminescence properties [36]. Quantum dots are semiconductor nanoparticles 

that are small in size (with diameter between 2 nm and 10 nm). Quantum dots have size-

dependent properties such as colour and their emission of light and this phenomenon is due 

to quantum confinement [37]. All these unique properties have made quantum dots useful 

in many applications [38]. These applications include solar cells, light emitting diodes, 

lasers, emitters for colour displays, sensors and bio-imaging [39]. Over the last ten years 

more new avenues have been explored to use quantum dots in optoelectronic applications, 

especially solar cell devices [40]. 

 

Although, silicon solar cells are commercial popular their fabrication processes are very 

expensive while their achievable maximum efficiency is restricted to 33.7% , some 

research groups have tried finding better alternatives such as dye-sensitized-solar cells, 

perovskite solar cells, organic solar cells and quantum dots-sensitized-solar cells [41]. 

These alternatives have reduced the manufacturing costs and have shown the potential to 

increase the maximum achievable efficiency to 44.7% [42]. Quantum dots solar cells have 

an edge over the other alternatives, because of unique optical and electrochemical 

properties which are size dependent [43]. One of the attractive properties of these 

nanoparticles which restrict movement of electrons in three dimensions is their potential to 

generate multiple excitons [44].   
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The chemical synthesis of quantum dots can be tricky and since their discovery, there has 

been improvements which lead to products that have controlled shape, size and 

composition [43]. In the 1980s, Ekimov and colleagues at the Loffe Institute in St. 

Petersburg, Russia, reported the size-controlled characteristics of ionic nanocrystals in a 

glass matrix [45]. Also in the same era, Brus discovered the size-controlled behaviour of 

colloidal CdS nanocrystals using the measurement of size-dependent redox potentials [46]. 

 

In solar cell devices, quantum dots are used as absorber material (a material that absorbs 

light). Lead (Pb) chalcogenides (lead sulphide (PbS) and lead selenide (PbSe)) and 

cadmium (Cd) chalcogenides (cadmium selenide(CdSe), cadmium sulphide (CdS) and 

cadmium telluride(CdTe)) quantum dots are popular solar cell sensitizing material utilized 

[47]. The biggest problem when using these Pb and Cd chalcogenides is that they are very 

toxic, making it clear that a shift towards green quantum dots is needed. These 

environmentally friendly quantum dots include compounds of group I–III–VI2 elements 

such as CuInS2(CIS), CuInSe2 (CISe), CuInSeS(CISeS) and Cu(In,Ga)Se (CIGS) [48]. 

Amongst these copper indium gallium selenide (Cu(In,Ga)Se, CIGS) quantum dots are 

popular for their good stability and absorption close to the infrared (IR) spectrum of 

sunlight [49]. Another property of CIGS that make them superior when compared to 

crystalline silicon (another widely used solar cell material), is that they are a direct band 

gap semiconductor, meaning that CIGS have the potential to result in higher efficiency 

than silicon [50]. This efficiency was found to be 22.8%, as compared to 19% of silicon. 

However CIGS (efficiency, performance or properties) is still inferior to Pb and Cd 

chalcogenide quantum dots because their mechanism and engineering is not yet fully 

understood [51]. Hence, there is need for integration of various molecules or materials to 
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these semiconducting quantum dots to yield novel nanostructures with unique chemical 

and physical properties [52]. 

1.2.6 Carbon nanodots 

Carbon nanodots (C-dots) (also referred to as carbon quantum dots) are an emerging type 

of nanocarbon, and usually consist of quasi-spherical nanoparticles with sizes less than 10 

nm. Carbon nanodots generally have a large number of carboxylic acids groups on their 

surface, a property which makes them highly soluble in water with a good 

photoluminescence [53]. They have become a hot topic in research not only because of 

their potential to be used as substitute for the toxic conventional metal-based quantum dots, 

but also for the potential to replace conventional semiconducting quantum dots for many 

applications. This arises from their solubility in water, good photoluminescence, 

photostability and less toxicity [54].  

 

Interestingly, C-dots were discovered by luck 13 years ago, during the purification of 

single walled carbon nanotubes (SWCNTs) synthesized by arc-discharge method. After the 

purification process the researchers also obtained a novel nanomaterial which later became 

known as carbon nanodots or carbon dots [55]. Since their fascinating discovery, they have 

attracted strong interest from researchers, because of their dominant photoluminescence 

(PL) property among others. The mechanism of this PL property is not yet fully 

understood, but is believed to result from the radiative recombination of excitons found on 

the surface energy traps [56].  
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1.2.7 Problem statement 

Quantum dots are known for their fascinating light harvesting properties with applications 

in energy-based devices such as solar cells. However, the full potential of the quantum dots 

for this property is not yet realized. The major problem lies with the instability of quantum 

dots which results in low efficiency when they are applied in solar cells. Currently, 

crystalline silicon is the mostly widely utilized material for commercial solar cells, because 

it offers relatively better efficiency [57]. However, this comes at higher manufacturing 

costs, because obtaining silicon is not cheap. Also, silicon solar cells are not flexible and 

they suffer from low charger carrier mobility.  

 

Amongst various available alternatives, nanoparticles characterized by large surface area 

can help to alleviate this problem. Examples include quantum dots which are known for 

their attractive light harvesting properties with applications in energy-based devices such 

as solar cells. These semiconducting nanoparticles have the potential to increase the 

efficiency of solar cells, possible through better engineering and finding to of ways to 

stabilize the quantum dots. However, there are major environmental concerns with regards 

to the starting materials used in preparation of these semiconducting nanocrystals [58]. 

Most popular quantum dots use toxic chemicals as such lead and cadmium. This is where it 

becomes important to utilize environmentally benign precursors during preparation of 

these nanomaterials. Hence, production of quantum dots that contain less-toxic chemicals 

while the electronic and optical properties are maximized for excellent solar cell efficiency 

is of vital importance. 
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To address the issues associated with the low efficiency of solar cells, the use of harsh 

chemicals that endanger the environment and the use toxic element-based quantum dots, 

this study adapted the green preparation route of microwave irradiation to develop a 

nanocomposite of quantum dots and carbon dots. The chalcogenide quantum dots were 

made from nickel, indium and gallium while the carbon dots were derived from a sugar 

precursor. The yielded nanocomposite is expected to have enhanced performance for future 

solar cell applications. 

1.2.8 Rational and motivation 

The energy from the sun is the most abundant form of renewable energy which expected to 

last for over billion years. When this abundant form of renewable energy from the sun is 

efficiently harvested, it can lead to easy access to electricity even for those people in 

remote areas. Photovoltaic cells are a fast- growing sector in the alternative energy industry 

owing to abundance of radiation from the sun. Most developing and developed countries 

are investing a lot in photovoltaic cells, because they have the potential to offer relatively 

cheaper renewable energy. While providing us with useful energy, they are causing 

minimum or no damage to the environment. Some solar cells occupy large space of land 

and hence, with the use of nanomaterials smaller solar cells, that will not occupy a large 

space of land can be produced. 

 

Quantum dots are very small particles and they also have tuneable a bandgap which 

depends on the size. Quantum dots exhibit the unique multi exciton generation 

phenomenon and distinctive charge transfer property. However, despite the amazing 

properties of quantum dots, there are still some challenges such as their instability and the 
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use of toxic precursors when preparing quantum dots. Also, some of the properties of 

quantum dots such as the origin of the multi exciton generation is not yet fully understood. 

It is these challenges that motivated us to study the photophysical and electrochemical 

properties of carbon nanodots-decorated NIGS quantum dots prepared using 

environmentally benign precursors and synthesis methods.  

1.2.9 Aims and Objectives 

The main aim of this research was to develop and investigate the photophysical and 

electrochemical properties of selenium-based ternary quantum dots comprising nickel, 

indium and gallium (Ni(In,Ga)Se2), NIGS) decorated with sugar-derived carbon nanodots 

(CNDs). 

The objectives of this study included: 

• Microwave-assisted synthesis of sugar-derived carbon nanodots and their characterization 

for optical, morphological, structural and electrochemical properties. 

• Synthesis and characterization of ternary NIGS quantum dots using solvothermal 

methods. 

• Synthesis of a nanocomposite comprising the ternary NIGS quantum dots and carbon 

nanodots using the microwave irradiation technique. 

• Investigating the effects of the NIGS and CNDs on the photophysics and 

electrochemistry of the nanocomposite using spectroscopy (ultraviolet visible spectroscopy 

(UV) and photoluminescence spectroscopy (PL) spectroscopy) and electrochemistry 

(cyclic voltammetry (CV)). 
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1.2.10 Thesis outline 

The outline below gives a brief insight about what is discussed in each chapter. 

Chapter 1 

This chapter gives a brief introduction on the energy supply challenge and a brief 

discussion on how nanomaterials have been proven to address known challenges towards 

meeting the escalating energy demand. This chapter also includes the problem statement 

and motivation while it also covers the objectives conducted towards achieving the main 

aim of the project. 

Chapter 2  

This chapter gives a detailed literature review on quantum dots and carbon nanodots. 

Different synthesis methods for these nanomaterials and their applications, specifically in 

energy-harvesting devices, are described. 

Chapter 3   

This chapter covers the synthesis of carbon nanodots, the experimental procedure followed 

and a detailed analysis and discussion of the results obtained.  

Chapter 4 

This chapter of the thesis deals with NIGS quantum dots and their detailed analysis. This 

section of the thesis includes analytical methods, experimental procedure, results and 

discussion. 

Chapter 5 
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This chapter of the thesis deals with the carbon nanodots-decorated NIGS quantum dots 

nanocomposite. The effect of fusing together the CNDs and NIGS to form the 

nanocomposite are investigated and discussed. 

Chapter 6 

This chapter summarizes the findings of this research and future recommendations.
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CHAPTER 2: 

LITERATURE REVIEW 

2.1 Overview 

Research in nanomaterials is increasing exponentially, because these materials have the 

potential to play an important role in improving the quality of life for the modern society. 

Nanomaterials are very important in both nanoscience and nanotechnology, because they 

can radically change the ways in which materials are made. In this section of the work 

important concepts and theories relating to quantum dots and carbon nanodots are 

described. Also in this chapter, work from other researchers is analysed and scrutinized 

and finally, characterization techniques used to study the properties of different quantum 

dots and carbon nanodots are explained. 

2.2 Nanomaterials 

Nanomaterials offer huge benefits for third-generation solar cells while utilizing low cost 

materials for reduced manufacturing cost. Despite their extraordinary properties the full 

potential of quantum dots has not been realized, because of issues with their stability [59]. 

Although quantum dots (metallic or carbon-based) were discovered about three decades 

ago, quantum dots have not yet provided strong competition to conventional material to 

harvest light in solar cells, this is partly due to lack of understanding of their surface 

chemistry. In this paper we will evaluate work done by other research groups on these zero 

dimensional nanoparticles especially for application in solar cells [60].  
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2.3 Metal-based nanomaterials 

Inorganic solids generally consist of three distinct classes which are metals, 

semiconductors and insulators. Semiconductors are well known for having the valence 

band and the conduction band, where the valence band has the highest occupied molecular 

orbital (HOMO) while the conduction band has lowest unoccupied molecular orbitals 

(LUMO) [59]. Normally in a semiconductor the electrons are excited from HOMO to 

LUMO. When inorganic solids are in nanoscale dimensions their electronic properties 

change, the electrons at nanometer scale generally follow the “particle in-a-box” model 

and the band structure can be explained using this model [61].  

 

Semiconducting nanoparticles are one of the most significant materials in nanoscience and 

nanotechnology, because these nanoparticles have fascinating optical, electronic, catalytic 

and magnetic properties which are unique from their bulk counterparts. These types of 

nanomaterials are prepared from metals using top down or bottom up approach. The metals 

used to synthesize metal nanomaterials usually include aluminium (Al), cadmium (Cd), 

cobalt (Co), copper (Cu), gold (Au), iron (Fe), lead (Pb), silver (Ag) and zinc (Zn). It has 

been proven that the size and morphology of nanomaterials are related to their applications 

[62]. 

2.4 History of quantum dots 

Research on nanoparticles was started in 1857 by Michael Faraday when he was 

investigating the thin film of gold. Ever since then these unique materials have generated 

strong interest from the research community, these interest is largely due to their large 
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surface area as compared to their bulk counterparts [63]. This unique property increases the 

reactivity of materials, the increase in surface area is due to the small size of nanoparticles 

which is typically 1-100 nm. Quantum dots are very small particles of semiconductors in 

the nanometer scale. Quantum dots emerged from several research laboratories. About 

three decades ago, Alexei Ekimov identified these semiconducting nanoparticles in a glass 

matrix while Louis Brus is widely credited with their discovery in colloidal solutions [64].  

 

Quantum dots are generally semiconductor colloidal crystals of II–VI, III–V and IV–VI of 

the periodic table of elements. These nanoparticles are special because their optical and 

electronic properties depend on their size which is typically 2-10 nm. The changes in the 

electronic and optical properties occur as the electron, hole and exciton is quantum 

confined in zero dimension [65]. It is for this reason that these colloidal nanocrystals are 

popularly known as quantum dots and their physical and chemical properties are greatly 

influenced by quantum confinement effects. This natural phenomenon results in these 

semiconducting nanoparticles having size tuneable and discrete energy levels [66]. The 

quantum confinement phenomenon also leads to the increase in the bandgap of quantum 

dots which is also dictated by size as well [67]. 

 

Although quantum dots are not historically popular in nanotechnology like carbon based 

nanoparticles, quantum dots have recently attracted a lot of interest in the scientific 

community for obvious reasons. Quantum dots have fascinating properties such as 

quantization of energy levels filled by charge carriers, the size is wavelength dependant, 

novel magnetic properties and multiple generation of electron-hole pairs (excitons) for 

light harvesting properties [67]. 
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2.5 Different types of quantum dots 

2.5.1 Quantum dots containing cadmium 

Quantum dots (QDs) have become a hot topic in research over the last ten years due to 

their unique properties and many different applications such as solar cells. Widely 

established quantum dots include Cadmium telluride (CdTe), Cadmium sulphide (CdS) 

and Cadmium selenide (CdSe). Although these nanomaterials exhibit superior electronic 

and optical properties, they are toxic since they all consist of cadmium. Their toxicity 

hinders their application in various fields [68,69]. Also, although these QDs exhibit good 

light harvesting properties for solar cells, we cannot turn a blind eye to their adverse 

environmental effects. The challenge is to try to offer other QDs that do not contain the 

toxic Cd. At the same time, these non-toxic and  environmentally friendly alternatives must 

be able to efficiently convert light into electricity [70,71]. 

2.5.2 Chalcogenide semiconducting nanostructures 

Metalloid chalcogens belong to group 16 of the periodic table. These chemical elements 

generally include tellurium (Te), polonium (Po) selenium (Se) and sulfur (S).These 

elements are utilized when preparing colloidal semiconducting nanoparticles such as CdS, 

ZnS, CdTe and CdSe. Chalcogenide semiconducting quantum dots have attracted a lot 

attention from researchers who are pursuing environmentally friendly materials for the 

absorber layer of photovoltaic cells [72]. Chalcogenide nanoparticles gained popularity in 

the scientific community because they have significant applications while alterations in 

their physical and chemical properties are dependent on size, allowing their manipulation 

to meet requirements of various applications [72]. 
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2.5.3 Quaternary chalcogenide quantum dots 

Ternary and quaternary chalcogenide such as copper indium selenide (CIS) and copper 

indium gallium selenide (CIGS) materials have been widely studies over the last twenty 

years, but research on their formation using nanoparticles has been at its infancy. Yoon and 

co-researchers synthesized CIS material utilizing the nanoparticle based-approach using 

core-shell structured nanoparticles as a starting material [73]. Their reason for using that 

kind of precursor material was to optimize the kinetics of CIS reaction mechanism. They 

observed that the loss of selenium (Se) can be reduced by utilizing core-shell structures 

together with a compound consisting of two different elements and high heating rates. It is 

known that the formation of a bilayer structure between two binary compounds like Cu-Se 

and In-Se in the nanometre range can lead to the reaction time being shortened. 

2.6 Multiple exciton production in quantum dots 

The generation of multiple electron-hole pairs for each absorbed photon has known for 

over five decades in semiconductors that have continuous energy levels (bulk 

semiconductors). This process is not so efficient in bulk semiconductors, however in 

semiconducting nanoparticles (quantum dots) the multiple exciton generation process 

becomes very efficient [74]. About more than a decade ago, Nozik was the first scientist to 

theorize that the efficiency of multiple exciton generation process can be improved by 

employing nanomaterials such as quantum dots. Multiple exciton generation has been 

frequently notice in PbSe and PbS quantum dots, this phenomenon has also been observed 

in carbon nanoparticles such as graphene and carbon nanotubes [75].  
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The size-dependency of quantum dots properties makes it possible for photovoltaic devices 

to collect light in the wider regions of the solar spectrum. In traditional solar devices most 

of the light absorbed is lost through electron-hole recombination. The multiple exciton 

generation (MEG) phenomenon occurs in quantum dots when a sole high energy photon 

absorbed results in the generation of more than one electron–hole pairs (excitons). Such 

phenomenon has been identified as being particularly   advantageous for photovoltaic cells, 

because of the potential to enhance light conversion efficiencies [76]. Latest researcher 

endeavours have demonstrated that multiple excitons for every single photon absorbed can 

be obtained through the utilization of quantum dots in the active layer of photovoltaic cells. 

Intensive studies on lead chalcogenide quantum dots have been done for applications in 

solar cells, because of their wider exciton Bohr radius [77]. 

2.7 Bandgap and quantum confinement 

Bandgap is one of the unique fundamental features of quantum dots. It is defined as the 

distance between the valence band and conduction band. The band gap of quantum dots 

can be adjusted by altering the size due to the effects of quantum confinement [78]. This 

can only happen   when the size of the quantum dot is less than the size of the electron-hole 

pair (exciton). The quantum confinement phenomenon causes the bandgap to increase and 

the photoluminescence (PL) to shift to shorter wavelength (blue shifted) [79]. One way of 

tuning the bandgap of quantum dot is by manipulating its size. Also it has been reported 

that quantum confinement makes it possible to tune the absorbance and emission spectral 

properties [80]. Controlling the size of quantum dots over the years has been a tricky task 

especially in CIGS quantum dots. This is due to the lack of understanding of the precise 

molecular reactive species of metal and precursors of the chalcogenide [81]. 
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Figure 2.1: Illustration of the quantum confinement effect [81].  

2.8 Photophysical properties of quantum dots 

Current studies on quantum dots strive to find ways of tuning and enhancing their optical 

properties by finding ways of controlling their surface. One of the strategies that is 

employed is the alloying of core and shell quantum dots which reduces single particle PL 

blinking [82]. The photophysical properties of these colloidal semiconducting nanocrystals 

can be adjusted by wave function manipulation which is given by type I and type II 

heterostructures and ligands from metalloids which alter the PL over wider wavelength 

range. These type II heterostructures can be made through the use of multiple or different 

compositions in the same structure [83]. The precursors used to make quantum dots have 

an effect on the photophysical properties, but the size of these nanoparticles remains a 

decisive factor on their optical properties [84]. 
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2.9 CIGS nanoparticles 

CuInSe2 (CIS) and CuInGaSe (CIGS) are chalcopyrite materials that have big potential in 

third-generation energy conversion devices. CIS nanocrystal is a direct bandgap material 

(1.04 eV) and  research has shown that its bandgap can be tuned by the addition of gallium 

(Ga) to its crystal lattice which leads to the bandgap increasing up to 1.14 eV [85]. One of 

the most important characteristic of CIGS nanocrystals as like any quantum dot is that the 

bandgap is controlled by the nanocrystal size. Another added advantage of these 

compounds is that their high bandgap can be obtained without depending on toxic heavy 

metals [86]. 

2.10 Methods of preparing QDs 

2.10.1 Hydrothermal 

Generally physical and chemical methods are employed to synthesize QDs. However the 

chemical approach is preferred over the physical approach because it allows better control 

of size and functionality. While physicists prefer employing epitaxial technique to make 

quantum dots, chemists prefer using the so-called wet chemical methods to produce 

quantum dots [87]. The hydrothermal method has been utilized for many decades to 

prepare nanomaterials of particular size and shape. In this method, the solvent (usually 

water), precursors and organic surfactants are heated at a temperature greater 100ºC using 

an autoclave [88].The QDs crystals start forming when the precursors are decomposing. 

After waiting for a certain period of time, the QDs crystals start to precipitate out of the 

solution [89]. 
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2.10.2 Solvothermal 

The solvothermal method involves the reaction of the starting materials under carefully 

monitored temperature and pressure, employing a solvent with a higher than its boiling 

point. This method allows for more sophisticated control of size and shape distributions. In 

solvothermal method, the temperature can be increased to much higher temperatures 

compared to hydrothermal method [90]. Over the last 10 years, elemental salts and metallic 

salts have been utilized with desired results to prepare metal chalcogenide quantum dots 

using this method. However, this method has some major drawbacks as, sometimes, the 

solvent used can lead to environmental pollution [91]. 

2.10.3 Microwave 

Microwave synthesis is a fast synthesis method and a technique which was first utilized in 

1986 during organic synthesis of benzoic acid from benzamide [92]. Since then, it is being 

slowly applied in other material science fields for the synthesis of various nanoparticles 

and nanostructures [93]. The interest towards its use in the synthesis of nanoparticles, arose 

due to its efficiency and precision-controlled parameters such as reaction time and heat. 

Furthermore, this synthesis method does not only significantly decrease reaction times, it 

can also prevent side reactions which can lead to high yields [94]. The microwave reactors 

used for this method have built-in magnetic stirrers and direct temperature and pressure 

monitoring probes and sensors [95].  

 

During microwave synthesis, microwaves penetrate the material and supply energy. Heat 

can be produced throughout the volume of the material leading to volumetric heating. This 

technique is useful, because higher yields can be obtained and it allows the synthesis of 
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compounds which are not available by traditional methods. The microwave technique 

results to the synthesis of materials with smaller particle size, narrow particle size 

distribution, high purity, and enhanced physicochemical properties [96]. Microwave 

reactors use reaction vessels consists of microwave transparent materials such as 

borosilicate glass, quartz or Teflon. Radiation goes through the walls of the vessels and the 

temperature rises uniformly throughout the sample [97].  

 

There are two types of microwave heating equipment that have been employed for 

research; a multimode oven (most common) and single mode oven. A multimode oven has 

the benefits of being cheap but it is not flexible in controlling and monitoring reactions. As 

a result, other multimode ovens are designed for laboratory use. However, although they 

are expensive, they are preferable as they allow stirring of reaction mixture and constant 

temperature and pressure monitoring. In single mode ovens, microwave energy is piped 

into the reactor through waveguide  [98]. 

2.10.4 Green synthesis 

Green chemistry encourages green, safer and alternatives method of fabricating materials 

as compared to dangerous chemical methods. This approach uses the principles of green 

chemistry to design and produce various nanoscale products or develop methods for the 

production of nanomaterial based on potential applications. Green synthesis methods 

endeavour to ensure that synthesis processes minimize the use of harmful chemical 

reagents and increase the efficiency of synthesis processes, while at the same time the 

quantity and the quality of the required material is not compromised [99].  
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 In the field of nanotechnology, the use of wet chemical methods for the fabrication of 

quantum dots has attracted interest in academia and industry. These methods mostly focus 

on size distribution and monodispersity based on. Unfortunately due to their lack of 

flexibility and use of large amounts of organic solvents, this delay their development and 

commercialization. Design of a facile, clean and effective nanoparticle synthesis routes 

which can lead to precursor separation and recycling [100]. Green chemistry synthesis 

methods have recently been utilized to solve these hindrances in the production of 

nanoparticles through the use of bio-based materials and elimination of the use of toxic 

organic solvents and chemicals [101]. 

2.11 Carbon-based nanomaterials 

Carbon is one those elements which are available in abundance on earth. Carbon is 

generally found in nature in its basic structure as diamond, graphite and coal. This sixth 

element of the periodic table exists in numerous unique hybridization states; namely sp
3
, 

sp
2
and sp [102]. These different hybridization states allow carbon to form straight chains, 

tetrahedral structures and planar sheets. The mechanical, electrical and physical properties 

of the allotropes of carbon depend on their structure and hybridization [103]. This opens up 

the likelihood to use the carbon material for different fascinating applications. The widely 

recognized chemical bonds in nanocrystalline and amorphous carbon are sp
3
and sp

2
 

hybridization [104]. Up until the year 1985, graphite, diamond and amorphous carbon were 

the only forms of carbon widely known to be found easily in nature. After 1985 research 

into carbon nanoparticles experienced a rapid rise, resulting in the discovery of carbon 

nanotubes (CNTs) in 1991,  and graphene and carbon nanodots in 2004 [103]. 
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Figure 2.2: Some examples of carbon nanomaterials, revealing different conformational 

structures such as sheets, tubes and bulky balls [103].  

2.12 Carbon nanodots discovery 

Carbon nanodots were accidentally discovered by Xu and co-researchers during the 

purification of single walled carbon nanotubes using permeative electrophoresis more than 

decade ago. These carbon particles which belong to the quantum dots family and have 

attracted strong interest from the scientific community because of their strong and tunable 

photoluminescence [105]. However, carbon nanodots synthesis is facile when compared to 

conventional semiconductor quantum dots; the starting materials is relatively cheap and 

environmentally benign. What makes these tiny fluorescent carbon nanoparticles unique 

compared to quantum dots is their chemical stability, high water solubility and the ease of 

functionalization [106].  
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Figure 2.3: Examples of carbon-based quantum dots classified according to sources such 

as graphene, sugars and polymers [107]. 

These quasi-spherical nanoparticles have dimensions which are less than 10 nm. They are 

sometimes called carbon quantum dots since they share similar properties to quantum dots. 

Carbon nanodots have distinctive electrochemical properties of giving and receiving 

electrons, resulting in electrochemical luminescence and chemiluminescence. These 

distinct electrochemical properties can be important when carbon nanodots are used in 

sensors, catalysis and optoelectronics. In addition, carbon nanodots have good 

photophysical and chemical properties [107]. 
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2.12.1 Electronic properties 

The electronic properties of carbon nanodots have been well studied by many different 

research groups. Mandal and co-researchers investigated the influence of size, surface 

modification and shape on the electronic properties of carbon nanodots [108]. Mandal et al. 

discovered that because of quantum confinement effects the HOMO of these unique carbon 

nanoparticles shifted to higher energy, while the LUMO shifted to lower energy. The 

observed shifts happen with increasing particle size, this results in the reduction of 

HOMO-LUMO gap. They also observed that the introduction functional groups such as 

electron donating groups or electron withdrawing groups fine tune the HOMO and LUMO 

levels of carbon nanodots [109]. The research group also observe that the electron donating 

groups can shift both the HOMO and the LUMO levels to higher energy, while the electron 

withdrawing groups shift the HOMO and the LUMO levels to lower energy. Some studies 

have suggested that the functionalization of carbon nanodots has an impact on their 

electronic properties [110]. 

 

2.12.2 Photoluminescence 

Carbon nanodots are popular for their unique and tuneable photoluminescence properties 

and non-toxicity. It comes as no surprise then that most people see them as a future 

substitute for quantum dots in many applications. In the early stages after carbon nanodots 

discovery, most scientists had a strong interest in fully understanding the photophysical 

properties and improving the photoluminescence efficiency of these carbonaceous 

nanomaterials [111]. Different approaches have been attempted by many research groups 

to obtain high photoluminescence efficiency using different synthesis methods and many 

diverse precursors. These approaches include both top down methods (such as chemical 
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oxidation and electrochemical) and bottom-up (hydrothermal and microwave synthesis) as 

discussed in this section of the thesis [112]. 

 

Although carbon nanodots with high quantum efficiency have been synthesized, however 

there is lack of understanding when it comes to their photoluminescence mechanism.  

Many studies have reported the dependency of photoluminescence on the excitation 

wavelength [113]. Generally, the photoluminescence of carbon nanodots exhibits a blue 

shift at longer excitation wavelengths and, a red shift at shorter excitation wavelengths. 

Wang and co-researchers revealed that carbon nanodots can emit light at distinct longer 

wavelength when the excitation wavelength is kept constant due to their different sizes 

[114]. 

2.12.3 Synthesis of carbon nanodots 

2.12.3.1 Carbon source 

Many carbon nanodots are prepared from environmentally benign precursors. These 

include carbon sources like ground coffee, candle soot, used tea, glucose, egg shells and 

grass. These precursors can be employed to synthesize carbon nanodots that are 

economical and abundant. The facile synthesis and surface passivation methods clearly 

indicates the potential and versatility of carbon nanodots materials for different 

applications [115]. Research into these nanoparticles is still in its infancy compared to 

other carbon nanoparticles such as carbon nanotubes and graphene. Although they are not 

as popular as other carbon nanomaterials, these zero dimensional nanomaterials can be 

http://etd.uwc.ac.za/ 
 



   

28 

prepared from relatively cheap and  environmentally benign precursors such as 

carbohydrates [116]. 

2.12.4 Microwave-assisted preparation of carbon nanodots 

Carbon nanodots can be synthesised by microwave synthesis, which has been proven to be 

efficient and rapid when preparing carbon nanodots. In this method, quantum dots 

precursors are mixed in one reaction vessel of the  microwave reactor system [117]. This 

method has many advantages as compared to traditional methods of making carbon 

nanoparticles. Also, this method generally offers better size control of nanoparticles [118]. 

Microwave chemistry is predicted to play an important role in the field of nanoscience and 

nanotechnology. This synthesis technique provides controlled and efficient heating which 

is important for the growth of nanoparticles which are sensitive to reaction conditions. 

Microwave irradiation eliminates side reactions, this leads to improved yields and the 

ability to reproduce results. This technique has also been proven to produce high quality 

carbon nanodots [119]. 

2.13 Working principle of a photovoltaic cell 

A photovoltaic cell is a type of solar cell that uses the principle of photo electric effect to 

convert solar energy into electrical energy. When photons of light fall on the cell free 

electrons are ejected, this results in the flow of electric current [120]. The majority of 

photovoltaic cells consist of semiconducting material which traps photons from the sun. 

These absorbed photons generate electron-hole pair, the electrons flow in a similar 

direction being controlled by internal electric field [121].  In the process they generate 

electric current, the electric field originate from p-n junction material [122].  
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The p-n junction is normally formed through the combination of p-type semiconductors 

(positively charged) and n-type semiconductors (negatively charged). The combination of 

these two junctions leads to the creation of an energy barrier has electric field caused by 

the diffusion of electrons from the n-type semiconductor into the holes p-type 

semiconductor [123]. When a particle of light (photon) collides with the atom of n-type 

semiconductor in the energy barrier it absorbs the photon producing an exciton (electron-

hole pair) [124]. 

2.14 Quantum dot solar cell 

A photovoltaic cell is a type of solar cell that uses the principle of photo electric effect to 

convert solar energy into electrical energy. When photons of light fall on the cell free 

electrons are ejected, this results in the flow of electric current [125]. The majority of 

photovoltaic cells consist of semiconducting material which traps photons from the sun. 

These absorbed photons generate electron-hole pair, the electrons flow in a similar 

direction being controlled by internal electric field.  In the process they generate electric 

current, the electric field originate from p-n junction material [126].  

 

The p-n junction is normally formed through the combination of p-type semiconductors 

(positively charged) and n-type semiconductors (negatively charged). The combination of 

these two junctions leads to the creation of an energy barrier has electric field caused by 

the diffusion of electrons from the n-type semiconductor into the holes p-type 

semiconductor [127]. When a particle of light (photon) collides with the atom of n-type 
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semiconductor in the energy barrier it absorbs the photon producing an exciton (electron-

hole pair) [128]. 

2.14.1 Why quantum dots for PV cells 

Nanotechnology has a big potential to exponentially accelerate the development of novel 

absorber material for solar cells. This type of technology creates exciting novel materials 

for PV cells with less negative effects to environment and lower costs Quantum dots (QDs) 

are sophisticated inorganic semiconducting dimensionless nanomaterials, their 

dimensionless is cause by a natural phenomenon known as quantum confinement [129]. 

This phenomenon tightly confines the electrons in the conduction band and holes in the 

valence band in all three spatial directions. QDs are an ideal absorber material for solar 

cells owing to their fascinating and unique properties, these semiconductor nanocrystals 

can make it possible for solar cells to absorb light in ultraviolet(UV)-near infrared (NIR) 

regions of electromagnetic spectrum [130]. The band gap of these zero-dimensional 

nanoparticles can be adjusted according to their size and can produce more than one 

exciton per photon. The multiple exciton production can results in greater quantum yield 

which in turn can results in better efficiency, the achievable theoretical efficiency of these 

third materials can be up to 44% [131]. 

2.14.2 Working principle of a quantum dot solar cell 

A typical QD solar cell consists of a wide bandgap semiconductor, electrolytes, counter 

electrodes and superconducting material. This superconducting material collects left over 

charge carriers at much faster rate [132]. The wide band gap semiconductor is made up of 

mesoporous nanocrystalline semiconducting layer joined to a substrate which is 
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conductive. This layer is sensitized with QDs complete the photo electrode and the 

effective charge injection can be enhanced through semiconductor material that have 

energy-level alignment with the QD [133].  The principle of QD solar cell is based on dye 

synthesized solar cell, when the QDs are exposed to photons of light they are excited. This 

excitation results in the generation of electron-hole pair, the isolated electrons penetrate the 

lowest unoccupied molecular orbital (LUMO) while positively holes are left behind in the 

highest occupied molecular orbital (HOMO) [134]. 

2.15 Characterization 

2.15.1 Electrochemistry of quantum dots 

Electrochemistry uses energy in greenest form, by transporting electrons through 

electrodes. It is for this reason that electrochemistry is at the heart of many energy 

conversion and storage devices, sustainable energy production is one the current challenges 

faced by the global community [135]. Research has revealed that electrochemical response 

of quantum dots exhibits discrete electronic response and decomposition reactions after 

oxidation and reduction. About two decades ago Bard and co-researcher extensively 

studied the relationship between the electrochemical bandgap and electronic spectra of 

quantum dots [136]. This research group used CdSe quantum dots to reveal that these 

quantum dots can function as multiple electron donors or multi electron acceptors at a 

specific potential, this is because of quantum confinement effect [137]. 

2.15.2 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) has for many decades been used to obtain quantitative 

information of the HOMO and LUMO levels electro-active molecular species soluble in 
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appropriate solvents. Like other nanoparticles, quantum dots do not have continuous levels 

instead they have discrete energy levels. It is for this reason that quantum dots are expected 

to undergo transfer of electrons which is determined through the conduction band edge and 

the valence band edge [138].  

 

The cathodic and anodic peaks in the cyclic voltammetry graph are cause by these two 

band edges and these peaks are not greatly influenced by the solvent, capping agent and the 

type of ligand used. Haram and co-researchers were the first group to reveal the 

relationship between optical and electrochemical bandgap of quantum dots [139]. Poznyak 

and co-researchers investigated the electrochemical response of thiol-capped CdTe 

quantum dots using water as a solvent. Kucur and co-researchers studied the relationship 

between optical bandgap and electrochemically controlled redox peak difference for CdSe 

quantum dots adsorbed on a gold disk microelectrode [140]. 

2.15.3 Transmission electron microscopy (TEM) 

Despite growing interest in using nanomaterials to solve our energy problems, the accurate 

determination of the structure and properties of nanoparticles especially those with very 

small sizes is still a difficult task. Transmission electron microscopy (TEM) is a direct 

characterization technique employed to image nanoparticles, this electron microscopy is 

becomes useful when studying the basic properties of nanoparticles [141]. This electron 

microscopy technique is often used to investigate the morphology and size of quantum 

dots. TEM measurements rely on the difference between intensities of the incident and 

direct beam [142]. Therefore, if the semiconductor nanocrystals are in the same pathway as 
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the beam this will results in contrast and the quantum dot in the image would appear as a 

dark spot [143].  

 

When the resolution of TEM is increased the lattice fringes become visible, this is caused 

by interference effects and these details can be useful when investigating the crystal 

structure of nanoparticles. It is well known in the research community that non-crystalline 

nanoparticles do not exhibit lattices fringes [144]. Normally those images with low 

magnification are used to construct histograms of the binned size versus frequency for at 

least 50 particles. Thereafter the histogram can be used to calculate the standard deviation 

and average size [145]. Many research studies do not provide a clear explanation on how 

many and how they determine the particle sizes. Selected area electron diffraction (SAED) 

is used to obtain information on the crystal phase of the sample. Energy dispersive X-ray 

spectroscopy (EDS) is utilized to analyse elemental composition of the nanoparticles [146] 

2.15.4 X-ray diffraction (XRD) 

In depth understanding of the atomic-scale structure is required in order to accurately 

determine the properties off nanocrystals. X-ray diffraction (XRD) is spectroscopic 

technique complimentary that is used by researchers to study the structural arrangement of 

quantum and carbon nanodots [147]. This X-ray technique is a powerful and non-

destructive to the sample, this means that you can use the sample again for other 

characterization techniques. XRD is generally used for the characterization of all types 

solid particles which include also nanoparticles. This characterization technique yields 

information on structures, phases, preferred crystal orientations and crystal defects [148]. 

In carbon nanodots this technique is used to check if the XRD patterns of carbon nanodots 
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are amorphous in nature. On the other hand in quantum dots, the XRD technique is used to 

probe the crystallinity and lattice parameters [149]. 

2.15.5 Small angle X-ray scattering (SAXS) spectroscopy 

Accurate determination of the dimensions of nanoparticles is very crucial for the growth of 

nanoscience and nanotechnology. Currently the average diameter of nanoparticles is 

normally predicted using transmission electron microscopy (TEM). The use of TEM 

technique has some major drawbacks, the analysis of TEM images hindered by the 

simultaneous appearance of contrast-forming phenomenon and also particle-background 

boundary is prone to the operator bias [150]. SAXS is an emerging characterization 

technique used to investigate the size of nanoparticles, this technique provides information 

about the structure and properties of nanoparticles such as particle shape, size distribution 

and specific surface area.  

 

 When compared to TEM, SAXS has many benefits these include the performance of 

measurements in solution form which circumvent drying artefacts like evaporation induced 

aggregation.  It has been proven that in SAXS measurement, the data collection is highly 

similar even if is collected by different users. This X-ray technique is very important when 

probing the particle size (which is pivotal) and size distribution of quantum dots [151]. The 

SAXS technique becomes crucial when you want to precisely determine the size and size 

distribution of particles, research has proven that properties such as optical and electronic 

properties depend on the size of quantum dots [152]. 
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2.15.6 Ultraviolet visible (UV-Vis) spectroscopy 

The absorption of visible and ultraviolet light is related to the promotion of electrons from 

lower energy levels to higher energy levels. We know that energy levels are quantized 

meaning that only light with the right amount of energy can cause the excitation of 

electrons [153]. An instrument known UV-visible spectrometer is utilized to measure the 

ultraviolet or visible light absorbed by the sample. The absorbed light is measure at a 

single wavelength or performed a scan over the UV region (190-400 nm) and visible 

region (400- 800 nm). Ultraviolet visible (UV-Vis) Spectroscopy is a very important in the 

characterization of quantum dots and carbon nanodots, as it provides information on 

optical properties of these zero dimensional nanomaterials [154]. The bandgap, which is 

very important when these nanomaterials are applied in photovoltaic cells, can be 

calculated from the obtained UV-Vis spectra using the Tauc plot [155]. 

2.15.7 Fourier-Transform Infrared (FT-IR) spectroscopy 

Fourier-Transform Infrared (FT-IR) spectroscopy is a resourceful analytical technique for 

characterizing nanomaterials. Infrared (IR) spectroscopy was one of the earliest structural 

characterization technique used to describe bonding structure after the interaction of 

infrared radiation with matter [156]. IR spectroscopy is frequently used to analyse the 

functional groups of nanoparticles such as metallic nanoparticles, carbon nanomaterials 

and hybrid nanoparticles. Fourier-Transform Infrared (FT-IR) spectroscopy is the first 

characterization of choice after obtaining synthesized your nanomaterial.  FT-IR is suitable 

for identifying functional groups in a molecule, this technique is often used to detect 

functional groups on the surface of carbon nanodots and quantum dots [157]. 
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CHAPTER 3 

Microwave-assisted synthesis of sugar-derived carbon nanodots 

 

3.1 Overview 

Carbon nanodots have recently become an important member of carbon nanomaterial 

family which has drawn strong interest in the nanoscience and nanotechnology research 

community. Research into these carbon nanoparticles is relatively at its infancy when 

compared to their counterparts such as carbon nanotubes, fullerenes etc. Over last decade, 

significant advances have been made to better understand the unique properties of carbon 

nanodots. This chapter includes the synthesis method used to prepare the carbon nanodots 

materials and the results obtained are discussed. 

3.2 Abstract 

Research into carbon nanodots still lags behind when compared to other carbon 

nanomaterials such as carbon nanotubes, but this is fast changing at an exponential rate.  

Although carbon nanodots are relatively a new class in the family of carbon nanomaterials, 

they have found applications in many fields due to their unique properties and easy 

preparation from diverse carbon sources using different synthesis methods. However, the 

current challenge is choosing a carbon source and a synthesis method that is 

environmentally friendly in order to mitigate the release of harsh and toxic chemicals from 

harsh precursors and waste into the environment. This work presents the synthesis of 

glucose-derived carbon nanodots using the microwave synthesis technique. The carbon 

nanodots were prepared from glucose which is a cheap and environmentally friendly 

starting material. Fourier Transformed Infrared (FT-IR) spectroscopy was used to study the 

http://etd.uwc.ac.za/ 
 



   

37 

structural composition of the carbon nanodots. Ultraviolet visible (UV-Vis) spectroscopy, 

Raman spectroscopy and photoluminescence (PL) spectroscopy were employed to study 

photophysical properties, while the high-resolution transmission electron microscopy (HR-

TEM), X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS) were used to 

evaluate the size and size distribution of the carbon nanodots. Cyclic voltammetry (CV) 

was used to study electrochemistry of the carbon nanodots. The FT-IR technique revealed 

that the structure of synthesized carbon nanodots consisted of O-H, C-H and C-O-C bonds 

originating from the starting material, glucose. The UV-Vis spectroscopy revealed that the 

carbon nanodots absorb light at 284 nm while it was observed from PL spectroscopy that 

the carbon nanodots strongly emit light at 636 nm. Confirmed using Raman spectroscopy, 

these nanomaterials had a D and G band, which are typical of materials consisting of 

carbon in their structure. HR-TEM revealed that the size of the spherical carbon nanodots 

was 11.55 nm. XRD and HR-TEM also revealed that the carbon nanodots had an 

amorphous structure entailed by the broad peak at 25° of the 2θ scale. The SAXS showed 

that the carbon nanodots consisted of different sizes where the individual nanospheres 

exhibit a size of 15-20 nm while the bigger particles of agglomerated nanodots exhibit a 

size of approximately 80 nm and 100 nm from distribution-by-volume plots. 

3.3 Introduction 

Research into nanomaterials of carbon family significantly increased over the last decade 

due to their attractive properties and the versatile applications they have. Carbon nanodots 

belong to the family of carbon nanoparticles and, unlike their well-known counterparts 

such as carbon nanotubes their physical and chemical properties are not fully understood. 

These fortuitously-discovered carbon nanoparticles have properties which are similar to 

those of semiconductor quantum dots. For this reason carbon nanodots are considered as 
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emerging quantum dots [115]. Ever since the discovery of carbon nanodots more than a 

decade ago, there are many diverse methods that have been explored to prepare these 

carbon quantum dots. Current synthesis methods used to prepare carbon nanodots, such as 

solvothermal or hydrothermal synthesis techniques use toxic chemical reagents and organic 

solvents as starting materials. These synthesis techniques employ harsh conditions such as 

high temperatures, usually temperatures which are above 200 ºC. Additional drawbacks of 

the conventional synthesis approaches include the use of expensive precursors and time 

consumption. Hence, the exploration of novel synthesis methods and molecular precursors 

for synthesizing these novel carbon nanomaterials is required [158].  

 

The challenges associated with use of toxic chemicals have motivated nanoscientists to 

prepare carbon nanodots employing the green synthesis approach, which involves the use 

of non-organic solvents. This approach has been proven to be facile, efficient and is not 

harmful to the environment. However, developing a facile energy efficient and green 

method for the synthesis of these carbonaceous nanoparticles is always a tricky task [159]. 

Although, the microwave technique being a simple and environmentally benign process is 

among promising techniques to address the preparation challenges of carbon nanodots,  its 

use still at its infancy. This method can be employed to prepare and modify carbon 

nanodots because throughout the reaction the microwaves can greatly penetrate the 

materials precisely, yielding nanoparticles of uniform size and distribution [117]. 

 

Herein, this chapter reports the preparation of polyethylene glycol-functionalized carbon 

nanodots from glucose using the microwave technique. The properties of these materials 

were investigated and analyzed for structural, morphological, photophysical and 
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electrochemical response using photoluminescence spectroscopy (PL), ultraviolet-visible 

spectroscopy (UV-Vis), small angle X-ray scattering (SAXS), X-ray diffraction (XRD) 

spectroscopy, high-resolution transmission electron (HR-TEM) microscopy and cyclic 

voltammetry (CV). 

3.4 Experimental 

3.4.1 Reagents 

D-(+)-glucose (ACS reagent grade) and polyethylene glycol-200 (PEG-200) (reagent plus 

grade) were obtained from Sigma- Aldrich (South Africa) and used without further 

purification. Distilled water, used throughout the experiment, was passed through and 

collected from a Millipore Milli-Q system (Milford, USA). 

3.4.2 Preparation of polyethylene glycol-stabilized carbon nanodots 

The carbon nanodots were synthesized using the microwave irradiation, a green synthesis 

economical method mostly preferred when one wants to obtain highly fluorescent carbon 

nanodots. In a typical microwave-assisted experimental procedure, 2.0017 g of D-glucose 

was dissolved in 25 mL ultrapure distilled water and the solution was ultrasonicated for 10 

min, resulting in a clear and homogeneous solution. Thereafter, 100 µL of polyethylene 

glycol-200 (PEG-200) was added to the clear and transparent solution. The mixture was 

then transferred into 100 mL Teflon vessel and put inside a microwave reaction system 

(Microwave Reaction System SOLV, Multi PRO from Anton Paar, Graz, Austria). The 

reaction was carried at 10 min using a power of 600 W. The carbon nanodots were 

obtained as a brown suspension which was then stored at room temperature for analysis. 
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Similarly, another batch of carbon dots was synthesized at half the reaction time (5 min) to 

observe the effect of reaction time on the obtained carbon nanodots. 

3.4.3 Characterization 

The Fourier Transformed Infrared spectroscopy (FT-IR) investigations of the synthesized 

materials were carried out using FT-IR spectrometer (Model spectrum Two, Perkin Elmer, 

Massachusetts, USA) with KBr pellet technique in the range between 500 cm
-1

 and 4000 

cm
-1

. The light absorption properties of the brown CNDs suspension were investigated 

using ultraviolet visible (UV-Vis) spectroscopy (Nicolet Evolution 100 spectrometer, 

Thermo Electron Corporation, Massachusetts, USA) from 200 nm to 600 nm. The 

photoluminescence spectrum of the carbon nanodots was recorded using 

photoluminescence spectrometer (IGA-521 X 1-50-1700-1LS, Horiba Jobin Yvon, Horiba 

scientific, Kyoto, Japan) at an excitation wavelength of 284 nm. The Raman spectroscopy 

of the brown CNDs suspension was recorded using Raman spectrometer (Xplora, Horiba 

Scientific, Kyoto, Japan). The morphology of the prepared carbon nanodots nanomaterials 

was probed using TEM spectroscopy (Tecnai F20 emission transmission electron 

microscope, FEI, Oregon, USA). The shape and size distribution were further investigated 

using SAXS spectroscopy (small and wide-angle scattering system, Anton-Paar, Graz, 

Austria) To study crystalline nature of the carbon nanodots, the XRD spectrum was 

recorded using Bruker AXS D8 Advance diffractometer (voltage 40 KV; current 40 mA) 

from Bruker, Massachusetts, USA. All electrochemistry experiments were conducted using 

potentiostat CH work station (PalmSens BV, Houten, Netherlands) and a conventional 

three-electrode system with a glassy carbon working electrode, Ag/AgCl reference 

electrode saturated in 3M NaCl and a platinum wire counter electrode. All the electrodes 

were obtained from BASi, Lafayette, USA. Prior to all electrochemistry experiments, the 
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working electrode was prepared by polishing in alumina slurries of 1 µm, 0.3 µm and 0.05 

µm, respectively, followed by successive ultrasonication in ethanol and water. A solution 

of 0.5M tetrabutylammonium perchlorate (for electrochemical analysis, 99.0% purity) was 

used an as electrolyte. For all electrochemical measurements, the glassy carbon electrode 

was modified by drop-coating with 5µL of the brown the brown CNDs suspension, 

followed by air-drying overnight at room temperature. 

3.5 Results and Discussion 

3.5.1 Fourier-Transform Infrared (FT-IR) spectroscopy 

Fourier-Transform Infrared (FT-IR) spectroscopy is an important quantitative and 

qualitative tool for characterizing the structural composition of nanoparticles by identifying 

diverse functional groups such as carbonyl, hydroxyl, epoxy and amine on the surface of 

different materials. In this work, FT-IR spectroscopy was used to confirm the composition 

of the synthesized carbon nanodots by identifying changes in the stretching, bending or 

vibration modes and bond formations or deformations of functional groups of the starting 

material [160,161]. Figure 3.1 below displays the FT-IR spectra of the synthesized CNDs 

(at a reaction time of 10 min) and glucose (the starting material).  The spectrum of glucose 

exhibits characteristic O-H, C=O , C-O-C and C-H at 3306 cm
-1

, 1826 cm
-1

, 1035 and cm
-1

  

and 2800 cm
-1

 respectively [162].  

 

In the carbon nanodots spectrum, the O-H and C-H functional groups are shifted to higher 

wavenumbers at 3436 cm
-1

 and 2947 cm
-1

 respectively, while the C-O-C functional group 

is observed at the same wavenumbers. However, it is worth notable that the C-H and C-O 
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peaks are more pronounced in the CNDs than in glucose. Therefore, the formation of the 

CNDs is confirmed by the presence of the characteristic O-H, C-H and C-O-C bonds 

accompanied by the respective shifts to higher wavenumbers and pronunciation of the 

bonds. This shift may be attributed to interactions between the carbon nanodots and 

polyethylene glycol whose main functional groups are O-H, C-C and C-O. The existence 

of these rich hydrophilic functional groups implies that the prepared carbon nanomaterials 

have decent water solubility [163]. 
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Figure 3.1: FT-IR spectrum revealing the functional groups of CNDs and glucose. 

3.5.2 Ultraviolet-visible (UV-Vis) spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy has become a popular method in the 

characterization of carbon nanomaterials. Carbon nanodots generally exhibit optical 

absorption in the ultraviolet (UV) range with absorption peaks between 260 nm and 320 
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nm with the tail sometimes extending into the visible region [164]. The absorption patterns 

depend on the type of method employed during synthesis and moreover, research has 

shown that oxygen content has influence in determining the position of the absorption band 

of these unique carbon nanomaterials [165,166].  

 

Figure 3.1a below displays UV-Vis spectrum of the CNDs, exhibits absorption peaks at 

228 nm and 284 nm that are attributed to  the π- π* transition of C=C and n-π* transition of 

C=O respectively. The bandgap which is defined as the gap between the valence band and 

conduction band, was calculated using the Tauc plot (Figure 3.2b) and was found to be 4.2 

eV [167].  This bandgap value means that the prepared carbon nanodots cannot be used for 

solar cell application as pristine, and, therefore, need to be modified or incorporated into a 

composite fit for application in solar cells. 
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Figure 3.2: UV-Vis spectrum (a) and Tauc plot (b) of CNDs prepared at 5 min and 10 min 

reaction times. 
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3.5.3 Photoluminescence spectroscopy 

The photoluminescence spectrum of the prepared carbon nanodots materials was recorded 

by measuring the intensity of emitted radiation as a function of emission wavelength. 

Carbon nanodots are classically known for their good photoluminescent property, a 

fascinating property which makes these carbon nanomaterials have versatile applications 

[107]. The photoluminescence mechanism of carbon nanodots is still a debating topic in 

the scientific community, and in the past some researchers had suggested that the 

mechanism is not primarily influenced by quantum confinement effects. Rather, it was 

suggested that other factors like functional groups, surface defects and heteroatom 

functionalization have a big influence on the photoluminescence mechanism of carbon 

nanodots [168]. To investigate the fluorescent properties of the carbon nanodots, the 

photoluminescence (PL) spectrum is displayed in Figure 3.3. The PL spectrum of carbon 

nanodots synthesized at two different time intervals (5 and 10 min) was obtained using an 

excitation wavelength of 284 nm. The carbon nanodots showed good photoluminescence in 

the visible region, with two emission peaks observed for the CNDs prepared at both time 

intervals (5 min and 10 min).These peaks are centred at 445 nm and 636 nm for the 5 min 

interval and at 494 nm and 636 nm for the 10 min interval. The carbon nanodots PL 

spectrum exhibit different photoluminescence response intensities for the different time 

intervals. Carbon nanodots prepared at 10 min show higher intensity than carbon nanodots 

prepared at 5 min. This reveals that the more one increases the time, the more the 

photoluminescence-intensity of carbon nanodots. The carbon nanodots PL spectra 

exhibited red shift since the emission wavelengths are longer than the absorption 

wavelengths [169]. 
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Figure 3.3: Photoluminescence spectra of carbon nanodots prepared at different reaction 

times. The spectra were acquired with an excitation wavelength of 284 nm. 
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3.5.4 Raman spectroscopy 

Raman spectroscopy can be employed to characterize the surface of partially ordered 

carbon materials in the nanometre scale regime. This spectroscopic technique is more 

sensitive to symmetric covalent bonds which have small dipole moment [162]. Carbon 

materials are known to consist of carbon-carbon bonds, this make the Raman spectroscopy 

a valuable technique when probing the structure of carbon materials. Generally each 

Raman band that is visible in the Raman spectra correlates to a particular vibrational 

frequency of a bond in the molecule.  The position of the Raman band and the vibration 

frequency are very responsive to the orientation of bands. There are two characteristics 

Raman bands that are typically observe in the Raman spectrum of carbon nanomaterials 

[118,170].  

 

The two bands are known as the D band and the G band, the D band is a defect-initiated 

band found generally in sp
2
hybridized carbon materials. On the other hand, the G band is a 

result of a first order Raman band of all sp
2 

hybridized carbon materials. The appearance of 

the D band in the Raman spectrum is usually observed around 1580 cm
-1

 and the G band 

around 1350 cm
-1 

[171]. The obtained Raman spectra of the carbon nanodots prepared at a 

reaction time of 10 min is shown in Figure 3.4. The Raman bands at 1763 cm
-1

 and 1932 

cm
-1

 might be the D and the G bands, respectively. The appearance of these two bands is 

dependent on the excitation wavelength. As observed from the PL spectra the prepared 

carbon nanodots have high fluorescence, and it is known that obtaining the Raman spectra 

of highly fluorescent carbon nanomaterial is not an easy process since these materials are 

sensitive to excitation wavelength [172]. The intensities of the observed two bands are 

similar suggesting that the prepared carbon nanodots have a single layer and amorphous in 
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nature. This also suggests the synthesized carbon nanodots have many reactive sites. The 

appearance of the additional bands at 2435.27 cm
-1

 and 2953.03 cm-1 were identified as 

the 2D and D+G respectively. The appearance of these additional bands is indicative that 

there are some carbon bonds which have different bonding energies, this suggest that the 

structure is not uniform. 
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Figure 3.4: Raman spectra of carbon nanodots. 
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3.5.5 High-resolution transmission electron microscope (HRTEM) 

The transmission Electron Microscope (TEM) technique is a very useful tool in material 

science. Through this microscopic technique features, such as crystal structure and lattice 

imperfections can be characterized. TEM can also be employed to probe the growth of 

layers and surface defects in semiconducting nanoparticles [173]. This can also be used to 

investigate the shape, quality and size of carbon nanodots. Figure 3.5displays the high-

resolution TEM images (low magnification on left and high magnification on the right) of 

amorphous CNDs with diameters between 9.54 nm and 12.59 nm and an average diameter 

of 11.55 nm. The inserted SAED image also reveals amorphous carbon nanodots. The 

TEM microgram shows aggregated and nearly spherical particles of the synthesized CNDs. 

The appearance of dark clear spots in the TEM images is an indication of the formation of 

confined clusters of carbon atoms, nanoparticles which gives characteristic amorphous 

nature. The highly magnified TEM image in figure 3.5 does not exhibit any significant 

lattice fringes, further confirming the amorphicity of the nanoparticles. 
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Figure 3.5: HRTEM images of carbon nanodots at lower (left) and higher (right) 

magnification. Spherical nanodots of sizes ranging from 9 nm to 15 nm were 

identified. The insert is the SAED graph revealing the amorphous nature of the 

CNDs. 

3.5.6 Energy Dispersive X-ray Spectroscopy (EDS) of Carbon nanodots 

Energy Dispersive X-ray Spectroscopy (EDS) which is generally used together with 

HRTEM is utilized to assist in the investigation of the chemical composition of carbon 

nanodots in the nanometer scale regime. This TEM technique creates elemental 

composition plot over broader raster area. Figure 3.6 displays the elemental composition of 

carbon nanodots, the structure consists mostly of carbon (C) and oxygen (O). The EDS 

clearly shows that the carbon is the most abundant element in the prepared carbon 

nanodots structure, with a small percentage of oxygen ccontent. The presence of copper 

(Cu) and silicon (Si) originate from grid used during the TEM experiments. 
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Figure 3.6: EDS spectrum for the elemental composition of carbon nanodots. 

3.5.7 X-ray diffraction (XRD) 

The size and crystal structure of the prepared carbon nanodots (at reaction time of 10 min) 

were investigated using X-ray diffraction (XRD), which is a rapid and non-destructive 

analytical tool. The XRD pattern of carbon nanodots generally exhibit broad peak 

(generally around 20º-30º) which is due to highly disordered carbon atoms [174].  Figure 

3.7 below displays the XRD pattern of the prepared carbon nanodots. The XRD pattern 

displays a broad peak around 25º which corresponds to miller indices of 002. This broad 

peak is characteristic structure of amorphous carbon. Carbon nanodots are known to 

exhibit a structure of graphitic carbon, this is consistent with previous reported properties 

of carbon nanodots [175]. The other peaks which are visible in the pattern below might be 

because of some impurities. 
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Figure 3.7: XRD pattern of the amorphous sugar-derived carbon nanodots prepared using 

microwave irradiation with a power of 600 W for 10 min. 

3.5.8 Small-angle X-ray scattering (SAXS) spectroscopy 

Among many parameters that can be studied using the small-angle X-ray scattering 

(SAXS) technique, this technique becomes reliable when one wants to analyse shape, size, 

size distribution and surface structure of nanoparticles. This small angle scattering 

technique provides reliable characterization of nanostructure materials [147]. The SAXS 

technique has become useful in determining the particle size, size distribution, surface 

structure and shape. It comes as no surprise that SAXS has gained increasing popularity in 

nanoscience research [151].  
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 The size distribution of the prepared carbon nanodots material was investigated using 

SAXS method, accurate determination of particle size distributions is vital when studying 

the properties of nanoparticles. The PDDF spectrum in Figure 4.8(a) was used to determine 

the shape of carbon nanodots, the spectrum revealed that the carbon nanodots were covered 

by a shell since one curve overlaps to the negative y-axis. The distribution by volume 

graph (Figure 3.8(d) reveals that particles with size below 25 nm are more prevalent 

although larger particles are also present. The intensity graph (Figure 3.8(b)) of the 

prepared nanomaterials revealed that the nanoparticles are polydispersed with 

nanoparticles of sizes below 25 nm showing low intensity while nanoparticles centred 

around 80 nm show higher intensity due to their size. 
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Figure 3.8: SAXS spectrum of carbon nanodots prepared at reaction time of 10 min 

analysed by (a) PDDF, (b) by distribution intensity, (c) distribution by 

number and (d) distribution by volume.  

3.5.9 Cyclic voltammetry (CV) 

The CV graph of the CNDs reveals one redox pair, labelled I/I’. This pair, centred at -0.01 

V and 0.6 V vs Ag/AgCl) is ascribed to the reduction and oxidation of the CNDs through 

its reactive hydroxyl-terminated functional groups. The additional reduction peak (II) is 

assigned to the adsorbed oxygen at the electrode surface. As the scan rate is increased from 

0.01 V/s to 0.05 V/s (Figure 3.10(a)) and from 0.06 V/s to 0.13 V/s (Figure 3.10(b)), an 

increase in peak current is observed. This is also accompanied by an observable shift in the 

peak potentials towards more negative values for the reduction peak and towards more 

positive values for the oxidation peaks (Figure 3.10(c)). This peak shift for lower scan rates 

shows a well separated pattern while the higher scan rates show a clustered pattern. This 
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indicates that the reduction-oxidation process of the CNDs prefers slower kinetics. At both 

high and low scan rates, the process reveals a quasi-reversible process indicated by a large 

deviation of the anodic to cathodic ratio of the peak currents from unity (Ipa/Ipc ≠ 1) [176]. 
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Figure 3.9: CV scan of the bare glassy carbon electrode in 0.5 M tetrabutylammonium 

perchlorate at scan rate of 0.05 V/s between -1.20 V and +1.20 V. 
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Figure 3.10: CV graph of the carbon nanodots-modified GCE between -1.10 V and +1.10 V 

in 0.5 M tetrabutylammonium perchlorate at (a) lower scan rates from 0.010 to 

0.050 V/s and (b) higher scan rates from 0.050 to 0.130 V/s in increments of 

0.01 V/s (black arrows indicate direction of scan rate increase), (c) reveals 

response differences of the CNDs (indicated by dashed blue arrows) at the 

lowest scan rate (0.010 V/s) and highest scan rate (0.100 V/s).   
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3.6 Conclusion 

Highly photoluminescent carbon nanodots were prepared using the green chemistry 

approach. This approach was chosen as it is an alternative towards remediating the 

drawbacks associated with both the use of harsh, costly and toxic chemicals and exhaustive 

synthesis procedures that require high temperature conditions for long periods. Hence, the 

carbon nanomaterials were prepared from the cost effective precursor, glucose using the 

fast energy-friendly microwave synthesis procedure. 

 Classical and sophisticated material science characterization techniques were used to 

carefully study the unique properties of the obtained sugar-derived carbon nanodots. The 

FT-IR spectroscopy revealed that these carbon nanodots consisted of carbon and oxygen. 

The formation of CNDs was witnessed by the observed shifts in the stretching and 

vibration bands of different functional groups and changes in their intensities. HRTEM and 

SAXS were used to identify the size and particle distribution. HRTEM revealed that the 

obtained spherical carbon nanodots have an average size of 11.55 nm while the SAXS 

individual nanospheres of sizes between 15 and 20 nm. The distribution-by-volume plot of 

SAXS also revealed presence of bigger particles of approximately 80 nm and 100 nm. The 

presence of these big particles may be attributed to agglomerated nanoparticles and/or 

contribution by the polyethylene-glycol used as a stabilizing agent. The PEG contribution 

is also evidenced by the downward curve around 150 nm, characteristic of a shell formed 

around the nanoparticles.  

 

The XRD technique revealed an amorphous structure of the carbon nanodots. This 

amorphous nature is exhibited by the broad peak of 002 miller indices observed 25º of the 

2-theta scale. This behaviour was also revealed by the SAED results. During optical 
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characterization, the carbon nanodots absorbed light at a wavelength of 284 nm which is in 

the UV region of the solar spectrum. It was also found that emission of carbon nanodots 

occurs at 636 nm. In addition to the high photoluminescence exhibited by the carbon 

nanodots, Raman spectroscopy revealed that these nanomaterials have many reactive sites 

(mainly the D and G bands), which makes them good electron donors. 
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CHAPTER 4:  

Synthesis of NIGS quantum dots 

4.1 Overview 

Quantum dots have attracted strong interest from nanoscience researchers over the past 

couple of years, due to their versatile applications in medicine and opto-electronics.  It is 

easy to see that quantum dots are very important in nanoscience and nanotechnology. 

Research into quaternary chalcogenide quantum dots is still at infancy, and this motivated 

this research to prepare and investigate these unique nanomaterials. This chapter includes 

the synthesis approach used to synthesize the NIGS quantum dots and the results obtained 

are analyzed. 

4.2 Abstract 

Quantum dots are a unique class of metal nanoparticles which have attracted huge interest 

in nanoscience and nanotechnology. The challenge encountered when preparing these tiny 

nanocrystals is the use of toxic precursors and solvents. In this research study nanocrystal 

semiconducting materials known as NIGS quantum dots have been prepared and their 

photophysical and electronic properties were carefully analysed. Fourier Transformed 

Infrared spectroscopy (FT-IR) was used to study the structural composition of NIGS 

quantum dots. Ultraviolet visible (UV-Vis) spectroscopy, Raman spectroscopy and 

photoluminescence (PL) spectroscopy were used to study photophysical properties. High 

resolution transmission electron microscope (HRTEM), X-ray diffraction (XRD) and 

small-angle X-ray scattering (SAXS) spectroscopy were employed to evaluate the size of 

the NIGS quantum dots. Cyclic voltammetry (CV) was used to study electrochemistry of 
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the NIGS quantum dots. The UV-Vs spectroscopy revealed that the NIGS quantum dots 

absorb light in the visible with a broad peak at 547 nm and the absorption extends to 700 

nm. The PL spectroscopy revealed that the NIGS quantum dots emit light at 397 nm. The 

optical bandgap of the NIGS quantum dots estimated using Tauc plot was found to be 2.01 

eV, while the electrochemical bandgap estimated using CV graph was 1.91 eV. The 

HRTEM revealed that the average size of the NIGS quantum dots was 11.25 nm, SAXS 

revealed polydispersity of spherical nanoparticles of NIGS quantum dots. 

4.3 Introduction 

Intensive research is being done on zero-dimensional nanoparticles popularly known as 

quantum dots, have sizes which are typically from 2 nm to 10 nm. Quantum dots have 

attractive optical properties which are dependent on their size and these optical properties 

can be exploited in applications such as photovoltaics, light emitting diodes (LEDs), lasers 

and medical imaging. The small size of the nanomaterials is caused by a natural 

phenomenon known as quantum confinement. During synthesis, the size is normally 

controlled by various approaches which include varying the amount of precursors, 

changing reaction conditions and use of stabilizing or capping agents [70]. 

 

As the quantum confinement effect becomes strong, the quantum dots size decreases. The 

size of the quantum dots increases as the effect becomes weaker. The bandgap of these 

nanoparticles is size dependent. Most quantum dots that have the desired properties are 

prepared from heavy metals such as cadmium (Cd), lead (Pb) etc. Quaternary quantum 

dots are an emerging class of quantum dots, these compounds do not depend on toxic 

elements unlike well-known quantum dots. There are many methods that have been report 
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in literature for preparing these nanocrystalline materials, but to the best of our knowledge 

there are few reports on quantum dots synthesized using a greener route such as microwave 

synthesis [177]. 

4.4 Experimental 

4.4.1 Reagents 

All the chemicals were using as received, indium acetylacetonate (99.99%), nickel 

acetylacetonate (99.99%), gallium acetylacetonate (99.99%), selenium (Se) (99.99%), 

methanol (99.99%), toluene (95%), tetrabutylammonium perchlorate (for electrochemical 

analysis, 99.0%) were obtained from Sigma-Aldrich (Modderfontein, South Africa). The 

diethylene triammine (99.99%) was obtained from Kimix (Cape Town, South Africa). 

4.4.2 Preparation of NIGS quantum dots 

The quantum dots were synthesized utilizing the solvothermal technique, using nickel (III) 

acetylacetonate (Ni (acac)3,0. 2475 g), indium (III) acetylacetonate (In(acac)3), 0.3871 g), 

gallium (III) acetylacetonate (Ga(acac)3, 0.2755 g) and selenium (Se, 0.3950 g)  as starting 

materials and diethylene triammine (DETA) as a solvent. In the experimental procedure, 

the four precursors were mixed with 20 mL of diethylene triammine at ambient 

temperature in a 100 mL round bottom flask. A reflux condenser was connected to flask 

which contained the reaction mixture, and the reaction was carried out at a temperature of 

200 ºC at a reaction times of 3 h with stirring at 3000 rmp under a continuous flow of 

nitrogen. The products were purified by centrifugation at 10000 rpm for 10 min, followed 

by successive washing three times with methanol and three times with toluene, 

respectively. 
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4.4.3 Characterization 

The Fourier Transformed Infrared spectroscopy (FT-IR) investigations of the synthesized 

materials were carried out using FT-IR spectrometer (Model spectrum Two, Perkin Elmer, 

Massachusetts, USA) with KBr pellet technique in the range between 500 cm
-1

 and 4000 

cm
-1

. The light absorption properties of the NIGS quantum dots were investigated using 

ultraviolet visible (UV-vis) spectroscopy (Nicolet Evolution 100 spectrometer, Thermo 

Electron Corporation, Massachusetts, USA) from 200 nm to 600 nm. The 

photoluminescence spectrum of the NIGS quantum dots was recorded using 

photoluminescence spectrometer (IGA-521 X 1-50-1700-1LS, Horiba Jobin Yvon, Kyoto, 

Japan) at an excitation wavelength of 284 nm. The Raman spectroscopy of the NIGS 

quantum dots was recorded using Raman spectrometer (Xplora, Horiba Scientific, Kyoto, 

Japan). The morphology of the prepared NIGS quantum dots was probed using TEM 

spectroscopy (Tecnai F20 Emission Transmission Electron Microscope, FEI, Oregon, 

USA). The shape and size distribution were further investigated using SAXS spectroscopy 

(small and wide-angle scattering system, Anton-Paar, Graz, Austria. To study crystalline 

nature of the NIGS quantum dots, the XRD spectrum was recorded using Bruker AXS D8 

Advance diffractometer (voltage 40 KV; current 40 mA) from Bruker (Massachusetts, 

USA). All electrochemistry experiments were conducted using potentiostat CH work 

station (PalmSens BV, Houten, Netherlands) and a conventional three-electrode system 

with a glassy carbon working electrode, Ag/AgCl reference electrode saturated in 3M 

NaCl and a platinum wire counter electrode. All the electrodes were obtained from BASi 

(Lafayette, USA). Prior to all electrochemistry experiments, the working electrode was 

prepared by polishing in alumina slurries of 1 µm, 0.3 µm and 0.05 µm, respectively, 

followed by successive ultrasonication in ethanol and water. A solution of 0.5 M 

http://etd.uwc.ac.za/ 
 



   

65 

tetrabutylammonium perchlorate (for electrochemical analysis, 99.0%) was used an as 

electrolyte. For all electrochemical measurements, the glassy carbon electrode was 

modified by dropcoating with 5µL of the NIGS quantum dots that were dissolved in 

ethanol. 

4.5 Results and Discussion 

4.5.1 Fourier Transformed Infrared (FT-IR) spectroscopy 

Fourier Transformed Infrared (FT-IR) spectroscopy was used to investigate the functional 

groups appearing on the surface of the NIGS quantum dots. The Figure 4.1 below displays 

the FT-IR of carbon NIGS quantum dots synthesized at a reaction of 3h using solvothermal 

synthesis. The following functional groups some of O-H, C=O, C-O and C-H in the 

structure of the synthesized quantum dots material. The synthesized NIGS QD material 

FTIR has some peaks that are identical to the solvent, meaning that DETA is used as 

capping agent [178]. 
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Figure 4.1: FT-IR spectrum of diethylenetriamine (DETA) and NIGS quantum dots. 

4.5.2 Ultraviolet-visible (UV-Vis) spectroscopy 

UV-Vis studies were done to investigate the optical properties the prepared quantum dots 

material, it is expected that when quantum dots are exposed to a light source in the UV-Vis 

region electrons are promoted from lower energy state (valence band) to higher energy 

state (conduction band). The region between these bands is known as the optical bandgap, 

bandgap is useful when scrutinizing the optical properties of quantum dots [179]. Figure 

4.2 displays UV-Vis spectrum of the NIGS quantum dots. The synthesized QD material 

exhibited an absorption peak centred on 547 nm and absorbs light up to 700 nm, this 

means that the prepared material does absorb light in the visible region which is ideal for 

solar cell applications. The bandgap was calculated using the Tauc plot and found to be 

2.42 eV. The optical bandgap of the prepared NIGS quantum dots is close to the bandgap 

that a material must have when one want to apply it to solar cells. The range of the optical 
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bandgap value in order for a material to be applied in solar cell devices is generally 1.0 eV- 

2.4 eV [180,181]. 
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Figure 4.2: UV-Vis spectrum (a) and Tauc plot (b) of NIGS quantum dots. 
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4.5.3 Analysis of photoluminescence spectroscopy 

The optical properties of semiconductors are strongly affected when they are reduced to 

nanoscale regime. The emission of quantum dots can go from 200 nm up to 850 nm in 

theory [182,183]. The photoluminescence (PL) spectra of the synthesized NIGS quantum 

dots was recorded in Figure 4.3, it is observed from the PL spectra that there was only one  

emission peak located at 397 nm and the peak has strong intensity of 800 counts per 

second. The solvent used to record the PL spectra was benzene which is non-polar, the 

reason for the peak appearing at this wavelength region might be because of the weak 

interaction between the polar groups of the solvent and the prepared NIGS quantum dots 

[184]. 
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Figure 4.3: Photoluminescence spectra of NIGS quantum dots. 
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4.5.4 Analysis of Raman spectroscopy 

The Raman spectroscopy is a useful tool when one wants to better understand crystalline 

properties of nanomaterials. Generally a highly crystalline material is centered at 580 cm
-1

, 

a highly crystalline materials is desirable for solar cell applications [185]. The Raman 

spectra of the prepared NIGS carbon nanodots was obtained in Figure 4.4 below, there was 

a sharp peak observed at 488.62 cm
-1

. The observed broad peak is known as A1 mode, this 

dominant mode is generally caused by vibrating selenium (Se) anions in the x-y plane 

interacting with the cation at rest [186]. 
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Figure 4.4: Raman spectra of NIGS quantum dots. 
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4.5.5 High resolution transmission electron microscopy (HRTEM) 

The structural and chemical characterization of quantum dots need a technique that has 

suitable spatial resolution, since quantum dots are zero dimensional nanoparticle 

(compound semiconductors have a size of only some nanometers in all spatial directions). 

The TEM investigations of these quaternary nanostructured semiconductors mainly focus 

on structural properties such as size, shape, surface defects and strain [187,188]. The 

HRTEM images in Figure 4.5(a) (low magnification) and Figure 4.5(b) (high 

magnification) of crystalline NIGS quantum dots with diameters between 9.50 nm and 13 

nm and an average diameter of 11.25 nm. The inserted SAED image shows that the 

prepared quantum dots are crystalline with lattice fringes. 

 

 

Figure 4.5: HRTEM images of NIGS quantum dots. 
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4.5.6 Energy dispersive X-ray spectroscopy (EDS) 

The energy dispersive X-ray spectroscopy (EDS) of the prepared NIGS quantum dots was 

obtained together with TEM, from the EDS graph it can be observed that nickel (Ni) has 

the highest composition as expected. The next element having highest composition after Ni 

is indium (In) followed by gallium (Ga) and finally selenium (Se). 
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Figure 4.6: EDS of NIGS quantum dots. 

4.5.7 X-ray diffraction (XRD)  

The X-ray diffraction (XRD) patterns of the synthesized of the prepared quantum dots at 

reaction time of 2 h materials are displayed in Figure 4.7 below. The XRD pattern reveals 

crystalline quantum dots which in agreement with the TEM results. The XRD pattern also 

show two distinct peaks at 2 theta =22º which corresponds to miller indices of 112, and 2 

theta= 30º which corresponds to miller indices of 211. These two distinct peaks exhibit a 
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degree of high crystallinity, the broad peaks are broader. The crystal structure was found to 

be orthorhombic using the miller indices. 

 

Figure 4.7: XRD patterns of NIGS quantum dots synthesized. 

4.5.8 Small angle X-ray scattering (SAXS) spectroscopy 

The small angle X-ray spectroscopy (SAXS) technique is generally capable of providing 

structural information for particles having sizes between 5 and 25 nm of repeat distance 

and up to 200 nm. SAXS can also be used to evaluate the inner structure of quantum dots, 

quantum dots are very unstable when exposed to air. SAXS is performed in solution this 

becomes useful when characterizing nanoparticles such as quantum dots, because this 

minimizes particle agglomeration [152,189].  

 

The pair-distance distribution function (PDDF) spectrum in Figure 4.8(a) was used to 

identify the shape of the prepared NIGS quantum dots, and the PDDF spectrum showed 
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that the NIGS quantum dots have a spherical shape [190]. The intensity spectrum in Figure 

4.8(b) and volume by distribution in Figure 4.8(d) reveals polydispersity. The volume by 

distribution spectrum in Figure 4.8(d) showed that particles with sizes below 25 nm are 

dominant. The distribution by number spectrum in Figure 4.8(c) showed more presence of 

particles with sizes below 25 nm, than particles with size around 100 nm. 
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Figure 4.8: SAXS of NIGS quantum dots analysed by (a) PDDF, (b) by distribution 

intensity, (c) distribution by number and (d) distribution by volume. 
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4.5.9 Cyclic voltammetry (CV) 

Figure 4.10 displays the cyclic voltammetry (CV) of NIGS quantum dots using, while 

figure 4.9 displays the bare glassy carbon electrode (GCE). All the electrochemistry 

experiments were performed using a solution of 0.5 M tetrabutylammonium perchlorate as 

an electrolyte. The cyclic voltammetry of the NIGS quantum dots modified glassy carbon 

electrode (GCE) was performed using a potential window from -1.10 V to 1.10 V, while 

the CV of bare GCE was performed using potential window from -1.20 V to 1.20 V.   

 

The CV graph of the prepared NIGS quantum dots revealed two oxidation peaks, labelled 

I/I’.  These peaks, centred at 0.49 V and 0.91 V vs Ag/AgCl is ascribed to the oxidation of 

NIGS quantum dots. The peaks can be assigned to the oxidation of Ga to Ga
3+

. The CV 

graph also revealed that the reduction (labelled II) of NIGS quantum dots occurred at -0.89 

V vs Ag/AgCl. It is also observed that at a scan rate of 0.010 V/s, there was one oxidation 

peak observed at 0.83 V vs Ag/AgCl. The Figures 4.10(a) and 4.10(c) were plotted to 

clearly show the NIGS quantum dots had two oxidation peaks at all other scan rates, except 

at a scan rate of 0.010 V.  As the scan rate is increased from 0.01 V/s to 0.05V/s (Figure 

4.10(a)) and from 0.06 V/s to 0.13 V/s (Figure 4.10(b)), an increase in peak current is 

observed. The electrochemical bandgap was calculated using the formulae 4.1. 

Eg= E(HOMO)- E(LUMO)                                                         4.1 

E(HOMO)=-e[EOx
onset

- 4.4]                                                        4.1(a) 

E(LUMO)=-e[ERed
onset

- 4.4]                                                        4.1(b) 
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With an onset oxidation potential of 0.98 V and an onset reduction potential of -0.93 V, the 

HUMO and LUMO were estimated using equations 4.1 (a) and 4.1 (b), respectively. The 

HOMO and LUMO were found to be 3.42 eV and 5.3 eV. This led to an estimated band 

gap of 1.91 eV for the NIGS quantum dots. 
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Figure 4.9: Glassy carbon electrode in 0.5 M tetrabutylammonium perchlorate at a scan 

rate of 0.050 V/s between -1.20 V and +1.20 V vs Ag/AgCl. 
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Figure 4.10: CV graph of NIGS quantum dots -modified GCE between -1.10 V and +1.10  

V in 0.5 M tetrabutylammonium perchlorate at (a) lower scan rates from 

0.010 to 0.050 V/s and (b) higher scan rates from 0.050 to 0.130 V/s in 

increments of 0.01 V/s (black arrows indicate direction of scan rate 

increase), (c) reveals response differences of the NIGS quantum dots 

(indicated by dashed blue arrows) at the lowest scan rate (0.010 V/s) and 

highest scan rate (0.100 V/s). 
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4.6 Conclusion 

Novel NIGS quantum dots were synthesize using solvothermal synthesis. The NIGS 

quantum dots prepared showed good absorption in the visible region of the solar spectrum. 

The absorption first occurred at 547 nm and extended to 700 nm, we then using the UV-

Vis spectrum to obtained Tauc plot. Tauc plot was employed to estimate the optical 

bandgap of 2.01 eV. This bandgap value is higher than the bandgap of materials applied in 

solar cells. Cyclic voltammetry was employed to estimate the electrochemical bandgap of 

NIGS quantum dots, the bandgap was 1.91 eV.  The light emission of NIGS quantum dots 

occurred at a wavelength of 397 nm, this meant that the NIGS quantum dots underwent 

blue shift. 

 

HRTEM and XRD revealed that the NIGS quantum dots have high degree of crystallinity, 

HRTEM revealed that the NIGS quantum dots have a size of 11.25 nm. On the other hand 

SAXS revealed polydispersity of spherical nanoparticles of NIGS quantum dots. The 

cyclic voltammetry revealed that the NIGS quantum dots had two oxidation peaks centred 

at 0.49 V and 0.91 V. The NIGS quantum dots had one reduction peak centred at -0.89 V. 
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CHAPTER 5:  

Novel carbon nanodots- decorated NIGS quantum dots 

nanocomposite 

5.1 Overview 

In this chapter the carbon nanodots-decorated NIGS quantum dots synthesis method is 

described in detail. Also the results obtained are presented in graphs and explained in 

detail. The results obtained for the carbon nanodots -decorated NIGS quantum dots are 

discussed and their implications are explained. 

5.2 Abstract 

The integration of nanomaterials with different properties can lead to novel nanomaterials 

with versatile application. In this work we have synthesized novel carbon nanodots 

decorated NIGS quantum dots using microwave synthesis. We have studied the structural 

composition of these novel nanomaterials using Fourier Transformed Infrared 

spectroscopy (FT-IR). The photophysical properties were studied ultraviolet visible (UV-

vis) spectroscopy, Raman spectroscopy and photoluminescence (PL) spectroscopy. High 

resolution transmission microscopy (HRTEM), X-ray diffraction (XRD) and small angle 

X-ray spectroscopy (SAXS), were employed to investigate the size of the carbon nanodots- 

decorated NIGS quantum dots. The electrochemical properties of carbon nanodots-

decorated were investigated using cyclic voltammetry (CV).  

 

The UV-vis spectroscopy showed that the carbon nanodots decorated quantum dots absorb 

light in the visible region starting at 400 nm to around 750 nm, while we deduced from the 
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PL spectroscopy analysis that they emit light at 444 nm. The optical bandgap  was 

estimated to be 1.97 eV using the Tauc plot, this bandgap value make these nanomaterials 

potential candidates for photovoltaic applications. Optical properties such as the 

photoluminescence, absorption of light in the visible region and Raman spectroscopy 

improves when the NIGS quantum dots are decorated with carbon nanodots. 

5.3 Introduction 

Nanotechnology and nanoscience is progressing at an exponential rate, this makes it 

possible for scientists and engineer to design sophisticated nanomaterials that have 

tuneable and unique optical and electronic properties. Quantum dots are one typical 

example of nanomaterials that offer many advantages. It comes as no surprise that quantum 

dots have attracted strong interest from researchers. Quantum dots have impressive 

electronic and optical properties. However, when used pristine quantum dots are not for 

suitable solar cell applications and cannot compete with conventional materials for similar 

applications. There are many disadvantages encountered when quantum dots are used 

alone, these include instability when exposed to air and toxicity. It is a great challenge in 

the field of nanoscience to find plausible solutions to these problems [191]. 

 

Carbon nanodots are a novel class of carbon nanomaterials which have attracted strong 

attention, because they are cheap to make, have high conductivity and small size. Carbon 

nanodots are known to be good electron conductors when integrated with semiconducting 

nanocrystals [45]. In this work carbon nanodots-decorated quantum dots were prepared, 

and their electrochemistry and photophysics was investigated. 
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5.4 Experimental 

5.4.1 Reagents 

All the chemicals were using as received, indium acetylacetonate (99.99%), nickel 

acetylacetonate (99.99%), gallium acetylacetonate (99.99%), selenium (Se) (99.99%), 

methanol (99.99%), toluene (95%), tetrabutylammonium perchlorate (for electrochemical 

analysis, 99.0%) and ethylene glycol (99.99%) were all obtained from Sigma-Aldrich 

(Modderfontein, South Africa). 

5.4.2 Synthesis of carbon nanodots- decorated  NIGS quantum dots 

The synthesis of the nanocomposite material was prepared utilizing the microwave 

synthesis approach, the carbon nanodots material (which was prepared in chapter 3) was 

mixed with the precursors of the NIGS quantum dots employing ethylene glycol as a 

solvent. In the synthesis nickel acetylacetonate (Ni(acac)3, 0.2100 g) and indium 

acetylacetonate (In(acac)3, 0.2461 g ) were added together and sonicated for 10 min to 

form a solution,  while gallium acetylacetonate (Ga(acac)3, 0.3200 g) and selenium (Se) 

(0.3417 g)  were mixed as well and sonicated for 10 min to form a solution. Thereafter, the 

two solutions were transferred to 100 mL Teflon vessel containing 25 mL of ethylene 

glycol and 1.2 mL of carbon nanodots was added, the vessel was then placed inside a 

microwave reaction system (Microwave Reaction System SOLV, Multi PRO from Anton 

Paar, Graz, Austria).  The reaction was irradiated at 160 ºC using temperature control at 

different reaction times (15 and 20 min). The products were purified by centrifugation at 

10000 rpm, followed by washing (for 10 min) with ethanol, toluene and ethanol 

conservatively. 
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5.4.3 Characterization 

The Fourier Transformed Infrared spectroscopy (FT-IR) investigations of the synthesized 

materials were carried out using FT-IR spectrometer (Model spectrum Two, Perkin Elmer, 

Massachusetts, USA) with KBr pellet technique in the range between 500 cm
-1

 and 4000 

cm
-1

. The light absorption properties of were investigated using ultraviolet visible (UV-

Vis) spectroscopy (Nicolet Evolution 100 spectrometer, Thermo Electron Corporation, 

Massachusetts, USA) from 200 nm to 800 nm. The photoluminescence spectrum of the 

carbon nanodots decorated NIGS quantum dots was recorded using photoluminescence 

spectrometer (IGA-521 X 1-50-1700-1LS, Horiba Jobin Yvon, Kyoto, Japan) using an  

excitation wavelength of 350 nm. The Raman spectroscopy of carbon nanodots decorated 

NIGS quantum dots was recorded using Raman spectrometer (Xplora, Horiba Scientific, 

Kyoto, Japan). The morphology of the prepared carbon nanodots decorated NIGS quantum 

dots nanomaterials was probed using TEM spectroscopy (Tecnai F20 Emission 

Transmission Electron Microscope, FEI, Oregon, USA). The shape and size distribution 

were further investigated using SAXS spectroscopy (small and wide-angle scattering 

system, Anton-Paar, Graz, Austria. To study crystalline nature of the carbon nanodots, the 

XRD spectrum was recorded using Bruker AXS D8 Advance diffractometer (voltage 40 

KV; current 40 mA) from Bruker (Massachusetts, USA). All electrochemistry experiments 

were conducted using potentiostat CH work station (PalmSens BV, Houten, Netherlands)  

and a conventional three-electrode system with a glassy carbon working electrode, 

Ag/AgCl reference electrode saturated in 3M NaCl and a platinum wire counter electrode. 

All the electrodes were obtained from BASi (Lafayette, USA). Prior to all electrochemistry 

experiments, the working electrode was prepared by polishing in alumina slurries of 1 µm, 

0,3 µm and 0.05 µm, respectively, followed by successive ultrasonication in ethanol and 
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water. A solution of 0.5M tetrabutylammonium perchlorate (for electrochemical analysis, 

99.0% purity) was used an as electrolyte. For all electrochemical measurements, the glassy 

carbon electrode was modified by dropcoating with 5µL of the brown the brown CNDs 

decorated NIGS quantum dots. 

5.5 Results and discussion 

5.5.1 Fourier transformed infrared (FT-IR) spectroscopy  

The Fourier transformed infrared (FT-IR) spectroscopy spectrum in Figure 5.1 below 

displays of the synthesized carbon nanodots decorated quantum dots, NIGS quantum dots 

and carbon nanodots. The FT-IR spectra show a significant peak at 3353 nm which is due 

to the presence of O-H functional group and show a significant peak at 2910 nm [192]. 

There is also a peak around 700 nm, which might be from bonding between nickel and 

oxygen. 
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Figure 5.1: FT-IR of CND decorated NIGS quantum dots, NIGS quantum, CNDs. 
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5.5.2 Ultraviolet-visible (UV-Vis) spectroscopy 

The carbon nanodots decorated NIGS quantum dots were characterized using ultraviolet-

visible (UV-Vis) spectroscopy to investigate the optical properties [193]. The Figures 

5.2(a) and 5.2(b) displays the UV-Vis absorption spectra and Tauc Plot of NIGS-CND 

synthesized at reaction times of 15 min and 20 min. The UV-Vis spectroscopy for the 

nanocomposite synthesized at different reaction time (15 min and 20 min) was performed. 

The UV-Vis spectra show that the nanocomposite absorbs in the visible region. The 

bandgap was found to 1.97 eV using the Tauc plot obtained from the UV-Vis spectra. It is 

observed that the bandgap decreases when the NIGS quantum dots are decorated with 

carbon nanodots, since the pristine NIGS quantum dots had a bandgap of 2.01 eV. The 

value of the bandgap of the carbon nanodots decorated NIGS quantum dots is in the range 

of literature value (1.0-2.4 eV) [181]. Therefore, when NIGS quantum dots are decorated 

with carbon nanodots, these nanomaterials have a potential to be applied in solar cells 

[194].  
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Figure 5.2: UV-Vis spectrum of carbon nanodots -decorated quantum dots (a) and Tauc 

plot (b).  
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5.5.3 Photoluminescence spectroscopy 

The photoluminescence (PL) emission spectrum of carbon nanodots-decorated NIGS 

quantum dots is displayed in Figure 5.3 below. The emission spectrum nanomaterials was 

obtained by dispersing the carbon nanodots decorated NIGS quantum dots  material 

synthesized at different time intervals (15 min and 20 min) in dichlobenzene and the 

excitation wavelength was set at 350 nm. It was observed from the PL emission spectrum 

that the prepared carbon nanodots decorated NIGS quantum dots nanomaterial has an 

emission peak at 444 nm at both time intervals. It was also observed from the PL spectra 

that the intensity decreases with time. 
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Figure 5.3: Photoluminescence spectrum of carbon nanodots decorated quantum dots. 

http://etd.uwc.ac.za/ 
 



   

88 

5.5.4 Analysis of Raman spectroscopy 

We have used Raman technique to investigate the phonon properties of the prepared 

nanomaterials. The Raman measurements for the carbon nanodots decorated NIGS 

quantum dots synthesized at a reaction time of 20 min were recorded in the Figure 5.4 

below, there were three Raman bands observed around 488.53 cm
-1

, 2432.12 cm
-1

 and 

2911.95 cm
-1

. The Raman peak from 488.53 cm
-1

 is a contribution from a layer of the 

NIGS quantum dots, this was also observed in the Raman spectra of pristine NIGS 

quantum dots. On the other hand the Raman peaks around 2432.12 cm
-1

 and 2911.95 cm
-1

 

can be speculated as being the Raman peaks contribution from the carbon nanodots. These 

peaks were not observed in the Raman spectra from the pristine NIGS quantum dots, this is 

evidence of some successful bonding between the NIGS quantum dots and carbon 

nanodots. These three broad peaks indicate non-homogeneous of distribution and size of 

the prepared nanomaterials [195]. 
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Figure 5.4: Raman spectra of carbon nanodots decorated NIGS quantum dots. 
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5.5.5 High-resolution transmission electron microscopy  (HRTEM)  

High-resolution transmission electron microscopy (HRTEM) was employed to investigate 

the morphology of NIGS-CND nanocomposite [196]. Figures 5.5(a) and 5.5(b) show the 

HRTEM carbon nanodots decorated NIGS quantum dots and SAED pattern generated 

from TEM is also inserted in Figure 5.5(a). The NIGS quantum dots attached to CND 

presents lattice fringes (Figure 5.5(b)), the lattice fringes are assigned to NIGS quantum 

and CNDs. The HRTEM image in Figure 5.5(a) of the prepared nanomaterials exhibit 

some shape such as rods and spherical nanoparticles. 

 

Figure 5.5: HRTEM of carbon nanodots decorated NIGS quantum dots. 
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5.5.6 Energy-dispersive X-ray spectroscopy (EDS) 

The energy-dispersive X-ray spectroscopy (EDS) of the carbon nanodots decorated NIGS 

quantum dots was generated from TEM, the EDS was used to probe the elemental 

composition of the synthesized materials. The EDS reveals that the composition prepared 

material consists of nickel (Ni), indium (In), gallium (Ga) and selenium (Se) from the 

quantum dots. The material also contains carbon (C) and oxygen (O) from the carbon 

nanodots. 
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Figure 5.6: EDS of carbon nanodots decorated NIGS quantum dots. 
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5.5.7 X-ray  diffraction (XRD) 

The Figure 5.7 below displays the X-ray diffraction (XRD) of carbon nanodots decorated 

quantum dots. The crystalline nature of the prepared material was investigated by 

performing the XRD, the XRD is important and a non-destructive technique [197]. The 

XRD pattern is in agreement with TEM, as it also revealed crystalline carbon nanodots 

decorated NIGS quantum dots. The XRD pattern revealed that the structure of the carbon 

nanodots decorated NIGS quantum dots have an Orthorhombic structure [198]. 

 

Figure 5.7: XRD of carbon nanodots decorated NIGS quantum dots. 
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5.5.8 Small-angle X-ray scattering (SAXS) spectroscopy 

The shape, size and clustering of nanomaterials in nanocomposite is important in order to 

gain insight on the microstructure of a heterogeneous material. The small-angle X-ray 

scattering (SAXS) technique provides important information about the structure of the 

composite The SAXS technique can be used to elucidate on the information obtained in 

TEM [199]. The PDDF spectrum in Figure 5.8(a) is used is used to determine shape, this 

spectrum revealed that the carbon nanodots decorated NIGS quantum dots have a shell, 

since two curves in the spectrum overlaps to the negative y-axis. This means that there is 

some degree of success in decorating the NIGS quantum with carbon nanodots [200]. The 

intensity spectrum in figure 5.8(b) revealed that particles with sizes between 150 nm and 

200 nm have more intensity than particles that are close to 100 nm. The spectrum in figure 

5.8(c) displays particle size distribution by number, this spectrum showed polydispersity of 

particles. This means that the carbon nanodots decorated NIGS quantum dots consisted of 

particles with different sizes which were between 100 nm and 155 nm [201]. The volume 

by distribution spectrum in Figure 5.8(d) also revealed spherically polydispersed particles. 

The volume by distribution spectrum also revealed that particles with size of 155 nm are 

more dominant in the internal structure of carbon nanodots decorated NIGS quantum dots. 

. 
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Figure 5.8: SAXS of carbon nanodots-decorated NIGS quantum dots analysed by (a) 

PDDF, (b) distribution by intensity, (c) distribution by number and (d) 

distribution by volume. 
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5.5.9 Cyclic voltammetry (CV) 

The electrochemistry of the carbon nanodots decorated NIGS quantum dots was carried out 

utilizing 0.5 M tetrabutylammonium perchlorate as an electrolyte. The cyclic voltammetry 

(CV) of the carbon nanodots decorated NIGS quantum dots modified glassy carbon 

electrode (GCE) was performed using a potential window from -1.10 V to 1.10 V 

(displayed in Figure 5.10), while the CV of the bare GCE (displayed in Figure 5.9) was 

performed using a potential window from -1.20 V to 1.20 V. The CV graph of the carbon 

nanodots- decorated NIGS quantum dots exhibited one oxidation pair, labelled I/I’. This 

pair, centred at 0.62 V and 1.08 V vs Ag/AgCl is ascribed to the oxidation of carbon 

nanodots-decorated NIGS quantum dots. The reduction peak (labelled) of the carbon 

nanodots-decorated NIGS quantum dots was observed at -0.89 V vs Ag/AgCl. It is 

observed in Figures 5.10(c), that the CV of carbon nanodots-decorated NIGS quantum dots 

had one oxidation peak (III) at a scan rate of 0.010 V/s which was located at potential of 

1.04 V. As the scan rate is increased from 0.01 V/s to 0.05 V/s (Figure 5.10(a)) and from 

0.06 V/s to 0.13 V/s (Figure 5.10(b)), an increase in peak current is observed.  

 

Furthermore Figure 5.11 displays cyclic voltammetry of CND, NIGS quantum dots and 

carbon nanodots decorated NIGS quantum dots obtained at scan rates (0.050 V/s and 0.100 

V/s).  In Figure 5.11(a) (scan rate of 0.050 V/s) the NIGS quantum dots revealed two 

oxidation peaks, labeled I and II. These peaks, centred at 0.49 V and 0.91 V ascribed to the 

oxidation of NIGS quantum dots.  The reduction peak (labeled III) appeared at a potential 

of -0.89 V. The carbon nanodots showed one oxidation peak (labeled VII) at a potential of   

0.6 V, while the reduction peak (labeled VI) was observed at a potential of -0.01 V.  The 

carbon nanodots decorated NIGS quantum dots revealed one oxidation pair (labeled V and 
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IV), which were located at a potential of 0.62 V and 1.08 V. One anodic peak (VIII) was 

observed at a potential of -0.89 V.  

 

It is observed in Figures 5.11(a) and 5.11(b), that the NIGS quantum dots showed better 

current response when compared with the carbon nanodots and the carbon nanodots 

decorated NIGS quantum dots. In Figures 5.11(a) and 5.11(b), the oxidation peaks of 

NIGS quantum dots shifted to the more positive potentials after decoration with carbon 

nanodots. This could mean the carbon nanodots act as an oxidizing agent when decorating 

the NIGS quantum dots. It also observed that after decoration with carbon nanodots the 

NIGS quantum dots reduction peak did not shift. 

 

The electrochemical bandgap was calculated using the formulae 5.1. 

Eg= E(HOMO)- E(LUMO)                                                         5.1 

E(HOMO)=-e[EOx
onset

- 4.4]                                                        5.1(a) 

E(LUMO)=-e[ERed
onset

- 4.4]                                                        5.1(b) 

With an onset oxidation potential of 1.09 V and an onset reduction potential of -0.92 V, the 

HUMO and LUMO were estimated using equations 5.1 (a) and 5.1 (b), respectively. The 

HOMO and LUMO were found to be 3.31 eV and 5.32 eV, respectively. This led to an 

estimated band gap of 2.01 eV for the carbon nanodots decorated NIGS quantum dots. 
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Figure 5.9: Glassy carbon electrode in 0.5 M tetrabutylammonium perchlorate at a scan 

rate of 0.050 V/s between -1.20 V and +1.20 V vs Ag/AgCl.  
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Figure 5.10: Cyclic voltammetry of carbon nanodots -decorated modified GCE between -

1.10 V and +1.10 V in 0.5 M tetrabutylammonium perchlorate at (a) lower 

scan rates from 0.010 to 0.050 V/s and (b) higher scan rates from 0.050 to 

0.130 V/s in increments of 0.01 V/s (black arrows indicate direction of scan 
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rate increase), (c) reveals response differences of the carbon nanodots -

decorated NIGS quantum dots (indicated by dashed blue arrows) at the 

lowest scan rate (0.010 V/s) and highest scan rate (0.100 V/s).electrode in 

0.5 M tetrabutylammonium perchlorate at a scan rate of 0.050 V/s between -

1.20 V and +1.20 V vs Ag/AgCl.  
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 Figure 5.11: CV of carbon nanodots, NIGS quantum dots and carbon nanodots -decorated 

NIGS quantum dots prepared in 0.5 M tetrabutylammonium perchlorate at 

scan rates: (a) 0.050 V/s and (b) 0.100 V/s at -1.10 V and +1.10 V vs 

Ag/AgCl. 

5.6 Conclusion 

A novel class of nanomaterials known as carbon nanodots decorated nickel, indium, 

gallium, selenide (NIGS) quantum dots. These novel nanomaterials were prepared using 

microwave synthesis. All characterization techniques (morphological, optical, structural 

and electrochemical) showed significant changes and alterations that is due to the 

interactions between the carbon nanodots and NIGS quantum dots. Particularly, decoration 

of NIGS quantum dots with carbon nanodots yielded a nanocomposite with improved and 

enhanced the photophysics while the electrochemistry showed a slight decrease in current 

response.  

 

The carbon nanodots decorated NIGS quantum exhibited good absorption in the visible 

region at a wavelength of 400 nm and 750 nm. The nanocomposite reveals maximum peak 

currents of 98 µA at 0.63 V and 17 µA at 1.0 V, when compared to 29 µA at and 35 µA 

exhibited by the NIGS quantum dots, respectively. Also, it is notable that these anodic 

peaks are both shifted towards higher potentials when compared to the pristine NIGS 

quantum dots where they respectively appear at 0.53 V and 0.95 V. This behaviour firmly 

confirms interaction between these two materials and the decrease in current response 

arises from the lower electrochemical activity of CNDs that exhibited a maximum peak 

current response of 10 µA at 0.6 V. Overall, the carbon nanodots-decorated NIGS quantum 
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dots had a low bandgap of 1.97 eV which indicates potential application of the 

nanocomposite in photovoltaic cells. 
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CHAPTER 6: 

6.1 Conclusion 

In this study, a novel nanocomposite comprising photoluminescent carbon nanodots 

(CNDs) and quaternary quantum of nickel, indium, gallium and selenium (NIGS), was 

prepared for photophysical and electrochemical evaluation for future photovoltaic cell 

applications. The carbon nanodots were prepared from glucose, a readily available, 

biocompatible and environmentally friendly compound. In addition, the CNDs were 

prepared using the microwave technique which avoids most drawbacks associated with 

other conventional techniques that require, amongst others, high temperatures and strong 

reducing or oxidizing agents. The FT-IR spectrum was used to investigate the structural 

composition of the CNDs through which the characteristic O-H, C-O-C and C=O bands 

sourcing from the glucose precursor were identified. Spherical CNDs of diameters between 

9-13 nm (from TEM analysis) and 15-20 nm (SAXS analysis using PDDF) absorbed 

ultraviolet light at 228 nm and 286 nm; with a wide band gap of 4.2 eV. The CNDs also 

exhibited intense photoluminescence with emission peaks at 445 nm and 636 nm. When 

cycled in tetrabutylammonium perchlorate at different scan rates, the CNDs showed an 

oxidation-reduction pair centered at 0.6 V and 0.01 V (vs Ag/AgCl). This pair was 

attributed to oxidation and reduction of the CNDs, respectively. 

 

The NIGS quantum dots were prepared by solvothermal synthesis, the precursors used 

were environmentally benign. The spherical NIGS quantum dots with average diameter of 

11.55 nm (from HRTEM analysis) and 18-55 nm from (from SAXS analysis) absorb light 

at 547 nm extending to 700 nm: with optical bandgap of 2.01 eV. The PL analysis revealed 
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that the NIGS quantum dots emit light at 397 nm. The NIGS quantum dots reveals 

maximum peak current at 29 µA and at 35 µA. 

 

The carbon nanodots decorated NIGS quantum dots were synthesized using a green 

synthesis technique known as microwave synthesis which is a fast and cost effective 

technique. The carbon nanodots decorated NIGS quantum dots showed good absorption 

properties in the visible region of the solar spectrum at 400 nm and 750 nm: with a 

bandgap of 2.01 eV. The carbon nanodots decorated NIGS quantum dots exhibit maximum 

peak currents of 98 µA at 0.63 V and 17 µA at 1.0 V. it is notable that these anodic peaks 

are both shifted towards higher potentials when compared to the pristine NIGS quantum 

dots where they respectively appear at 0.53 V and 0.95 V. This behaviour firmly confirms 

interaction between these two materials and the decrease in current response arises from 

the lower electrochemical activity of CNDs that exhibited a maximum peak current 

response of 10 µA at 0.6 V. Overall, the carbon nanodots-decorated NIGS quantum dots 

had a low bandgap of 1.97 eV which indicates potential application of the nanocomposite 

in photovoltaic cells. 
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