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ABSTRACT 

This study reports the synthesis, application and investigation of fluorescence properties of 

nitrogen-doped carbon dots (NCdots). The NCdots were synthesised using different precursors 

such as: citric acid (CA) with ethylenediamine (EDA), and fumaronitrile (FN) via microwave-

irradiation method. The as-synthesized NCdots from CA with EDA (NCdots-CAEDA) and FN 

(NCdots-FN) were both spherical in shape and the average sizes were around 3-5 nm. Both 

types of NCdots demonstrated excellent fluorescence properties with excitation-dependent 

fluorescence behaviours. The composition of the as-synthesized NCdots was explored by X-

ray photoelectron spectroscopy (XPS), showing different amount of carbon, hydrogen, 

nitrogen and oxygen contents. The most dominant nitrogen configuration in NCdots-CAEDA 

was pyridinic and in NCdots-FN was pyrrolic nitrogen. The surface functional groups of both 

types of NCdots were confirmed by fourier transformation infrared microscopy (FTIR). Both 

types of NCdots were applied in organic solar cells, modifying the active layer. The results 

demonstrated that the device modified with NCdots-FN outperformed the device modified with 

NCdots-CAEDA. In order to investigate the fluorescence properties of NCdots, various 

reaction conditions such as: the amount of EDA, solvent, reaction time and microwave power 

were varied. The results showed that 1.0 ml EDA, water, 10 min and 500 W were the optimal 

synthesis conditions for the preparation of the NCdots-CAEDA with good fluorescence 

properties. The fluorescence properties of NCdots play a crucial role in organic photovoltaics 

(OPVs). The functional groups on the surface of the NCdots-CAEDA were also removed by 

annealing the sample at 500 ℃ for 2 h at a heating rate of 10 ℃/min to further investigate the 

fluorescence properties of NCdots. The fluorescence properties of the NCdots-CAEDA were 

destroyed after annealing the sample. 
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CHAPTER 1: MOTIVATION OF THE STUDY 

 1.1 Solar energy 

The earth receives over 86 000 TW energy from the sun, but converting it efficiently into 

electricity remains one of the biggest challenges faced by researchers around the world1-4. 

South Africa (SA) has been identified as one of the countries that receive the highest amount 

of solar irradiation. It has been reported that SA receives solar irradiation of about 2000-3000 

KW/m2/year, with the Northern Cape area receiving the highest as compared to other 

provinces5. With an increase in demand to produce green sources of energy, there has been 

keen interest in finding solutions to improve efficiencies in solar cells. This increase in energy 

demand can be due to a rapid human population growth, as well as industrialization and 

urbanization by mankind. Therefore, in order to ameliorate the energy crisis that the country is 

facing, intensive research programmes on renewable energy technologies have been developed. 

Solar energy is one of the renewable, abundant and inexhaustible energies that can produce 

clean energy without heavy machinery and noise as compared to other energy sources2,3. 

1.2 Photovoltaic solar cells 

The photovoltaic industry plays an important role worldwide because it uses energy from the 

sun, which is abundant. Solar energy conversion is one of the few technologies that is 

environmentally friendly, with zero CO2 emission and with no noise during the process as 

compared to other technologies2,6,. In photovoltaic (PV), solar cells generate electricity as a 

result of the photovoltaic effect. This was first discovered by Alexandre-Edmund Becquerel in 

1939 when he was studying the effect of light on an electrolytic cell7. The PV effect occurs 

when a potential difference at the junction of two different materials is generated in response 

to visible or other radiation or it can simply be defined as the conversion of light directly to 

electricity8. For a cell to operate, a material that can absorb light to generate free electrons via 

this photovoltaic effect is required. There are also important factors that need to be taken into 

considerations for development of an ideal solar cell material. These factors include:  

• a small band gap (between 1.1 and 1.7 eV),  

• a direct band gap,  

• an easy production method suitable for mass production,  

• long term stability of the solar cell material,  
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• availability of the material,  

• non-toxicity of the material,  

•  high conversion efficiency9,10.  

The most widely used PV materials are mainly semiconductors such as: silicon, cadmium 

telluride (CdTe), gallium arsenide (GaAs), indium phosphide (InP), copper indium diselenide 

(CuInSe2). This category of PV cells made from the above materials is classified as first and 

second generation PV based materials. More recently exotic thin film PV devices have been 

fabricated using liquid electrolyte, organic polymers and a hybrid thereof amongst other suite 

of materials10. This is the class of the third and fourth generation PV technology. Figure 1.1 

illustrates the specific materials categorized into the four developmental generations2. 

 

Figure 1.1: Generations of photovoltaic cell (modified from ref.2). 

 

1.2.1 Silicon solar cells 

Silicon-based solar cells are still dominantly used in the solar cell industry due to their high 

conversion efficiency, excellent charge transport properties or high electron mobilities2,6,9,11,. 

Silicon-based solar cells have been dominant for more than 30 years2,9. The conversion 

efficiency of PV solar cells based on silicon was reported to be around 15-20 %, particularly 

when used in its crystalline form9. Even though silicon based solar cells have a high energy 

conversion efficiency, their cost remains the largest barrier for wide spread sustainable 

commercialization as a renewable source of energy11,12. Other drawbacks of silicon-based solar 

cells include their limited lifetime and stability due to degradation when under illumination12. 

In addition to limitations of silicon-based solar cell, silicon is an indirect band gap 
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semiconductor, and a material with a direct band gap is required because the probability of 

light being absorbed in a direct band gap material is much higher than in an indirect band gap 

material9,11. Some of these problems were solved by use of thin film solar cells that used 

semiconductor materials such as CdTe and Cu2ZnSnS4. They are direct band gap 

semiconductors and possess unique electronic and luminescent properties requisite for 

photovoltaic applications9,10. However, these materials are toxic and the metal is expensive, 

thus limiting their development13. Therefore, in the future, society will need materials with a 

low production cost that are abundantly available, show long-term stability and are 

environmentally friendly. This is thus the driving force for the search for novel materials for 

PV applications to replace the energy intensive Si-based PV devices. To this end, Organic solar 

cells have been seen as potential candidates for low cost PV applications.  

1.2.2 Organic solar cell 

Organic-based solar cells can be used as alternatives to silicon-based solar cells since they are 

cost-effective12,14. They have attracted a great deal of attention due to their unique and 

favourable advantages including:  

• mechanical flexibility,  

• ease of device fabrication,  

• light-weight,  

• solution processability and  

• low cost14-16. 

The cost trade-offs are attributed to the solution processing fabrication techniques which are 

not only cheap but also scalable to large area devices14-16. In an organic solar cell, a light 

absorbing material is required to absorb photons and generate charge carriers3. The bulk-

heterojunction (BHJ) layer is made of two materials: a donor and an acceptor as shown in 

Figure 1.2. The donor in the active BHJ layer is responsible for light absorption, exciton 

generation, diffusion, and dissociation at the interface. It is crucial to understand the operation 

of a PV cell and this will be discussed in detail in Chapter 2. 
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Figure 1.2: Generalised structure of an organic photovoltaic solar cell17. 

 

This study reports the use of nitrogen-doped carbon dots (NCdots) in an organic solar cell to 

improve the light absorption and charge transport in the active layer. Carbon dots (Cdots) are 

quasi-spherical carbon nanoparticles with diameters less than 10 nm. They exhibit excellent 

optical properties such as tuneable fluorescence. These excellent optical properties have been 

exploited for a wide range of applications1,15. To the best of our knowledge, the study of 

NCdots/polymer composites in organic solar cells as the active layer has not been reported in 

the literature. 

1.3 Aims and objectives 

The main aim of this research project is the synthesis of NCdots for applications in organic 

photovoltaic devices as the active layer. 

Objectives: 

• To synthesise NCdots using different precursors such as: citric acid (CA) with 

ethylenediamine (EDA), and fumaronitrile (FN) via a microwave-irradiation 

method.  

• To investigate the optical properties of the NCdots prepared from CA with EDA, 

and FN using photoluminescence (PL) and Ultraviolet-visible (Uv-vis) 

spectroscopy. 

• To study the effect of the annealing processes on the fluorescent properties of the 

as-prepared NCdots. 
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• To characterise the as-prepared NCdots using other techniques such as: 

transmission electron microscopy (TEM), thermal gravimetric analysis (TGA), 

Fourier transform infrared spectroscopy (FTIR), Laser Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS) and Powder X-ray diffraction (PXRD). 

• To synthesise NCdots/polymer composites using the as-synthesised NCdots and the 

semi-conducting polymer [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

• To incorporate NCdots/PCBM composites as an electron acceptor in the organic 

photovoltaic device: P3HT: PCBM-NCdots 

• To test the photovoltaic device using the current density-voltage (J-V) 

measurements. 

 

1.4 Hypotheses and questions 

 Questions: 

❖ Can NCdots/polymer composites be used in organic photovoltaic solar cells to harvest 

the energy from the sun to generate clean and abundant electricity?  

❖ Are the NCdots, blended with conducting polymer, an ideal material to be used as an 

active layer in organic photovoltaic solar cells? 

❖ Does the incorporation of the NCdots in P3HT:PCBM improve the performance of the 

cell? 

❖ Does annealing of the NCdots have an impact on their fluorescent properties? 

❖ Does the variability of reaction conditions have any effect on the fluorescence 

properties of NCdots? 

Hypothesis: 

• This research project suggests that by the use of nitrogen doped Cdots blended with 

conducting polymers, as active layer in organic photovoltaic solar cell, a clean and 

abundant energy can be generated with improved efficiency. 

• We hypothesize that the fluorescence properties of NCdots are due to the functional 

groups on their surfaces. The fluorescence properties are expected to be destroyed upon 

annealing as the functional groups are removed. 
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1.5 Organisation of dissertation 

Chapter 1 presents general introduction and motivation of the study. It also gives the aims and 

research questions on how strong material composites can be used in organic-based solar cells 

to enhance the efficiency. 

Chapter 2 focuses on the literature review on carbon dots, how they were discovered, their 

advantages over non-carbon nanomaterials, and their synthesis and applications. It also 

provides a background on the architectures of organic solar cells and the working principle. 

Chapter 3 introduces the different characterization techniques used to analyze the as-prepared 

NCdots. This chapter also explains how some of the sample preparations were done. 

Chapter 4 focuses on the synthesis and characterization of carbon dots prepared from different 

precursors (CA with EDA, and FN) via a microwave-irradiation method. The properties of the 

as-prepared NCdots from different precursors are being compared in this chapter. 

 Chapter 5 presents the fabrication and characterization of the organic solar devices modified 

with two types of NCdots. It presents how incorporation of NCdots in the active layer can affect 

the performance of the devices. 

Chapter 6 presents the effect of reaction conditions on the fluorescence properties of the 

NCdots prepared from CA and EDA as carbon and nitrogen precursor, respectively, via a 

microwave-irradiation method. 

Chapter 7 offers general conclusions and recommendations of the overall dissertation. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Carbon-based materials  

Carbon-based nanomaterials have received considerable attention due to their unique size 

dependent combination of chemical and physical properties such as: high electron density, high 

surface area, high structural stability and chemical inertness1-3. Carbon is a well-known, and 

an extraordinary element, which is nontoxic, relatively cheap and abundant in the earth’s 

crust4,5. Carbon can be found in different allotropes such as nano-diamond, nano-horns, carbon 

onions, graphite, graphene, carbon nanotubes (CNTs), and fullerenes1,6 as shown in Figure 2.1. 

Recent studies have shown that carbon nanomaterials remain promising candidates for a 

multiplicity of applications such as: photovoltaics, photocatalysis and biological applications 

etc. Their utility is driven primarily by their excellent optoelectronic, high optical-absorption 

within the visible spectrum, high photostability and low toxicity, respectively6-9.  

 

Figure 2.1: Members of the carbon materials with different shapes1. 

 

2.1.1 Carbon dots  

Amongst the family of structured carbon nanomaterials, carbon dots (Cdots) have recently 

attracted a great deal of interest due to their excellent quantum confined optical properties that 

enables them to be used not only as light conversion materials, but also as active charge 

transport layers. Additionally, they offer high photostability similar to conventional 

semiconductor quantum dots (QDs). Cdots are also known as carbon nanodots, carbon quantum 

dots or carbogenic dots and are defined as quasi-spherical small carbon nanoparticles with 

diameters less than 10 nm showing the character of crystalline graphite7-14. These materials 
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were first discovered serendipitously in 2004 by Xu and co-workers during purification of 

single-walled carbon nanotubes (SWCNTs) by a preparative electrophoresis method15.  Cdots 

possess many advantages compared to the non-carbon dots due to their robust chemical 

inertness, low cost, low cytotoxicity, high aqueous solubility, high photostability, resistance to 

photobleaching and good biocompatibility8,14,16-20. The unique properties of Cdots make them 

suitable for bioimaging, biosensing, solar technologies, light emitting diodes and drug delivery 

applications19-25. Therefore, Cdots can be considered as substitutes for non-carbon dots such as 

semiconductor QDs which consists of heavy metals which are essential elements for their high 

performance in certain applications. In addition, unlike semiconductor QDs, Cdots have a 

tuneable band gap and allow efficient charge injection. 

 In the past years, semiconductor QDs, particularly those that consist of cadmium or lead 

derivatives, have been used in applications such as solar cell devices, bioimaging, light emitting 

diodes and optical sensors26-29. This is due to the fact that these materials also possess excellent 

optical properties. However, they contain heavy metals that are toxic and hazardous to both 

humans and the environment5,23,26,30. In addition, these materials are expensive, and their 

synthesis requires expensive precursors while Cdots can be produced from an unlimited 

number of carbon precursors ranging from small molecules to polymers. Previous studies also 

showed that Cdots can be prepared from cheap, abundant raw materials/biomass as the 

precursors31. These materials include: watermelon peel32, orange juice33, mango peels34, orange 

peels35, starch from potatoes36, onion waste37, eggshell membrane38, unripe peach39, sweet 

potato40 and banana juice41. Carbon is present in almost all organic materials, hence Cdots 

starting materials are cheap and abundant. 

2.1.2 Structure of carbon dots 

Cdots consists of a core-shell structure with sp2/sp3 carbon cores and different functional 

groups such as carboxylic acid, hydroxyl, amine, ether, carboxyl, epoxy and carbonyl on their 

surface16,18. The structure of Cdots is depicted on Figure 2.2. Different functional groups on 

the surface of Cdots depend on the type of precursor used in the synthesis of these materials. 

The functional groups on the surface of Cdots imparts them with good solubility and ease of 

further surface functionalization with various organic and inorganic molecules. In addition, the 

composition, size and optical properties of Cdots also depend on the precursors and synthesis 

methods used. Cdots generally fall under a class of zero-dimensional (0-D) carbon 

nanoparticles with a crystal lattice parameter of approximately 0.34 nm which corresponds to 

the (002) interlayer spacing of graphite1,16.  
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Figure 2.2: Structure of Cdots after a) surface passivation and b) functionalization16. 

 

2.2. Synthesis of carbon dots 

In recent years, various methods have been used in the synthesis of Cdots. These methods can 

be categorised into two general approaches, namely: the bottom-up and the top-down 

approaches5,12,13,16,25. The physical, chemical and optical properties such as the size, 

crystallinity and fluorescence characteristics such as the quantum yield, are often determined 

by the precursors and the synthesis methods of Cdots. Therefore, the properties of these 

materials can be easily tuned with careful choice of the synthesis methods and the precursors. 

The schematic representation of the two approaches are shown in Figure 2.3. This section 

presents various preparation methods for Cdots in detail with their attributed advantages and 

disadvantages summarised in Table 2.1.  

 
Figure 2.3: Schematic illustration of the top-down and bottom-up approaches. 
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Table 2.1: Comparison of the top-down and bottom-up approaches for preparation of Cdots. 

Approaches Methods Advantages Disadvantages References 

 

Top-down Arc-discharge - High impurities, 

complicated 

operations, low 

yield 

15 

 Laser ablation Controllable 

size, effective 

Complicated 

operations, time-

consuming, high 

cost, non-uniform 

size distribution 

10,42 

 Electrochemical 

oxidation 

High purity, 

high yield 

Low quantum 

yield 

43,44 

     

Bottom-up Hydrothermal 

treatment 

Easy 

operation, 

high quantum 

yield 

Low yield, long 

reaction times 

21,33 

 Microwave-

irradiation 

Short reaction 

time, easy 

operation 

Can use higher 

energy 

11,38,45 

 

 

2.2.1 Top-down approach 

The top-down approach is considered the earliest approach for the preparation of Cdots. It 

involves cutting a large carbon structure into small carbon nanoparticles, physically, 

chemically or electrochemically until the required particle size is reached10,42. Large carbon 

precursors such as graphite, candle soot and multi-walled carbon nanotubes (MWCNTs) are 

normally used in the top-down approach. The top-down approach typically involves 

complicated reactions which require special equipment and purification methods that are time-

consuming10. The preparation methods such as: arc-discharge method, laser ablation, and 

electrochemical oxidation fall under this approach and are discussed below.  

2.2.1.1 Arc-discharge method 

The Arc-discharge method can be considered the original method for preparing Cdots 

following their discovery by Xu et al15. In a standard procedure, 2 g crude arc was boiled with 

3.3 N HNO3 for 48 h in order to remove amorphous carbon. The sediment was washed with 

acidic water and then centrifuged to remove large particles. The resultant sediment was then 

extracted with NaOH solution to collect SWCNTs. In this method, the Cdots were obtained as 
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the by-products of the purification of SWCNTs derived from arc-discharge soot15. After 

purification, it was discovered that the suspension contained different classes of carbon 

materials, including purified SWCNTs, tubular carbon and highly fluorescent carbon materials 

as shown in Figure 2.4. The particle sizes of the fluorescent materials ranged from 3 to 6 nm. 

The drawback of this method is the large amounts of impurities that are produced with the 

Cdots and this makes the separation process to be an enormous challenge. One method that has 

gained attraction in the separation of Cdots from impurities is the polyacrylamide gel 

electrophoresis (PAGE). However, this additional step of separation process makes the Arc-

discharge method to be time-consuming. In addition, the experimental apparatus used in the 

arc-discharge method is not readily available for many researchers. 

Figure 2.4: Cdots preparation via an Arc-discharge method showing different classes of 

carbon materials15. 

 

 

2.2.1.2 Laser ablation method 

Sun et al. synthesised Cdots via a laser ablation method from a mixture of graphite powder and 

cement under argon as a carrier gas in the presence of water vapor10. In a typical procedure, 

carbon materials were prepared by hot-pressing a mixture of graphite powder and cement. This 

was followed by baking, curing and annealing sequentially in argon flow10. The obtained 

products showed no photoluminescence until the passivation agent poly-ethylene glycol 

(PEG1500), an organic molecule, was added to the sample. The bright luminescence emissions 

were observed as shown in Figure 2.5. Transmission electron microscopy (TEM) 

demonstrated that the average particle size was 5 nm in diameter. The most fascinating feature 

of this method is that the particle sizes are controllable. 
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Figure 2.5: Cdots preparation via a laser ablation method showing fluorescence emission of 

the carbon after surface passivation10. 

 

2.2.1.3 Electrochemical oxidation method 

The electrochemical oxidation method produces Cdots with high reproducibility, good yield 

and with high purity and crystallinity. Liu et al. produced Cdots via an electrochemical 

oxidation method using a three-electrode system44. The three-electrode system used consists of 

Ag\Agcl as the reference electrode, graphite as the working electrode and a platinum foil as the 

counter electrode. The electrolyte was made by mixing water, ethanol and NaOH. The voltage 

was then applied to the working electrode for 3 hours under nitrogen conditions. The resultant 

product was colourless and tended to be bright yellow when exposed to air at room temperature 

(Figure 2.6). It was concluded that the colour change was due to the oxidation processes taking 

place. The average diameter of the obtained Cdots was 4.0 nm with high crystallinity and a 

lattice spacing of 0.31 nm. 

 

Figure 2.6: Schematic representation of Cdots preparation via an electrochemical oxidation 

method using a graphite electrode44. 
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2.2.2 Bottom-up approach 

The bottom-up approach is one of the procedures used that has received considerable attention 

due to its easy operation as compared to its counterpart the top-down approach. The bottom-

up approach involves building Cdots from small organic molecular precursors by various 

method: hydrothermal method, pyrolysis method, microwave-irradiation method, acid 

dehydration method, ultrasonic method or combustion methods12,13,16. Unlike the top-down 

approach, the bottom-up approach involves the use of abundant and cost-effective starting 

materials. The bottom-up method is preferred over the top-down method because it tends to 

avoid many problems such as carbonaceous aggregation, poor size control, uniformity and 

unwanted surface properties which are faced by the majority of the methods using the top-

down approach10,23. Among the methods using bottom-up approach, the hydrothermal 

treatment and microwave-irradiation methods are the most commonly used and are discussed 

in more detail below: 

2.2.2.1 Hydrothermal treatment method 

The hydrothermal treatment is a method that has been used for the preparation of Cdots for a 

very long time. It produces Cdots with high quality, high yield and tunable morphology. The 

disadvantage of this method is its long reaction times and the high energy requirement as 

compared to the microwave-irradiation method. Sahu et al. produced highly green-fluorescent 

Cdots from orange juice via a hydrothermal treatment method as shown in Figure 2.733. In a 

typical procedure, 40 ml orange juice and 30 ml ethanol were mixed and the transferred into a 

Teflon-lined stainless-steel autoclave. The mixture was then heated at 120 ˚C for 150 min. The 

resultant dark brown solution was centrifuged to remove large particles33. In addition, 

centrifugation speed was optimized in order to separate highly fluorescent Cdots from less 

fluorescent materials. TEM images revealed an average Cdots particle size of 2.5 nm in 

diameter.  
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Figure 2.7: Schematic illustration of Cdots preparation via the hydrothermal treatment of 

orange juice33. 

 

2.2.2.2 Microwave-irradiation method 

The microwave-irradiation method is a simple, flexible, clean and efficient method used for 

the production of Cdots as compared to other methods. The most fascinating feature about the 

microwave-irradiation method is the use of short reaction times and homogeneous heating 

which results in Cdots being produced on a large scale11,45. During a microwave-irradiation 

synthesis, the precursors are mixed with solvents and then heated at a certain microwave power 

or temperature to break the chemical bonds of the starting materials. The precursors then 

become carbonized. After carbonization, the graphitic or amorphous cores are formed and the 

functional groups remain on the surface of the Cdots. Yang et al. produced nitrogen, sulphur 

co-doped Cdots (N,SCdots) from a mixture of ammonium citrate and cysteamine hydrochloride 

via a microwave-irradiation method. These materials were used for chromium (VI) and 

ascorbic acid sensing as shown in Figure 2.845. In a standard procedure, 0.2 g cysteamine 

hydrochloride and ammonium citrate were dissolved in 30 ml ultrapure water. The mixture was 

then heated in a microwave oven at high power mode for 4 min. The obtained N,SCdots after 

purification showed excitation-independent emission behaviour with a QY of 54.8%. The 

average size of the Cdots was determined to be 3.6 nm as shown in Figure 2.9. This method is 

efficient as the product was obtained in 4 min. 
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Figure 2.8: Schematic illustration of Cdots preparation via a microwave-irradiation 

method45. 

 

  

Figure 2.9: TEM image of the N,SCdots (inset: Its corresponding size distribution 

histogram)45. 
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 2.3. Optical properties of carbon dots 

Carbon dots generally demonstrate unique optical properties irrespective of the different 

precursors used for their synthesis. They possess excellent optical properties such as tunable 

excitation and emission wavelengths, high fluorescence stability, nonblinking, etc. This section 

presents and discusses the common optical properties of Cdots. 

2.3.1 Ultraviolet-visible (uv-vis) absorption properties 

Cdots typically show two uv-vis absorption peaks at 240-320 nm and 340-550 nm, 

corresponding to a π→π *  transition of the aromatic sp2 domains and a π→n transition of 

functional groups or surface defects in which the excited state energy is trapped and a strong 

emission is observed19,46. However, it has been reported that the optical absorption 

characteristics of Cdots appear to be restricted within the UV region47,48. This limits their 

applications in solar cells which requires the utilization of materials that absorb in the visible 

region to harvest more solar energy. However, energy exchange or down conversion processes 

can be used to quantum cut the light emitted by Cdots to the visible range. 

2.3.2 Photoluminescence (PL) properties 

The most fascinating property of Cdots is their photoluminescence and it can play a significant 

role in numerous applications. The photoluminescence mechanism of Cdots is not yet 

understood in detail. However, several studies reported that the photoluminescence emissions 

of Cdots can be due to various factors including; the excitation wavelength, a quantum 

confinement effect and doping with heteroatoms14,19. These factors are discussed below: 

2.3.2.1 The excitation wavelength 

PL emissions of Cdots can be λex-dependent or λex-independent depending on the precursors 

or/and methods used in their synthesis. Different carbon sources and different methods produce 

Cdots with different optical properties. Bhunia et al. produced Cdot/polymer films with 

different luminescence colors using different carbon precursors (glucose, ascorbic acid and 

vitamin B1 plus oleic acid). The Cdots had different fluorescence emissions as shown in Figure 

2.1022. These Cdots demonstrated λex-dependent fluorescence behaviors. There was a red-shift 

of the emission wavelengths (from UV to the near-infrared region) upon increasing the λex from 

UV to the visible light. Other studies reported similar results19,21. 

Zhao et al. produced different Cdots with λex-dependent and λex-independent PL behaviors 

from citric acid (CA) and ethylenediamine (EDA) as carbon and nitrogen precursors, 
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respectively, via a hydrothermal treatment method49. Dong et al. also produced nitrogen and 

sulfur co-doped Cdots that showed λex-independent PL from CA monohydrate and glycine 

precursors using a hydrothermal treatment method46. He observed an unchanging emission 

peak upon increasing the λex. It has been reported that the λex-dependent fluorescence behaviors 

of Cdots is related to their size distribution or heterogeneity while λex-independent fluorescence 

behaviors are due to homogeneity of Cdots50-52. 

 

Figure 2.10: Cdot/polymer films with different luminescence colours from different 

precursors22. 

 

2.3.2.2 Doping with heteroatoms 

Doping with heteroatom is an attractive process that allows the intrinsic properties of Cdots to 

be tunable and exploited for their desired potential applications. Previous studies have shown 

that doping Cdots with heteroatoms enhances the optical properties and increases the quantum 

yield (16% to 83%)11,20,53,54. Zhao et al. produced nitrogen-doped Cdots with excellent 

photoluminescence properties from citric acid and ethylenediamine as carbon and nitrogen 

precursors, respectively49. Other elements that were previously used to dope Cdots are 

phosphorus and boron55-58. In addition, nitrogen doping of Cdots introduces an extra electron, 

thus increasing the electron transfer process and reducing the chance of recombination. The 

generation of the extra electron enables Cdots to be used as acceptors or charge injection layers 

and thus makes doped Cdots beneficial to potential applications such as solar cells, 

photocatalysis and other applications. 
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2.3.2.3 Quantum confinement effect (QCE)  

Quantum confinement is considered one of the factors affecting the PL properties of Cdots51. 

It occurs when the PL properties of Cdots are largely dependent on their particle sizes. In fact, 

quantum confinement effects occur when the nanoparticle sizes fall in the quantum-confined 

regime (smaller than the Bohr radius of its constituent compound), which is in between the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO)59,60. This effect results in the restriction of energies at which the electrons and holes 

can exist in the particles. The PL spectrum of different-sized Cdots typically vary in breadth 

with discrete energy levels and different optical and electronic properties59,60. Therefore, QCE 

determines the PL properties as the absorption energy and the emission wavelengths of the 

resulting photons are related to each other. In addition, the PL properties of Cdots can be tuned, 

depending on their particle sizes60. The smaller the nanoparticles, the larger the energy band 

gap, resulting in a greater energy for the optical emission51,61. This can also be due to the fact 

that the surface-to-volume-ratio of nanoparticles is very high or due to the repulsion of the 

electronic wave function due to the size/interatomic spacing reduction. Figure 2.11 depicts a 

diagram of nanoparticles having a higher energy band gap than the bulk materials. 

 

Figure 2.11: Energy band gap of nanoparticle increases with decreasing nanoparticle sizes61. 
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2.4 Applications of carbon dots 

Cdots have been used in a wide variety of applications such as: bioimaging, biosensing, fuel 

cells, supercapacitors, catalysis, solar cells, lithium ion batteries, drug delivery and light 

emitting diodes, owing to their outstanding chemical, physical and optical properties5,8,16,17. 

Their properties such as low toxicity, good aqueous solubility and small size make them good 

candidates for biological applications16. In addition, their good biocompatibility property is due 

to their smaller particle size (less than 10 nm) and it is easier for them to enter a cell in vivo, 

which makes them good candidates in biological applications. These properties also make them 

strong competitors to semiconductor quantum dots which consist of toxic and expensive 

metals. The following section provide the theoretical background on the operation of the 

organic solar cells. This includes the mechanisms of photoabsorption, excitation generation, 

the diffusion of the quasi particle to the donor-acceptor interface, the dissociation of the exciton 

and subsequent charge transport or collection at the electrodes. 

2.4.1 Working principle of organic solar cells 

It is crucial to understand how organic solar cells work in order to develop the most efficient 

device. There are four fundamental steps that are involved in the mechanism of an organic solar 

cell (Figure 2.12)62. The first step is the absorption of incident light which is followed by the 

generation of the bound electron-hole pair (exciton), held together by coulombic attraction. In 

order for a photon to be absorbed by the active layer, its energy should be equal or greater than 

the energy band gap of the donor materials which is usually a small molecule or polymer for 

the case of organic solar cells62,63. The second step is the diffusion of the exciton to the donor-

acceptor interface. For successful exciton diffusion, the exciton diffusion length must be within 

the range of the donor-acceptor interface separation length. This forms the basis of the BHJ or 

the interconnected network. The third step is the dissociation of the exciton whereby the 

electron-hole pair splits into free charges. This is very important because the electric current 

generated by the photovoltaic solar cell corresponds to the number of charges collected at the 

electrodes64,65. The fourth step is the charge collection by the transparent conductive oxide 

(TCO), with a relatively high work function, and a metal with a relatively low work function 

as the electrodes63. The electrons are collected by the cathode and the holes by the anode. 



  

22 | P a g e  
 

 

Figure 2.12: Mechanism of operation of an organic solar cell62. 

 

2.4.2 Organic solar cell architectures 

Organic solar cells are devices that utilize semiconducting polymers to convert solar energy 

into electrical energy via the photovoltaic effect66. They normally use a conjugated polymer 

and a fullerene derivative as the active layer64,66. The conjugated polymer acts as the electron 

donating material while the fullerene derivative acts as the electron accepting material. Organic 

solar cells consist of different distinct layers depending on the type of the device architecture. 

There are different types of organic solar cell architectures; the single layer, bilayer and bulk 

heterojunction (BHJ) (Figure 2.13)63,64,67,68. These architectures vary in their active layer that 

is responsible for the absorption of light. The single layered architecture comprises of one 

active material and both the bilayer and BHJ architectures comprise of two active materials 

(electron donor and acceptor materials).  

The first organic solar cell was based on a single organic layer sandwiched between two metal 

electrodes64. Compared to the bilayer and BHJ architectures, single layered organic solar cells 

possess a lower efficiency due to a high series resistance that leads to a low FF64. In addition, 

its photoactive layer is not thick enough to absorb the majority of the incident light. The 

photoactive layer must be at least 100 nm thick for it to absorb most of the incident light69.   

In a bilayer architectured organic solar cell, the electron donating and accepting materials are 

sequentially stacked on top of each other63,64,66. In an organic solar cell, charge separation is 

only efficient at the donor-acceptor interface. Therefore, a photoexcitation process that takes 
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place anywhere far from the donor-acceptor interface results in recombination of charge 

carriers before diffusing to the junctions70. The excitons that are generated near the donor-

acceptor interface tend to live long enough to dissociate into free charges (electrons and holes) 

and are transported to their respective electrodes70. This limitation in a bilayer architecture 

brought forward the introduction of the BHJ architecture. 

 In a BHJ device, the donor and acceptor materials are nanoscopically mixed together. The 

donor-acceptor interface is randomly distributed throughout the active layer as compared to the 

bilayer architecture. What makes the bulk heterojunction architecture special is that, the 

generated electron-hole pair can be dissociated anywhere in the active layer since the donor-

acceptor interface is all over the bulk71. Therefore, the BHJ is reported to be the most efficient 

device architecture for use in organic solar cells71,72. 

 

 

Figure 2.13: Device architectures of Organic solar cell. a) Single layer, b) bilayer and c) 

bulk-heterojunction (Modified from ref.66). 

 

2.4.3 Cdots in organic solar cell applications 

The excellent optical and electronic properties of Cdots make them good candidates for organic 

solar cell applications. Zhang et al.  reported the use of Cdots as an electron transport layer 

(ETL) in an organic solar cell73. It was discovered that the devices with Cdots as the ETLs had 

a higher charge transport and collection efficiency73. In addition, lifetimes of the devices with 

Cdots as the electron transport layers were found to be improved significantly due to the better 

air-stability of Cdots materials compared to other materials used in ETLs73. Cdots as the ETLs 

have advantages over other materials used in ETLs, such as LiF and Ga, because it can 

efficiently prevent the formation of an unstable cathode contact for the diffusion of Al ions at 

the interface. LiF and Ga have been used also in organic photovoltaic solar cells, but their 

thickness and evaporation rate were difficult to control, and this resulted in high cost in the 
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fabrication of large area devices. These materials were also found to be very sensitive to 

moisture and oxygen, resulting in poor performing devices73. 

2.5 Conclusions 

In conclusion, Cdots can be synthesised using different methods from different precursors. 

Their PL properties play a significant role in solar cells applications. Cdots possess excellent 

optical properties which make them potential candidates in organic solar cells. Besides their 

excellent optical properties, they were found to be strong competitors to semiconductor QDs 

which consist of toxic and expensive metals. Therefore, Cdots blended with conducting 

polymers in organic solar cell can be a solution of energy crisis in the world since they are 

economically viable and have the ability to absorb light. 
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CHAPTER 3: CHARACTERIZATION 

TECHNIQUES 

3.1 Introduction 

In this section, different characterization techniques used to analyse the as-synthesized carbon 

dots (Cdots) prepared from different precursors and various reaction conditions are discussed. 

A careful sample preparation is typically required in almost all characterization techniques 

prior to analysis. The different characterization techniques below were used to investigate the 

optical, physical and chemical properties such as the morphology, photoluminescence, 

absorption, elemental composition, thermal stability, surface functional groups and the 

crystallinity of the obtained products. 

 

3.1.1. Transmission electron microscopy (TEM) 

TEM was used to determine the particle size and the morphology of the as-synthesised Cdots. 

The Cdots were dispersed in water or ethanol and then ultra-sonicated for about 20 minutes. A 

drop was then added on a carbon coated copper grid which was then allowed to dry in room 

temperature for 24 hours before imaging. The TEM images were taken on FEI Tecnai T12 

electron microscopy operating at acceleration voltage of 120 kv (Figure 3.1). 

 

 

Figure 3.1: FEI Tecnai T12 transmission electron microscope. 
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3.1.2 Powder X-ray diffraction (PXRD) 

The PXRD is a powerful technique that was used for phase identification and determination of 

the crystallinity of the as-synthesized materials based on their diffraction patterns. In addition, 

the PXRD can also be used to check the purity of the obtained products. A proper sample 

preparation is required in order to get valid and accurate results. The samples were ground into 

powder and packed into a zero-background sample holder. A glass slide was used in order to 

get a flat and uniform surface. The PXRD patterns were obtained from Bruker D2 PHASER 

power X-ray diffractometer fitted with a LYNXEYE detector which utilizes co-k irradiation 

with a 30 KV x-ray and 10 mA current in 0.0260 o steps for 10 minutes (Figure 3.2). The 

PXRD patterns were collected at 2Theta = 10 – 90 o range.  

 

 

Figure 3.2: Bruker D2 PHASER powder X-ray diffractometer. 
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3.1.3 Ultra-Violet visible absorption spectroscopy (UV-vis) 

Uv-vis absorption measurements NCdots in solution were taken from varian Cary Eclipse 

(Cary 50) UV-vis absorption spectrophotometer (Figure 3.3). UV-vis absorption spectra were 

measured in the wavelength range of 200-700 nm.  

 

 
Figure 3.3: Cary Eclipse (Cary 50) UV-vis absorption spectrophotometer. 

 

 

3.1.4 Photoluminescence spectroscopy (PL) 

PL spectroscopy was used to investigate fluorescence properties of the as-synthesized 

materials. The emission spectra were measured in the wavelength range of 300-700 nm with a 

5 nm slit width in solution. The PL data was obtained from varian Cary Eclipse EL04103870 

fluorescence spectrophotometer (Figure 3.4). 
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Figure 3.4: Varian Cary Eclipse EL04103870 fluorescence spectrophotometer. 

 

3.1.5 Thermogravimetric analysis (TGA) 

TGA was used to study the thermal stability of carbon dots (Cdots). The measurements were 

made on a TA Q50 instrument. Approximately 10.0 mg of Cdots was weighed and heated to 

900 °C at the rate of 20 °C/min. The measurements were performed under nitrogen gas. Below 

is the photograph of the instrument. 

 

 

Figure 3.5: Perkin Elmer STA 4000 simultaneous thermal analyser/thermogravimetric 

analysis. 
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3.1.6 Laser Raman spectroscopy 

The laser Raman spectroscopy was used to determine the degree of graphitization of the as-

synthesized samples. A powdered sample was placed on a glass slide and the spectra were 

collected in the dark field mode. The Raman spectra were obtained from a Bruker Senterra 

Laser Raman spectrophotometer equipped with a laser wavelength of 514.5 nm (Figure 3.6). 

The laser Raman spectrophotometer utilizes the opus software. 

 

 

Figure 3.6: Bruker Senterra Raman spectrophotometer. 

 

3.1.7 Fourier transmission infrared (FTIR)  

The functional groups of the Cdots were determined using a Bruker Tensor 27 FTIR analyser  

(Figure 3.7). The measurements were performed on solid samples using a transmission mode 

in the range of 400-4000 cm-1 with an accumulation of 64 scans and 4.0 cm-1 resolution.  
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Figure 3.7: Bruker Tensor 27 FTIR analyser. 

 

 

3.1.8. X-ray photoelectron spectroscopy (XPS) 

XPS was used to determine the surface composition of the as-synthesized Cdots. In this 

technique, the surface of the materials is irradiated with x-rays in order to extract the photo-

electrons. The spectra were obtained using quantum 2000 scanning ESCAlab 250Xi 

microprobe system operated at 300 W with monochromatic Al kα (1486.7 eV). The sample 

preparation and analysis were done at CSIR. The deconvolution processing of the XPS spectra 

of the obtained Cdots were performed using CasaXPS software. 

 

 

 

 

 



  

37 | P a g e  
 

CHAPTER 4: SYNTHESIS OF NITROGEN-

DOPED CARBON DOTS FROM DIFFERENT 

PRECURSORS 

4.1. Introduction 

Since their discovery in 2004, carbon dots (Cdots) have received a tremendous amount of 

attention due to their optical, physical and chemical properties1.  Cdots can be prepared from 

an unlimited number of carbon precursors, including: glucose2,3, ascorbic acid4, polyethylene 

glycol (PEG)5, chitosan6-8, fumaronitrile (FN)9, sucrose10, citric acid (CA)11-17 and many other 

precursors using the bottom-up approach as it involves easy operations as compared to a top-

down approach. Among these carbon precursors, CA has been well-studied and when 

combined with ethylenediamine (EDA), it produces Cdots with high quantum yield 

(QY)13,14,17. The highest QY was obtained when Cdots were prepared from CA and EDA via 

the hydrothermal method as compared to other methods. Qu et al. produced nitrogen-doped 

(N-doped) Cdots with 94 % QY from CA and EDA as carbon and nitrogen precursors, 

respectively, via a hydrothermal treatment method17.  However, the hydrothermal treatment 

method involved long reaction times, low production yields and expensive Teflon-lined 

stainless-steel apparatus that are used as reactors. In addition, the hydrothermal treatment 

method involves high temperatures and pressures. Therefore, the synthesis of Cdots with high 

QY using a more cost-effective method is essential. In comparison with a hydrothermal 

treatment method, a microwave-irradiation method is cost-effective and involves shorter 

reaction times and higher production yields12,13.  

For this study, N-doped carbon dots (NCdots) were prepared from different precursors such as; 

citric acid plus ethylenediamine (CAEDA) and FN using a microwave-irradiation method and 

the structures of the precursors are shown in Figure 4.1.   

 

Figure 4.1: The structures of precursors used to prepare NCdots. 
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CA is a nontoxic small molecule that is readily available and normally used as a carbon 

precursor for the synthesis of Cdots. It contains three carboxylic acid groups that help in 

facilitating the dehydration and carbonization processes during the formation of Cdots13. As 

mentioned before, a combination of CA and EDA in the synthesis of Cdots results in Cdots 

with high QY. Previous studies showed that doping Cdots with nitrogen atom enhanced their 

fluorescence which is beneficial for optoelectronic applications16. EDA is a primary amine 

molecule that is commonly used as a surface passivation agent or/and nitrogen precursor13. 

When EDA is reacted with CA, it forms amide groups with carboxylic groups from CA and 

therefore enhances the fluorescence properties of the resultant Cdots. So et al. showed that 

adding EDA not only enhanced fluorescence of Cdots, but also shortened the carbonization 

time12. The formation mechanism of NCdots-CAEDA involves several steps: dehydration, 

condensation, polymerization and carbonization, as shown in Scheme 4.119. The other type of 

Cdots were prepared from FN which was used as both carbon and nitrogen precursor. FN 

contains two nitrile groups that also help in facilitating the carbonization process. To the best 

of our knowledge, FN has never been used to prepare Cdots via microwave-irradiation method. 

The mechanism formation of NCdots-FN is speculated to follow the same steps as NCdots-

CAEDA.  

 

It has been suggested that different starting materials produce Cdots with different properties20. 

In this chapter, the properties of NCdots-CAEDA and NCdots-FN were investigated and 

compared using various characterization techniques.  

 

Scheme 4.1: The plausible mechanism for the formation of NCdots-CAEDA19. 
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4.2 Synthesis procedures 

4.2.1 Materials 

Citric acid (CA, ACS reagent, ≥ 99.5 %), ethylenediamine (EDA, absolute, ≥ 99.5 %), 

fumaronitrile (FN, purum, ≥ 98.0 %), quinine sulfate (QS, Bioreagent, ≥ 98.0 %) and a dialysis 

membrane with a molecular weight cut-off of 14 000 Da, were purchased from sigma Aldrich. 

All chemicals were used as received, without further purification. Distilled water was used 

throughout the experimental methods. 

4.2.2 Synthesis of NCdots from citric acid with ethylenediamine, and 

fumaronitrile 

Both types of NCdots were prepared via a microwave-irradiation method using the same 

conditions. NCdots-CAEDA were prepared by adopting the synthetic method reported by Zhai 

et al.13 and NCdots-FN by Moon et al9. Moon et al. prepared NCdots from fumaronitrile via 

the hotplate method. 

 In a standard procedure, 1.0 g citric acid and 1.0 g ethylenediamine were dissolved in 10.0 ml 

distilled water in a 100 ml beaker. The mixture was then transferred to a microwave tube and 

heated at 700 W for 10 min. After completion of the reaction, the solution changed from 

colorless to dark brown in color, indicating carbonization of the starting material. The 

microwave oven was allowed to cool to room temperature. The aqueous Cdots dispersion was 

purified by centrifugation at 15000 rpm for 15 min to remove large particles or unreacted 

starting materials. The collected supernatant was then filtered using a 0.22 µm filter membrane. 

The supernatant was further purified using a dialysis membrane with molecular weight cut-off 

of 14 000 Da for 72 h, changing the distilled water every 24 h. Upon completion of the dialysis, 

a rotary evaporator was then used to evaporate off the water from the Cdots solution. The 

obtained product was allowed to dry in a vacuum oven at 70 ºC. NCdots-FN were prepared the 

same way. The only difference is that, FN was used as both carbon and nitrogen precursor. The 

product yield of NCdots-CAEDA and NCdots-FN was found to be 52 % and 38 %, 

respectively. The properties of the obtained products were investigated and evaluated by TEM, 

PXRD, UV-vis absorption spectroscopy. PL spectroscopy, TGA, FTIR, XPS and CHNS 

analysis. Scheme 4.2 and 4.3 depicts the synthesis of NCdots-CAEDA and NCdots-FN via the 

microwave-irradiation method, respectively. The synthesis and purification steps carried out to 

obtain pure NCdots-CAEDA and NCdots-FN from CA and EDA, and FN as starting materials 

are displayed in Scheme 4.4 
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Scheme 4.2: Schematic illustration for the synthesis of NCdots-CAEDA from citric acid and 

ethylenediamine as carbon and nitrogen precursors, respectively, via a microwave-irradiation 

method. 

 

 

Scheme 4.3: Schematic illustration for the synthesis of NCdots-FN from fumaronitrile as 

both carbon and nitrogen precursor via a microwave-irradiation method. 
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Scheme 4.4: Photographs of the synthesis and purification steps carried out to obtain pure 

NCdots from CA plus EDA and FN as starting materials. 
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4.3. Results and discussion   

4.3.1. Transmission electron microscopy (TEM) analysis  

From TEM analysis, the particle size and morphology of the as-synthesized NCdots were 

determined. The results revealed that both NCdots-CAEDA and NCdots-FN are quasi-

spherical and monodispersed with sizes less than 10 nm. Figure 4.2.a and 4.2.b depicts TEM 

images of both NCdots-CAEDA and NCdots-FN with their corresponding particle size 

distribution histograms, respectively, which were obtained by measuring approximately 100 

particles using imageJ software.  

The particle size distributions of the as-synthesized NCdots-CAEDA and NCdots-FN were 1.5-

5.5 nm and 1.0-8.0 nm with the average size of 3.28 ± 0.60 nm and 4.50 ± 1.42 nm, respectively. 

The NCdots-FN were determined to be larger than the NCdots-CAEDA. These results are 

similar to the results obtained by Moon at al. for NCdots-FN9 and Wang et al. for NCdots-

CAEDA21. Moreover, a histogram of NCdots-FN demonstrated a broader size distribution as 

compared to NCdots-CAEDA. This can be due to the inhomogeneous sizes of Cdots present in 

NCdots-FN. The insets demonstrate HRTEM images of both NCdots-CAEDA and NCdots-

FN. The lattice spacing of NCdots-CAEDA was measured to be 0.28 nm which correspond to 

the (020) diffraction plane of graphite carbon3. The lattice spacing for the NCdots-FN was 

determined to be 0.24 nm which is similar to the (112) lattice fringe of graphene9. 
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Figure 4.2: TEM images and their corresponding size distribution histograms of a) NCdots-

CAEDA and b) NCdots-FN. The insets depict the HRTEM images. 

 

4.3.2 Powder X-ray diffraction (PXRD) analysis  

Carbonization of the as-synthesized NCdots-CAEDA and NCdots-FN was confirmed by 

comparing their PXRD patterns with their starting materials; CA and FN, respectively. PXRD 

was also used to determine the degree of crystallinity of both types of NCdots. Figure 4.3.a 

depicts the PXRD patterns of both CA and NCdots-CAEDA. The CA shows a complete pattern 

(as expected) which shows a complete conversion to a graphite-like material with a broad 

carbon peak for NCdots-CAEDA. The PXRD pattern of NCdots-CAEDA demonstrated one 

broad peak centered at 2theta = 23.1 ˚ (002) and a small peak at 2theta = 40.0 ˚ (100) which are 

attributed to the highly disordered carbon atom with amorphous structure and a graphitic 

characteristic, respectively22-25. On the other hand, the PXRD pattern of NCdots-FN 
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demonstrated a narrow peak centered at 2theta = 27.2 ˚ which is attributed to the highly 

disordered carbon atoms with crystallization characteristic26 (Figure 4.3.b). 

The PXRD pattern of a graphitic carbon typically shows a diffraction peak at around 2theta = 

25.0 ˚ or higher27-29. Therefore, both NCdots-CAEDA and NCdots-FN consist of both 

amorphous and graphitic carbon structures and these results are similar to those reported by 

other researchers8,12,14. In addition, the PXRD pattern of NCdots-FN demonstrated a sharper 

peak as compared to the diffraction peak of NCdots-CAEDA, implying that NCdots-FN might 

have a higher degree of graphitization than NCdots-CAEDA30. The broader 002 peak of 

NCdots-CAEDA is a characteristic of Cdots with smaller sizes14,21. These results are in 

agreement with the TEM analysis which demonstrated that the average particle sizes of 

NCdots-CAEDA were smaller than that of NCdots-FN.  

 

Figure 4.3: PXRD patterns of the as-synthesized a) NCdots-CAEDA and b) NCdots-FN, 

with their corresponding starting materials. 
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4.3.3 Optical properties 

The optical properties of both as-synthesized NCdots-CAEDA and NCdots-FN were 

investigated using ultraviolet-visible (Uv-vis) absorption and photoluminescence (PL) 

spectrophotometry. It has been suggested that different precursors produce Cdots with different 

optical properties20. Therefore, different types of precursors; citric acid with ethylenediamine 

(CAEDA), and FN, were used for the preparation of NCdots and their optical properties were 

investigated in this section. Figure 4.4 depicts the UV-vis absorption and PL spectra of 

NCdots-CAEDA and NCdots-FN prepared via microwave-irradiation method at 700 W for 10 

minutes.  

The UV-vis absorption spectrum of NCdots-CAEDA (Figure 4.4.a) showed two absorption 

peaks at 235 nm and 340 nm. On the other hand, the UV-vis absorption spectrum of NCdots-

FN (Figure 4.4.b) demonstrated two absorption peaks at 237 nm and 280 nm. The absorption 

peak at 235 nm for NCdots-CAEDA and 237 for NCdots-FN, are typically attributed to the π—

π* transition of C=C or C=N from the carbon core, whereas the absorption peaks at 340 nm for 

NCdots-CAEDA and 280 nm for NCdots-FN, could be assigned to the n—π* transition of C=O 

or amine groups on the surface of Cdots12,21,31.  

The insets are photographs of NCdots-CAEDA and NCdots-FN in aqueous solution under 

visible light (brown solutions) and under a hand-held UV lamp (blue solutions) at 365 nm 

excitation wavelength. The majority of the Cdots prepared via the microwave-irradiation 

method emit blue fluorescence emissions under a UV lamp and it is easy to see with a naked 

eye13,20,32. CA, EDA and FN as the starting materials, do not fluorescence and absorb in the 

UV-vis region, therefore, these PL and UV-vis absorption data are an indicative of the 

successful synthesis of NCdots. The energy band gaps of both NCdots were determined using 

Tauc plots33,34 (Figure 4.5). The energy band gap of NCdots-CAEDA was found to be 4.44 eV 

which was higher than that of NCdots-FN (3.11 eV). The difference in energy band gaps 

between the two types of NCdots is due to the quantum confinement effects. The smaller the 

particle size the larger the band gap35. These results were supported by TEM results which 

revealed that the average particle size of NCdots-CAEDA was smaller (3.28 nm) than that of 

NCdots-FN (4.50 nm). The PL spectra of NCdots-CAEDA and NCdots-FN demonstrated 

maximum emission peaks at 470 nm and 468 nm, respectively, at excitation wavelength of 365 

nm which indicates that these materials exhibit excellent photoluminescence properties 

(Figure 4.4a and 4.4b). The emission peaks of both types of NCdots were found to be broad, 

and this is a typical characteristic of fluorescent NCdots3,11,21. 
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Figure 4.4:  UV-vis absorption spectrum and PL emission spectrum of a) NCdots-CAEDA, 

and b) NCdots-FN in aqueous solution. The insets are the photographs of NCdots-CAEDA 

and NCdots-FN in solution under visible light (brown solutions) and under UV lamp (blue 

solutions) at 365 nm excitation wavelength. 

 

Figure 4.5: Determination of band gap energy of a) NCdots-CAEDA and b) NCdots-FN 

using Tauc plots. 

 

The optical properties of both the as-synthesized NCdots-CAEDA and NCdots-FN were 

further explored and investigated by varying the excitation wavelengths ranging from 360 nm 

to 470 nm in increments of 10 nm (Figure 4.6.a and 4.6.b). Both the aqueous solutions of 

NCdots-CAEDA and NCdots-FN demonstrated excitation-dependent fluorescence behavior. 

However, it was discovered that upon increasing the excitation wavelength from 360 nm to 

390 nm in NCdots-CAEDA, the PL emissions remained constant with the peak position at 

around 467 nm. The excitation-dependent fluorescence behavior of NCdots-CAEDA was only 

observed when the sample was excited with excitation wavelengths that are greater than 390 
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nm. Therefore, a red-shift was observed when the sample was excited with excitation 

wavelength ranging from 400 nm to 470 nm with emission peaks shifting from 478 nm to 515 

nm as shown in Figure 4.6.a and 4.6.c. The excitation-independent fluorescence behavior of 

NCdots-CAEDA at excitation wavelengths ranging from 360 nm to 390 nm is a typical 

characteristic of NCdots that are uniform in size13. These results are in agreement with TEM 

results which demonstrated that the size distribution of NCdots-CAEDA was narrower than 

that of NCdots-FN. In addition, the PL intensities of NCdots-CAEDA increased with an 

increasing excitation wavelength from 360 nm to 450 nm and decreased significantly from 460 

nm.  

As compared to NCdots-CAEDA, the PL emissions of NCdots-FN demonstrated a continuous 

red-shift upon increasing the excitation wavelengths from 360 nm to 470 nm with emission 

peaks shifting from 447 nm to 532 nm (Figure 4.6.b and 4.6.c). The PL intensities also 

increased with an increasing excitation wavelength from 360 nm to 390 nm and started to 

decrease from 400 nm. The maximum emission PL peaks for NCdots-CAEDA and NCdots-

FN were located at 506 nm and 460 nm upon excitation wavelengths of 450 nm and 390 nm, 

respectively. As mentioned before, the PL properties of Cdots can be influenced by excitation 

wavelength, doping with heteroatoms, functional groups, quantum confinement effect which 

is due to smaller sizes, and defects that result in emission traps on the surface of Cdots. 

However, the specific mechanism of PL emission is still not understood, therefore, more 

research will need to be done in this specific area in the future. 

 



  

48 | P a g e  
 

Figure 4.6: PL spectra of the aqueous solution of a) NCdots-CAEDA and b) NCdots-FN at 

different excitation wavelengths c) with their corresponding plot of excitation wavelength 

against emission wavelength. 

 

4.3.4 Thermogravimetric analysis (TGA)  

The thermal stability of NCdots-CAEDA and NCdots-FN were investigated by TGA and their 

TGA-DTGA profiles recorded under ambient conditions are depicted in Figure 4.7a and 4.7.b 

respectively. Both NCdots-CAEDA and NCdots-FN showed small decomposition peaks at 

temperatures around 100 ˚C which are due to moisture or adsorbed water by the NCdots21,28. 

Both types of NCdots also showed different decomposition peaks at temperatures between 200 

and 500 ˚C which are attributed to different functional groups on the surface of the two types 

of the NCdots21. These results are in agreement with FTIR and XPS results which demonstrated 

that both NCdots-CAEDA and NCdots-FN contain different functional groups on their surface. 
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The TGA-DTGA profiles for both NCdots-CAEDA and NCdots-FN also demonstrated similar 

gradual weight loss at temperatures above 500 ˚C which is due to decomposition of graphitic 

carbon core of Cdots21. The decomposition peaks of graphitic carbon in NCdots-CAEDA and 

NCdots-FN occurred at around 671˚C and 648 ˚C, respectively. This indicate that NCdots-

CAEDA have a similar thermal stability to NCdots-FN.  

 In addition, the decomposition peak of NCdots-FN at 648 ˚C was found to be broader than that 

of NCdots-CAEDA at 671˚C. We can suggest that the broader peak for NCdots-FN relative to 

NCdots-CAEDA is due to the incorporation of more nitrogen. This could be supported by 

Raman data but, we found out that the fluorescence properties of both types of NCdots disturb 

the Raman characterization as there were no defined peaks observed from the Raman data. 

Figure 4.7: TGA-DTGA curves of a) NCdots-CAEDA and b) NCdots-FN heated under 

ambient conditions. 

 

4.3.5 Fourier transmission infrared spectroscopy (FTIR) analysis 

Determining the types of the functional groups that are present on the surface of Cdots is a 

crucial step because they can have a strong impact on the chemical, physical and optical 

properties of the Cdots. The functional groups of the as-synthesized NCdots-CAEDA and 

NCdots-FN were determined using FTIR spectroscopy. It has been reported that the functional 

groups of the starting materials are retained on the surface during the synthesis of Cdots20. To 

confirm that statement, the functional groups of both citric acid (CA) and fumaronitrile (FN) 

as the starting materials, were determined by FTIR spectroscopy and their spectra are depicted 

on Figure 4.8.a and 4.8.b together with their resultant NCdots. The FTIR spectrum NCdots-

CAEDA (Figure 4.8.a) demonstrated a broad absorption peak centered at approximately 3275 

cm-1 which was assigned to O-H or/and N-H groups. The characteristic stretching vibrations at 
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approximately 2922 cm-1 and 1697 cm-1 were attributed to C-H and C=O, respectively. Other 

vibrations were observed at approximately 1536 cm-1, 1351 cm-1 and 1129 cm-1 which were 

assigned to C=C/C=N, C-N and C-O, respectively36. 

Compared to the FTIR spectrum of NCdots-CAEDA, NCdots-FN spectrum (Figure 4.8.b) 

demonstrated absorption bands at around 3222 cm-1, 2857 cm-1, 2241 cm-1, 1667 cm-1, 1548 

cm-1, 1398 cm-1, 1261 cm-1 and 1177 cm-1 which were attributed to vibrations of O-H or/and 

N-H, C-H, C≡N, C=O, C=C/C=N, C-N, C-H and C-O, respectively9. In addition, it was 

observed that the peaks of both as-synthesized NCdots were less intense as compared to their 

respective starting materials. It has been suggested that the functional groups on the surface of 

NCdots are essential for their fluorescence and this will be discussed in more details in chapter 

5. 

 

Figure 4.8: FTIR spectra of a) NCdots-CAEDA and b) NCdots-FN with their respective 

carbon precursors. 

 

4.3.6 X-ray photoelectron spectroscopy (XPS) 

XPS is a powerful technique that was used to investigate the surface functional groups and 

elemental composition of both the as-synthesized NCdots-CAEDA and NCdots-FN. It was 

used to further confirm the composition and functional groups on the surface of both types of 

NCdots determined by FTIR analysis. The XPS spectra of both NCdots-CAEDA and NCdots-

FN (Figure 4.9 and 4.10) revealed that both the NCdots are mainly composed of carbon, 

nitrogen and oxygen. Figure 4.9.a shows the XPS full scan spectrum of NCdots-CAEDA with 

three predominant peaks at 285.1 eV, 399.9 eV and 531.2 eV which are attributed to the first 

orbital of the carbon (C1s), nitrogen (N1s) and oxygen (O1s) with atomic percentages of 68.6 
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%, 12.4 % and 18.1 %, respectively, as shown in Table 4.1. Feng et al. produced similar 

results37. 

The high resolution spectra of C1s, N1s and O1s were deconvoluted separately into different 

peaks. The high-resolution spectrum of C1s (Figure 4.9.b) revealed five different peaks at 

284.0 eV, 284.6 eV, 285.9 eV, 287.6 eV and 288.7 eV which were assigned to C-C sp2 

hybridization, C-C sp3 hybridization, C-O, C=O/C=N and C-N respectively38,39. The high-

resolution spectrum of N1s (Figure 4.9.c) was deconvoluted into three peaks located at 399.5 

eV, 400.3 eV and 401.5 eV which are assigned to pyridinic, pyrrolic and graphitic nitrogen, 

respectively39. From these results, it was observed that the dominant nitrogen doping 

configuration on the surface of NCdots-CAEDA was pyridinic N followed closely by pyrrolic 

N and a small amount of graphitic N. These results are similar to those reported previously13,39. 

In addition, deconvolution of the high-resolution spectrum of O1s (Figure 4.9.d) revealed two 

signals at 531.0 eV and 532.5 eV which are associated with C=O and C-OH/C-O-C 

respectively40. The O/C and N/C ratios of NCdots-CAEDA were determined to be 26.4 % and 

18.1 %, respectively. 
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Figure 4.9: a) XPS full scan spectrum, and the corresponding high-resolution spectra of b) 

C1s, c) N1s, and d) O1s of the as-synthesized NCdots-CAEDA. 

 

NCdots-FN contain a similar elemental composition as do the NCdots-CAEDA, but the atomic 

percentages differ. As compared to the NCdots-CAEDA, the XPS full scan spectrum of 

NCdots-FN (Figure 4.10.a) revealed the three main peaks at 284.9 eV, 399.2 eV and 531.4 eV 

which are attributed to the C1s, N1s and O1s respectively. As shown in Table 4.1, the atomic 

percentages of C1s, N1s and O1s in NCdots-FN were 71.4 %, 14.1 % and 14.1 %, respectively. 

The high-resolution C1s (Figure 4.10.b) also showed five different types of carbon at 284.2 

eV, 284.6 eV, 285.2 eV, 286.2 eV and 288.1 eV which were assigned to C-C Sp2 hybridization, 

C-C Sp3 hybridization, C-O, C=O/C=N and C-N, respectively9. The deconvolution of high-

resolution spectrum of N1s (Figure 4.10.c) resulted in three different types of nitrogen atoms 

located at 398.5 eV, 399.8 eV and 401.1 eV associated with pyridinic, pyrrolic and graphitic 

nitrogen, respectively. For NCdots-FN, the most dominant nitrogen-doping configuration was 

found to be pyrrolic N and these results are similar to those reported previously9,41. The high-

resolution spectrum of O1s (Figure 4.10.d) revealed two peaks at 531.5 eV and 533.1 eV which 

are attributed to C=O and C-OH/C-O-C. Both O/C and N/C ratios of NCdots-FN were 
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measured to be 19.7 %. Even though FN as the starting material for NCdots-FN has no oxygen-

containing groups, O1s signals were observed. This is because oxygen from the air can react 

with the samples as the measurements were done under ambient conditions. 

 

Figure 4.10: a) XPS full scan spectrum, and the corresponding high-resolution spectra of b) 

C1s, c) N1s, and d) O1s of the as-synthesized NCdots-FN. 

 

Table 4.1: The relative percentage composition of the as-synthesized NCdots-CAEDA and 

NCdots-FN from XPS spectroscopy. 

Sample name 

 

 

 Atomic percentage  

C (%) N (%) O (%) 

NCdots-CAEDA 

 

68.6 12.4 18.1 

NCdots-FN 

 

NCdots (Literature)37 

71.4 

 

60.1 

14.1 

 

13.6 

14.1 

 

26.4 
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The XPS results of both types of NCdots demonstrated a successful doping of nitrogen on the 

surface of NCdots during the microwave synthesis. The XPS full scan of both types of NCdots 

showed trace quantities of calcium at binding energy of approximately 326 eV, assigned to   

Ca2p. The samples might have been contaminated during sample preparation. The nitrogen 

content in NCdots-FN was higher than in NCdots-CAEDA by approximately 2.0 %. Both 

NCdots-CAEDA and NCdots-FN demonstrated three types of nitrogen: pyridinic, pyrrolic and 

graphitic nitrogen and Figure 4.11 shows how these types of nitrogen configurations are 

bonded. The most dominant nitrogen configuration in NCdots-CAEDA was pyridinic and in 

NCdots-FN was pyrrolic nitrogen. The XPS results are in agreement with TEM, TGA and XRD 

results as both types of NCdots showed the presence of crystalline cores of graphitic sp2 carbon 

hybridization represented by C=C located at binding energies around 284.0-284.9 eV.  

 

 

Figure 4.11: A structure representing three types of nitrogen configurations present in both 

NCdots-CAEDA and NCdots-FN39. 
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4.4 Conclusions 

In conclusion, we successfully synthesized NCdots from different precursors: CAEDA and FN 

using a microwave-irradiation method at the same reaction conditions. A microwave-

irradiation method offers a great promise to prepare NCdots with good yield and high 

fluorescence. Furthermore, this method was found to be simple, fast and environmentally 

friendly. Both the aqueous solutions of NCdots-CAEDA and NCdots-FN showed a bright-blue 

colour when illuminated with a hand-held UV lamp at 365 nm excitation wavelength and 

demonstrated excellent fluorescence properties with excitation-dependent fluorescence 

behaviours. Both the as-synthesized NCdots have the ability to absorb light in the UV-vis 

region, which makes them to be potential candidates for solar cell applications. The results 

showed that although we used the same reaction conditions for the preparation of NCdots, the 

final products demonstrated different optical properties. The obtained results also confirmed 

that using different starting materials on the preparation of NCdots results in NCdots with 

different optical properties. TEM analysis showed that both NCdots-CAEDA and NCdots-FN 

are quasi-spherical carbon nanoparticles with diameters less than 10 nm. The particle size of 

NCdots-FN were larger than those of NCdots-CAEDA. The FTIR and XPS results confirmed 

the successful of nitrogen-doping in both samples. 
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CHAPTER 5: INCORPORATION OF 

NITROGEN-DOPED CARBON DOTS IN 

ORGANIC SOLAR CELL 

5.1 Introduction  

Since the discovery of the photovoltaic effect by Alexandre-Edmund Becquerel in 1839, 

organic solar cells (OSCs) have received tremendous attention from researchers1. This is 

because of its advantages such as great mechanical flexibility, low light-weight, ease of 

fabrication and cost-effectiveness2-5. OSCs are a promising sustainable energy technology for 

the future.  However, they are still suffering from low efficiency and limited stability as 

compared to inorganic-based solar cells (ISCs)2,4,6. Therefore, the primary concern in organic 

solar cell is to improve the power conversion efficiency (PCE) for application in consumer 

electronics. As mentioned in Chapter 2, there are three types of device architectures of organic 

solar cells: the single layer, bilayer and bulk heterojunction (BHJ). The PCE of the single and 

bilayer are extremely low due to the fact that the exciton diffusion length is shorter than the 

absorption length and they are prone to high recombination rates7. The introduction of the BHJ 

was to solve this problem and therefore enhance the PCE. The PCE depends on various factors 

such as the nanoscale morphology of the film, the type of the electrodes (work function) used, 

the thickness of the photoactive layer, charge mobility, energy band gap, dielectric constant 

and molecular energy levels4. All these factors need to be controlled for better device 

performance.  

The performance of the BHJ cell is evaluated from current density-voltage characteristics. 

Figure 5.1.a and b depict the basic energy diagram of the donor and acceptor materials used 

in a BHJ organic solar cell and a typical current-voltage curve under dark and light conditions, 

respectively8. The current-voltage characteristic is used to determine the important operational 

parameters of the solar cell. These parameters include:  

• short circuit current (Jsc),  

• open circuit voltage (Voc),  

• fill factor (FF) and  

• the power conversion efficiency (PCE).  
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The Jsc is defined as the current density generated by the solar cell under illumination in the 

absence of the voltage whereas the Voc is the voltage that the device provides when the 

terminals are not connected to any load and their values can be determined directly from the 

current density-voltage curve9. The fill factor is defined as the ratio of the maximum power 

that the array can actually provide under normal operating conditions to the product of the 

open-circuit voltage times the short-circuit current, and it can be determined using Equation 

5.1. This fill factor value determines the quality of the device and the closer the fill factor is to 

one (unity), the more power the device can provide. PCE is the percentage of the incident light 

that is converted into electrical power. The device with higher fill factor is expected to produce 

more power, thus high efficiency. Therefore, the power conversion efficiency of the cell is 

dependent on the Voc, Isc and FF, and it can be determined using Equation 5.2. 

…………………………………………….(5.1) 

……………………………………………(5.2) 

  

 

Figure 5.1: a) The LUMO and HOMO energy levels of the donor and acceptor materials 

used in BHJ organic solar cell. b) A typical current-voltage curve under dark (purple) and 

light (red) conditions8. 
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In this chapter, we aim to enhance or improve the efficiency of the organic solar cell by 

incorporating nitrogen-doped carbon dots (N-Cdots) in the active layer of an organic BHJ solar 

cell. N-Cdots have the potential to improve the performance of the cell by enhancing the light 

harvesting active layer. 

5.2 Device fabrication 

5.2.1 Materials 

Acetone (99.5 %), Ethanol (99.8 %), hydrochloric acid (HCl), chlorobenzene, Indium tin 

oxide (ITO, side dimension: 2.50 cm, surface resistivity ρ: 30-60 Ω/square slide), zinc dust (< 

10 μm ≥ 98%) Poly(3,4-ethylenedioxythiophene)-polystyrenesulphonate (PEDOT:PSS, 3-4% 

in water), poly(3-hexylthiophene-2,5-diyl) (P3HT, 99.99 %), [6,6]-phenyl C61 butyric acid 

methyl ester (PCBM, 99.5 %). Detergent was obtained from a local supermarket. All 

chemicals were used as received, without further purification. 

5.2.2 Fabrication method 

In BHJ device, the polymers that are commonly used are P3HT:PCBM (as the active layer) 

and PEDOT:PSS (as the hole transport layer) and their structures are shown in Figure 5.2. In 

this study, ITO coated glass was used as a transparent conducting oxide substrate for device 

fabrication. In order to prevent the short circuiting of the cell, one third distance ITO was etched 

with zinc dust and 2M HCl. ITO coated glass was then cleaned with detergent solution, distilled 

water, acetone, ethanol and then a mixture of distilled water and ethanol (1:1 ratio), sequentially 

in an ultrasonic bath under fume hood for 10 minutes in each step. The samples were then 

blown dry with nitrogen gas (5N). PEDOT:PSS solution as the hole transport layer was then 

spin-coated using a spin coater shown in Figure 5.3.a, on the cleaned ITO coated glass at a 

speed of 2000 rpm for 1 min. The resultant film was then baked on a hot plate at 110 ℃ for 15 

minutes in order to remove water from the PEDOT:PSS solution. To prepare the active layer 

for the reference cell (without N-Cdots), 8 mg of P3HT and 8 mg of PCBM (1:1 ratio) were 

dissolved in 0.5 ml of chlorobenzene separately and stirred for 3 hours under ambient 

conditions. The P3HT and PCBM solutions were then mixed together and stirred for 2 hours 

under ambient conditions. The active layer (P3HT:PCBM) was spin coated on top of the dried 

PEDOT:PSS film at a speed of 2000 rpm for 1 min, followed by deposition of aluminum (Al) 

as the cathode by thermal evaporation under vacuum of 1.5 ×10−6 mbar (shown in Figure 

5.3.b). The performance of the fabricated devices were then tested using current density-

voltage measurements interfaced with a Solar Simulator at Air Mass 1.5. The two types of N-



  

63 | P a g e  
 

Cdots prepared from citric acid plus ethylenediamine (NCdots-CAEDA) and fumaronitrile 

(NCdots-FN) prepared in Chapter 4 were used to modify the active layer. The modified active 

layers were prepared the same way as the reference with P3HT:PCBM+NCdots-CAEDA (1:1 

ratio) and P3HT:PCBM+NCdots-FN (1:1 ratio) as the active layer. All the three devices were 

annealed at 50 °C for 5 min prior to characterization. 

 

 

Figure 5.2: The chemical structures of the polymers used in the BHJ organic solar cells10,11. 

 

Figure 5.3: a) The spin-coater used to spin coat the active and the hole transport layers. b) 

The thermal evaporator used to deposit Al. 
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5.3 Characterization of the fabricated devices  

In this section, three different architectures of BHJ solar cells were fabricated and tested using 

a HP 4141B DC system under AM 1.5 G irradiation at 100 mW/cm2 to measure their I-V 

characteristics. The IVplot software12 was used to draw the J-V curves and extract the device 

parameters. The following architectures were fabricated and characterized (Figure 5.4).  

• ITO/PEDOT:PSS/P3HT:PCBM/Al, (reference cell), 

• ITO/PEDOT:PSS/P3HT:PCBM+NCdots-CAEDA/Al  

• ITO/PEDOT:PSS/P3HT:PCBM-NCdots-FN/Al  

The difference among these three fabricated devices were in the constituent of their photo-

active layers. The J-V curves and the important operational parameters of the fabricated cells 

are reported in Figure 5.5 and Table 5.1, respectively. The parameters give an important 

information about the fabricated devices. The area of the fabricated device was 0.07 cm2. 

 

Figure 5.4: The architectures of the fabricated BHJ devices:  

a) ITO/PEDOT:PSS/P3HT:PCBM/Al (reference cell without N-Cdots),  

b) ITO/PEDOT:PSS/P3HT:PCBM+NCdots-CAEDA/Al and  

c) ITO/PEDOT:PSS/P3HT:PCBM-NCdots-FN/Al. 

 

Figure 5.5.a shows the J-V curves of the reference cell (P3HT:PCBM active layer) in the dark 

and under illumination. The values of the Voc, Jsc, FF and PCE of the reference cell were 

determined to be 0.47 V, 0.06 mA/ cm2, 24.7 % and 0.01 %, respectively. According to 

literature review13, the Voc of the reference cell (ITO/PEDOT:PSS/P3HT:PCBM/Al) is 

typically around 0.60 V and this is much higher that what we obtained with our reference. This 

could be due to the fact that P3HT-PCBM as the active layer, oxidises very fast, resulting in 

lower Voc. Incorporation of NCdots-CAEDA and NCdots-FN into the active layer 

demonstrated a positive effect as shown by the J-V curves (Figure 5.5.b and c, respectively). 
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Incorporation of NCdots-CAEDA into P3HT:PCBM increased the efficiency of the cell from 

0.01 ( of the reference cell) to 0.03 %. However, the Voc of the cell modified with NCdots-

CAEDA was smaller (0.45 V) than that of the reference cell. The Voc alone cannot determine 

the performance of the cell. We need all the other parameters in order to determine the PCE of 

the device. Hence a smaller Voc does not mean poor performance of the device or lower PCE. 

For example, silicon-based solar cells have relatively low Voc (0.5 V)14 as compared to organic 

solar cells (0.6 V), but their PCE is much higher. The Voc of the organic BHJ cell is highly 

dependent on the difference between the highest occupied molecular orbital (HOMO) of the 

donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor material14,15. The 

maximum open circuit voltage increases with an increasing energy band gap.  

We also noticed that even though NCdots-CAEDA and NCdots-FN were prepared using the 

same methods under same conditions, their incorporation into the active layer yielded different 

results. As compared to NCdots-CAEDA, incorporation of NCdots-FN into the active layer 

increased the efficiency of the cell significantly (0.13%). We speculated that perhaps the 

different behavior have been caused by the presence of different nitrogen configurations in 

both samples. In Chapter 4, XPS data demonstrated that even though the NCdots-CAEDA and 

NCdots-FN contained similar nitrogen contents, the configurations differed. The most 

dominant nitrogen configuration in NCdots-CAEDA was pyridinic and in NCdots-FN was 

pyrrolic nitrogen. This might have contributed to the difference in the performance of the 

devices.  

The Voc, FF and Jsc of the device incorporated with NCdots-FN were also improved 

significantly as compared to the device incorporated with NCdots-CAEDA. It was also 

observed that the operational parameters values of the three fabricated devices were very low 

as compared to the literature values where P3HT:PCBM was used as the active layer13. Zhen-

boo et. al. further improved their device by modifying PEDOT:PSS (hole transport layer) with 

different percentages of dimethyl sulfoxide (DMSO)13. Their results demonstrated that 4 % of 

DMSO produced a device with the best PCE (3.34 %). These results show that there is still a 

room for organic solar cells research to improve the efficiency before it reaches the market 

demand (commercially scalable). 
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Figure 5.5: The current density-voltage curves of the organic BHJ devices with different 

active layers under dark and light conditions: a) P3HT:PCBM, b) P3HT:PCBM+NCdots-

CAEDA and c) P3HT:PCBM+NCdots-FN. 

 

 

Table 5.1: Summary of the operational parameters of the fabricated organic BHJ devices 

with different active layers. 

Device architecture Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

ITO/PEDOT:PSS/P3HT:PCBM/Al (Literature review)13 0.60 9.94 45.74 2.73 

ITO/PEDOT:PSS/P3HT:PCBM/Al (reference cell) 0.47 0.06 24.7 0.01 

ITO/PEDOT:PSS/P3HT:PCBM+NCdots-CAEDA/Al 0.45 0.21 27.7 0.03 

ITO/PEDOT:PSS/P3HT:PCBM+NCdots-FN/Al 0.57 0.74 31.7 0.13 
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In order to optimize the efficiency of the organic BHJ cell, different percentages of N-Cdots (1 

and 10 %) were incorporated into the active layer, while retaining the constant mass ratios of 

1:1 for the donor and acceptor, respectively. The current density-voltage curves of the BHJ 

devices with different percentages of N-Cdots in the active layer are depicted in Figure 5.6. 

The values of the Voc, Jsc, FF and PCE of the cell incorporated with 1 % NCdots-FN were 

measured to be 0.42 V, 0.17 mA/ cm2, 28.0 % and 0.020 %, respectively (Table 5.2 and Figure 

5.6.a). Upon increasing the percentage to 10 %, the Jsc, FF and PCE dropped to 0.14 mA/ cm2, 

25.2 % and 0.015 %, respectively, but the Voc increased to 0.52 V. It was interesting to notice 

that under dark conditions, the Jsc was not zero for a device incorporated with 10 % NCdots-

FN (Figure 5.6.b). This can be due to the strong and persistent fluorescence emissions of 

NCdots. We also fabricated a device with 5 % NCdots-FN and the current density-voltage 

curve is shown in Appendix I. 

 

Figure 5.6: The current density-voltage curves of the organic BHJ devices with different 

percentage of NCdots-CAEDA in the active layers under dark and light conditions: a) 1 % 

and b) 10 %. 

 

Table 5.2: Summary of the operational parameters of the fabricated organic BHJ devices 

with different percentage of NCdots-CAEDA in the active layers. 

Device architecture Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

ITO/PEDOT:PSS/P3HT:PCBM(1% NCdots-FN)/Al 0.42 0.17 28.0 0.020 

ITO/PEDOT:PSS/P3HT:PCBM(10% NCdots-FN)/Al 0.52 0.14 25.2 0.015 
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5.4 Conclusions 

In conclusion, we fabricated the organic BHJ device using P3HT:PCBM as the active layer 

(reference cell) and the devices modified with different types of N-Cdots. The results 

demonstrated that the modified devices outperformed the reference cell (without N-Cdots). In 

addition, devices modified with different percentages of NCdots-FN were fabricated and the 

device modified with 1 % NCdots-FN demonstrated better results. Future research efforts 

should focus on developing and designing materials with sufficient light absorption. The results 

showed that there is still a chance to significantly improve the PCE of the OSCs through 

introducing other materials with good properties for an efficient device. 
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CHAPTER 6: THE EFFECTS OF SYNTHESIS 

CONDITIONS ON THE FLUORESCENCE 

PROPERTIES OF NITROGEN-DOPED CARBON 

DOTS 

 

6.1 Introduction  

The synthesis, properties and applications of carbon dots (Cdots) have been studied 

intensively1-5 because carbon nanomaterials are highly fluorescent. However, the actual 

photoluminescence (PL) mechanism of Cdots is still not understood. There are only few reports 

on the effect of reaction conditions on the fluorescence properties of Cdots6-9. Tuning the 

reaction conditions such as reaction temperature, microwave power, reaction time, reaction 

solvent, carbon precursor and surface passivation agent/ nitrogen precursor can have an impact 

on the fluorescence properties of Cdots. In terms of carbon precursors, citric acid (CA), as 

compared to other carbon precursors, has produced Cdots with good fluorescence properties. 

This is especially true when combined with amine molecules a surface passivation agent and/or 

nitrogen precursor6,10,11. This effect can be due to its carboxyl groups that tend to facilitate the 

dehydration and carbonization processes12. Zhai et al. investigated the effect of nitrogen 

precursors on the fluorescence properties of Cdots by using various amine molecules such as 

ethylenediamine (EDA), diethylamine (DEA), triethylamine (TEA) and butanediamine 

(BDA)10. Among these amine molecules, EDA as a primary amine molecule, produced the 

Cdots with the highest fluorescence. Their results demonstrated that different amine molecules 

as surface passivation agent and/or nitrogen precursor in preparation of Cdots, results in Cdots 

with different fluorescence properties. 

Zhu et al. used a hydrothermal method to produce highly photoluminescent Cdots at various 

reaction temperatures13. At low and high temperatures they produced two different types of 

Cdots. Polymer-like Cdots were produced at low temperatures whereas the partial carbogenic 

Cdots were produced when high temperatures were used. They concluded that the fluorescence 

of the carbogenic Cdots was due to both the surface/molecule state and the synergistic effect 

of the carbogenic core whereas that of the polymer-like Cdots was due to the surface/molecule 
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state only, which might have been due to the fluorophore from the nitrogen-containing 

groups13. In Chapter 4, two different types of Cdots were studied (Cdots from citric acid plus 

ethylenediamine and fumaronitrile). In this section, Cdots from CA together with EDA were 

selected to be studied further in order to investigate the effect of reaction conditions due to the 

higher product yield and smaller sizes as compared to Cdots made from fumaronitrile (FN). 

Therefore, this section is a compilation of NCdots results obtained from CA and EDA (NCdots-

CAEDA) at different reaction conditions in order to have a better insight on the fluorescence 

properties of Cdots. 

 In addition, other researchers found out that the functional groups on the surface of Cdots have 

a strong impact on their fluorescence properties14-16. Wang et al. investigated the effect of 

carboxyl groups on the fluorescence of Cdots by utilizing three different carbon sources that 

contained different contents of carboxyl groups16. The carbon sources used in their work 

included: glycolic acid, malic acid and citric acid, and urea was used as both nitrogen precursor 

and surface passivation agent. Their results demonstrated that the Cdots prepared from a carbon 

source with a higher content of carboxyl group (CA), exhibited the best fluorescence 

properties16. In this section, we will investigate the fluorescence properties of NCdots-CAEDA 

by removal of the functional groups on the surface of Cdots using annealing methods. 

6.2 Synthesis procedures 

6.2.1 Materials 

Citric acid (CA, ACS reagent, ≥ 99.5%), 1,2-ethylenediamine (EDA, absolute, ≥ 99.5%), 

acetone (ACS reagent, ≥ 99.5%), ethylene glycol (EG, anhydrous, 99.8%) and dimethyl 

sulfoxide (DMSO, ≥ 99.5%), were obtained from Sigma-Aldrich. All these materials were used 

as received without further purification. Distilled water was obtained from the laboratory. 

6.2.2 Synthesis of NCdots using different reaction conditions via 

microwave-irradiation method 

Different conditions were used for the preparation of NCdots to investigate the effect of 

reaction conditions on these materials. In a standard experimental procedure, CA (1.0 g) and 

different amount of EDA (0, 0.5, 1.0, 1.5 and 2.0 ml EDA) were dissolved in 10 ml of different 

solvents (water, ethylene glycol (EG), dimethyl sulfoxide (DMSO) and acetone). The mixture 

was then transferred into a microwave tube and heated for various times (3, 5, 10, and 15 min) 

at different microwave power levels (500, 600, 700 and 800 W). The obtained yellow/brown 
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solutions were then centrifuged at a speed of 15000 rmp for 15 min to remove large particles. 

Lastly, the final product was filtered with a 0.2 microfilter for further purification. The rotary 

evaporator was then used to evaporate off the water from the Cdots solution. The resultant 

product was allowed to dry in a vacuum oven at 70 ºC. Several characterisation techniques 

such as transmission electron microscopy (TEM) and photoluminescence spectroscopy (PL) 

were then used to characterise the final product.  

6.2.3 Annealing method. 

In order to investigate the effect of annealing, NCdots-CAEDA obtained from Chapter 4 were 

annealed using a horizontal chemical vapor deposition (CVD) setup as shown in Figure 6.1. 

The functional groups were removed in order to investigate the fluorescence properties of 

NCdots-CAEDA. In a standard procedure, 1.0 g NCdots-CAEDA was added into a quartz boat 

and placed in a quartz tube. The quartz tube was then placed in the horizontal temperature-

controlled furnace. The sample was heated at 500 ℃ for 2 h at a heating rate of 10 ℃/min in 

the presence of argon as a carrier gas. The flow rate of argon was 100 ml/min. Upon completion 

of the reaction, the resultant product was allowed to cool to room temperature under a 

continuous flow of argon gas. The product was then collected and characterized by several 

techniques including: thermogravimetric analysis (TGA), Fourier transform infrared 

spectroscopy (FTIR), PL, Raman spectroscopy and powder X-ray diffraction (PXRD).   

 
Figure 6.1: Horizontal CVD reactor used for annealing NCdots-CAEDA. 
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6.3. Results and discussion   

6.3.1. Effects of EDA amount on the fluorescence properties of carbon dots 

In this section the amount of EDA added to CA was varied from 0 to 2.0 ml (precursor ratio), 

while the solvent, reaction time and microwave power were kept constant as shown in Table 

6.1. The morphology and particle sizes of the as-synthesized Cdots prepared from different 

amount of EDA were determined by TEM and the images are shown in Figure 6.2. When 

Cdots were prepared with just CA (without passivation agent or nitrogen precursor), no Cdots 

were observed from TEM studies. From this result, we speculated that 10 min was not long 

enough for Cdots to be formed, meaning that no carbonization took place. This was also 

indicated by the lack of color change after the completion of the reaction.   

TEM images of the as-synthesized Cdots prepared using 0.5, 1.0, 1.5 and 2.0 ml EDA showed 

that Cdots were quasi-spherical and less than 10 nm in diameter. Figure 6.2.a shows TEM 

image of Cdots prepared from 0.5 ml EDA. Only a few Cdots were observed. This could be 

due to the small amount of EDA added. The Cdots prepared with 1.0 ml (Figure 6.2.b) were 

well-dispersed as compared to other Cdots prepared from other amounts of EDA used. For 

Cdots prepared with 1.5 and 2.0 ml EDA (Figure 6.2.c and d), TEM revealed that the 

nanoparticles were aggregated, forming larger materials. TEM image of Cdots prepared with 

2.0 ml EDA (Figure 6.2.d) demonstrated a clearer agglomeration of nanoparticles.  

The results showed that the average sizes of Cdots increased with an increasing amount of EDA 

as indicated in Table 6.1 and Figure 6.3. The average sizes of Cdots prepared using 0.5, 1.0, 

1.5 and 2.0 ml EDA were found to be 1.4, 3.5, 5.1 and 5.6 nm, respectively. These results were 

similar to the results reported by Gong et al. where it was concluded that adding more nitrogen 

precursor and/or surface passivation agent tended to facilitate the growth of the carbon core, 

thus leading to the formation of large Cdots17. The TEM image of the Cdots prepared with 2.0 

ml EDA were found to be the largest as compared to other samples. 
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Table 6.1: Effect of EDA amount on the preparation of Cdots. 

EDA amount  

(ml) 

Precursor ratio 

(CA:EDA) 

Solvent 

(10 ml) 

Time 

(min) 

Power 

(W) 

Cdots size 

(nm) 

0 1:0 Water 10 700 - 

0.5 1:1 Water 10 700 1.4 

1.0 1:3 Water 10 700 3.5 

1.5  1:4 Water 10 700 5.1 

2.0 1:6 Water 10 700 5.6 

 

 
Figure 6.2: TEM images of Cdots prepared from CA with different amount of EDA: a) 0.5 

ml b) 1.0 ml c) 1.5 ml and d) 2.0 ml. 
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Figure 6.3: A plot of the Cdots diameters versus EDA amounts. 

 

The PL spectra of the aqueous solution of the as-synthesized Cdots prepared from different 

amount of EDA, together with the corresponding plot of EDA amount against emission 

wavelength is shown in Figure 6.4. The samples showed a broad PL emission peak which was 

symmetrical on the scale of the wavelength, and this is a characteristic for highly fluorescent 

Cdots11,18. The PL emission peak positions are always associated with the excitation 

wavelength. All samples were excited at a 365 nm excitation wavelength. There was no PL 

emission peak observed from Cdots prepared with no EDA (0 ml EDA) and these results are 

in agreement with TEM results as no Cdots were observed.  

 

The amount of EDA added during the preparation of Cdots plays an important role in the 

formation of highly fluorescent Cdots. The PL emission peak positions of Cdots prepared from 

0.5, 1.0, 1.5 and 2.0 ml were located at 460, 457, 452 and 446 nm, respectively (Figure 6.4.a). 

The PL results showed that there was an obvious trend between the PL emission peaks and the 

amount of EDA added as shown in Figure 6.4.b. As the amount of EDA increased, the PL 

emission wavelength decreased. Therefore, Cdots prepared with different amount of EDA 

exhibited a blue-shift with an increasing amount of EDA. Devi et al. produced similar results 
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when they used soot powder and EDA as the carbon and nitrogen precursor, respectivly19. As 

they increased the amount of EDA, the PL emission peaks shifted to shorter wavelengths at a 

370 nm excitation wavelength.  

 

 

Figure 6.4: a) PL spectra of the aqueous solution of the Cdots prepared with various amount 

of EDA b) with their corresponding plot of EDA amount against emission wavelength. 

 

6.3.2 Effect of solvent on the fluorescence properties of carbon dots. 

In this section, Cdots were prepared using various solvents, viz; water, DMSO, EG and acetone. 

Their structures are shown in Figure 6.5. Other reaction conditions such as the amount of EDA, 

microwave power and reaction time were kept constant as shown in Table 6.2. Cdots prepared 

with 1.0 ml of EDA (1:3 (CA:EDA)) was chosen as the optimal amount of EDA in preparing 

Cdots from different solvents as TEM results showed well-dispersed image and PL revealed 

reasonable PL emissions in water.  

TEM images of Cdots prepared from different solvents are depicted in Figure 6.6. The results 

showed that the resultant Cdots prepared with different types of solvents were quasi-spherical 

with diameters less than 10 nm. In addition, Cdots prepared from different solvents showed no 

sign of agglomeration. The average sizes of Cdots prepared from water, DMSO and EG were 

determined to be 3.5, 2.7 and 3.4 nm, respectively. The Cdots prepared from water as a solvent 

were the largest (3.5 nm) (Figure 6.6.a). The Cdots prepared from acetone (Figure 6.6.b) were 

very small and few, hence it was difficult to determine their average size. TEM image of Cdots 

prepared with DMSO and EG demonstrated a mixture of small and large particles (Figure 6.6.c 

and d). According to the results obtained, it was observed that different solvents produced 

Cdots with different sizes. Tian et al. used different types of solvents such as: water, glycerol 
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and dimethylformamide (DMF) to prepare Cdots from CA and urea as the carbon and nitrogen 

precursor, respectively20. Their results demonstrated that indeed different solvents produce 

Cdots with different sizes (Cdots-water = 1.70 nm, Cdots-glycerol = 2.80 nm, Cdots-DMF = 

4.50 nm)20. 

Table 6.2: Effect of solvent on the preparation of Cdots. 

EDA amount 

(ml) 

Precursor ratio 

(CA:EDA) 

Solvent 

(10 ml) 

Power 

(W) 

Time 

(min) 

Cdots size 

(nm) 

1.0 1:3 Water 700 10 3.5 

1.0 1:3 Acetone 700 10 - 

1.0 1:3 EG 700 10 3.4 

1.0 1:3 DMSO 700 10 2.7 

      

 

Figure 6.5: The structures of different solvents used to prepare the Cdots to investigate the 

solvent effect on the fluorescence of the Cdots. 
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Figure 6.6: TEM images of the Cdots prepared from CA and EDA using different solvents: 

a) water b) acetone c) DMSO and d) EG. 

 

The fluorescence properties of the Cdots prepared from different solvents were studied and 

investigated using PL spectroscopy and their spectra are shown in Figure 6.7.a. The PL 

measurements of the Cdots prepared from different solvents were performed at 365 nm 

excitation wavelength. The PL emission of the Cdots prepared from water, DMSO and EG 

were not the same and were centered at 455, 431 and 466 nm, respectively. The plot of solvents 

as a function of their PL emission wavelength is shown in Figure 6.7.b. The Cdots prepared 

from water demonstrated the strongest fluorescence emission at 455 nm. The Cdots prepared 
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from acetone did not show any PL emission peak. We speculated that the difference in PL 

emissions of these Cdots might be due to the fact that these solvents possess different dielectric 

constants and polarities. The dielectric constant of acetone, water, DMSO and EG are 21.0, 

78.5, 47.0 and 37.7, respectively21. Acetone has a lower dielectric constant (21.0) and this 

might have contributed to the absence of the PL emission peak.  

The PL emission peaks of Cdots prepared from water, DMSO and EG were broad but that from 

DMSO was broader and unsymmetrical. We speculated that the broadness of the PL emission 

peak of Cdots prepared from DMSO might be due to a range of functional groups/defects on 

their surface and heterogeneity of the particle sizes22. The PL emission peak position of Cdots 

prepared from water and EG were similar, but the PL emission peak position of those prepared 

from DMSO was different. This might be due to the polarity of these solvents as DMSO is the 

least polar solvent. The polarity of these solvents increase as the following trend: acetone < 

DMSO < EG < water.  

From the results obtained in this section, water was chosen as the optimal solvent because it 

demonstrated the strongest fluorescence emission. In addition, water is a safe and green solvent 

as compared to other solvents used in this study23. In order to investigate the effect of solvents 

on the fluorescence properties of Cdots, Chao et al. dispersed Cdots synthesized from                             

o-phenylenediamine as both carbon and nitrogen precursor, in various solvents such as water, 

EG, methanol, DMF, acetone and tetrahydrofuran (THF)24. Their results showed that there was 

a red-shift in the PL emissions with an increasing polarity of the solvent except for water24. 

Their results are similar to our results as there is a red shift from the Cdots prepared from 

DMSO compared to those prepared from EG. 
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Figure 6.7: a) PL spectra of the Cdots prepared from water, DMSO, EG and acetone, (in 

water) b) The plot of the types of solvents against emission wavelength.  

 

6.3.3 Effect of reaction time on the fluorescence properties of carbon dots. 

In this section, we present the synthesis of the Cdots samples prepared at different reaction 

times. The amount of EDA, reaction power and reaction solvent were kept constant as shown 

in Table 6.3. The reaction time utilized in this section were 3, 5, 10 and 15 minutes (min). 

When the reaction was run for 3 min, the obtained solution was pale yellow in colour. As the 

reaction time was increased from 3 min to 5 min, the colour of the solution changed from pale 

yellow to light brown and then dark brown when the reaction was prolonged to 10 and 15 min. 

The colour change indicated the formation of Cdots. The microwave reaction time had a 

significant impact on the formation of the Cdots as TEM images of the Cdots prepared at 

different reaction times demonstrated different sizes of the resultant products (Figure 6.8). The 

average sizes of the Cdots prepared at 3, 5, 10 and 15 min were determined to be 1.5, 1.7, 3.5 

and 20.2 nm, respectively. The Cdots prepared at 3 and 5 min (Figure 6.8.a and b) were similar 

in size but the once prepared at 5 min were better dispersed than the 3 min ones. 

The Cdots prepared at 10 min (Figure 6.8.c) were also well-dispersed but bigger than the ones 

prepared at 3 and 5 min. At 15 min, the starting materials reacted and carbonized completely 

and grew into bigger structures and there were no smaller particles observed in the TEM image 

(Figure 6.8.d). The product obtained after 15 min are not Cdots. It is worth noting that the 

Cdots particle sizes increases with an increasing reaction time25 as shown in (Figure 6.9). 
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Table 6.3: Effect of reaction time on the preparation of the Cdots. 

EDA amount 

(ml) 

Precursor ratio 

(CA:EDA) 

Solvent 

(10 ml) 

Time 

(min) 

Power 

(W) 

Cdots size 

(nm) 

1.0 1:3 Water 3 700 1.5 

1.0 1:3 Water 5 700 1.7 

1.0 1:3 Water 10 700 3.5 

1.0 1:3 Water 15 700 20.2 

 

 

Figure 6.8: TEM images of Cdots prepared from CA and EDA at different reaction times: a) 

3 min b) 5 min c) 10 min and d) 15 min. 
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Figure 6.9: A plot of the Cdots diameters versus reaction time. 

 

PL spectroscopy was used to investigate the fluorescence properties of Cdots prepared at 

different reaction times and their spectra are shown in Figure 6.10.a.  The PL emission was 

affected by the reaction time. The PL emission peaks of Cdots prepared at 3, 5, 10 and 15 min 

were centered at 461, 457, 465 and 450 nm, respectively. A blue-shift was observed as we 

increased the reaction time (except the 10 min reaction) (Figure 6.10.b). The fluorescence 

emission of the Cdots prepared at 15 min was very weak. This is because they have grown to 

bigger structures as shown by TEM images. 
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Figure 6.10: a) PL spectra of the aqueous solution Cdots prepared at various reaction times 

b) The plot of reaction time against emission wavelength. 

 

6.3.4 Effect of microwave power 

In this section, four different microwave powers were chosen for the preparation of Cdots while 

the amount of EDA, solvent and reaction time were kept constant (Table 6.4). The microwave 

power utilized were 500, 600, 700 and 800 W. The morphology and the particle size were 

determined by TEM and the images are shown in Figure 6.11. The average sizes of the Cdots 

prepared at 500, 600, 700 and 800 W were measured to be 2.3, 2.4, 3.5 and 7.7 nm, respectively. 

There was no a significant different between the Cdots prepared at 500 and 600 W (Figure 

6.11.a and b). When the microwave power was increased to 700 W, the size of the particles 

increased slightly (Figure 6.11.c). The particle size increased significantly when the 

microwave power was further increased to 800 W (Figure 6.11.d). The plot of particle size 

versus microwave power is shown in (Figure 6.12). 

Table 6.4: Effect of microwave power on the preparation of the Cdots. 

EDA amount 

(ml) 

Precursor ratio 

(CA:EDA) 

Solvent 

(10 ml) 

Time 

(min) 

Power 

(W) 

Cdots size 

(nm) 

1.0 1:3 Water 10 500 2.3 

1.0 1:3 Water 10 600 2.4 

1.0 1:3 Water 10 700 3.5 

1.0 1:3 Water 10 800 7.7 
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Figure 6.11: TEM images of NCdots prepared from CA and EDA at different microwave 

powers: a) 500 W b) 600 W c) 700 W and d) 800 W. 
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Figure 6.12: A plot of Cdots diameters versus microwave power. 

 

The PL spectra of the Cdots prepared at various microwave powers are shown in Figure 6.13.a.  

The PL emission peaks of the Cdots prepared at 500, 600, 700 and 800 W were located at 506, 

497, 466 and 446 nm, respectively. The PL emissions shifted from red to blue with increasing 

microwave power (Figure 6.13.b). According to the results obtained from TEM, the Cdots 

prepared at 500 and 600 W had similar particle diameters but their PL emissions differ 

remarkably. From this, we can therefore assume that the particle sizes or quantum confinement 

effect, is not the only factor that contributes to the fluorescence of the Cdots as there was a 

significant impact on the fluorescence properties of the Cdots prepared at 500 and 600 W even 

though their particle sizes were similar. 
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Figure 6.13: a) PL spectra of the aqueous solution Cdots prepared at various microwave 

power b) The plot of microwave power against emission wavelength. 

 

6.3.5 Effect of annealing NCdots-CAEDA on their fluorescence properties 

As mentioned before, the Cdots have different functional groups on their surface and this gives 

them the opportunity to be modified with different materials such as polymers, inorganic and 

organic molecules. In this section we have investigated the fluorescence of Cdots based on 

their functional groups. This was done by removing the functional groups on the surface of the 

NCdots-CAEDA using annealing methods and the procedure was explained in detail in section 

6.2.3. TGA, FTIR, PL, Raman and PXRD were used in order to analyze the NCdots-CAEDA 

after annealed at 500 ℃ for 2 h. Figure 6.14.a and b depict the TGA-DTGA profiles of 

NCdots-CAEDA before and after annealing, respectively. Before annealing (Figure 6.14.a), 

the TGA profile demonstrated about 30 % weight loss of functional groups at temperatures 

between 200 and 500 ℃11. After annealing (Figure 6.14.b), there were no decomposition peaks 

observed in the TGA profiles. 
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Figure 6.14: TGA-DTGA profiles of NCdots-CAEDA a) before and b) after annealing. 

FTIR spectroscopy was used in order to confirm a complete removal of the functional groups 

on the surface of the NCdots-CAEDA. The FTIR spectra of the NCdots-CAEDA before and 

after annealing are shown in Figure 6.15.a. Before annealing, the FTIR spectrum demonstrated 

various functional groups on the surface of the NCdots-CAEDA and after annealing, the 

functional groups were removed completely and these results are in agreement with TGA data. 

We also used PL spectroscopy to investigate the fluorescence properties of the NCdots-

CAEDA. The PL spectra of the NCdots-CAEDA before and after annealing are shown in 

Figure 6.15.b. Before annealing, there was a broad PL emission peak centered at 470 nm upon 

365 nm excitation wavelength. After annealing, no PL emission peak was observed from the 

PL spectrum. This can be an indication that the fluorescence properties of Cdots depend on 

their surface functional groups.  

 

Figure 6.15: a) The FTIR and b) the PL spectra of the NCdots-CAEDA before and after 

annealing. 
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We also used laser Raman spectroscopy to determine the degree of graphitization of the sample. 

It was found out that before annealing the NCdots-CAEDA, no peaks were observed in the 

Raman data. This is because of the high fluorescence of the NCdots-CAEDA that interferes 

with the Raman characterization. After annealing (Figure 6.16.a), two prominent peaks were 

observed at 1351 and 1572 cm-1, which were attributed to the D and G bands, respectively. The 

D band refers to the structural disorder/defects and sp3 hybridization whereas the G band is 

associated with the graphitic order and sp2 bonding4,26,27. The ratios between the D and G 

intensities (integrated areas) were used to measure the degree of disorder/defects in the 

resultant product28. The ID/IG ratio was determined to be 0.62 which indicated that the annealed 

sample was graphitic in nature. 

PXRD data was used for the phase identification and determination of the crystallinity of the 

resultant product. The PXRD patterns of the NCdots-CAEDA before and after annealing are 

demonstrated in Figure 6.16.b. Before annealing, there was a broad peak centered at 2Theta = 

23.1o and a small peak at 2Theta = 40.0 o. After annealing, the broad peak became narrow and sharp, 

and shifted to 2Theta = 25.2 o. The small peak after annealing was more pronounced than before 

annealing and shifted to 2Theta = 44 o. The sharpness of the peak and the more pronounced small peak 

indicate that the annealed NCdots-CAEDA have a higher degree of graphitization than the un-annealed 

NCdots-CAEDA and these results are in agreement with the Raman data. 

 

Figure 6.16: a) Raman spectrum of the annealed NCdots-CAEDA b) PXRD patterns of 

NCdots-CAEDA before and after annealing. 
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6.4 Conclusions 

In conclusion, the fluorescence properties of Cdots prepared from CA and EDA as carbon and 

nitrogen precursors, respectively, were investigated. Different reaction conditions such as the 

reaction time, microwave power, solvent and the amount of EDA were used in order to 

investigate the fluorescence properties of NCdots-CAEDA. According to the results obtained, 

1.0 ml EDA, water, 10 min and 500 W were found to be the optimal synthesis conditions for 

the preparation of the NCdots-CAEDA with good fluorescence properties. The fluorescence 

properties of NCdots-CAEDA were found to be highly dependent on the reaction conditions. 

Using different reaction conditions resulted in Cdots with different PL emissions and particle 

sizes. The NCdots-CAEDA was also annealed in order to remove the surface functional groups 

and to investigate the fluorescence properties of NCdots-CAEDA. It was found that after 

annealing, the fluorescence of NCdots-CAEDA were destroyed. We can therefore conclude 

that the fluorescence properties of NCdots-CAEDA strongly depend on the quantum 

confinement effect as well as the functional groups on their surface.  
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CHAPTER 7: GENERAL CONCLUSIONS AND 

RECOMMENDATIONS 

7.1 Conclusions 

The main purpose of this research project was to synthesize nitrogen-doped carbon dots 

(NCdots) from different precursors using microwave-irradiation method and apply them in 

organic solar cells in the active layer. The NCdots were synthesized using citric acid (CA) with 

ethylenediamine (EDA), and fumaronitrile (FN). The product yield of the NCdots derived from 

CA with EDA (NCdots-CAEDA) was higher than those derived from FN (NCdots-FN). The 

properties of the two types of NCdots were investigated and evaluated by transmission electron 

microscopy (TEM), powder X-ray diffraction (PXRD), Ultraviolet-visible spectroscopy (Uv-

vis), Photoluminescence spectroscopy (PL), Thermal gravimetric analysis (TGA), Fourier 

transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). TEM 

analysis revealed the both types of NCdots were quasi-spherical with diameters less than 10 

nm. However, the average particle size of NCdots-FN was larger than that of NCdots-CAEDA. 

PXRD revealed that the NCdots-FN possessed a higher degree of graphitization than NCdots-

CAEDA. FTIR spectroscopy demonstrated the presence of different functional groups on the 

surface of both types of NCdots. XPS confirmed the composition and functional groups of the 

NCdots. This was further confirmed by TGA as it weight loses of functional groups at 

temperatures between 200 and 500 ℃. Both types of NCdots exhibited excitation-dependent 

fluorescence behaviour (redshift). The organic solar cells modified with both types of NCdots 

in the active layers were successfully fabricated. The device modified with NCdots-FN 

performed better than the device modified with NCdots-CAEDA. Various reaction conditions 

such as amount of EDA, solvent, reaction time, microwave power and annealing method were 

used in order to investigate their effect on the fluorescence properties of NCdots-CAEDA. The 

fluorescence properties were destroyed after annealing the sample. This implies that the 

functional groups on the surface of NCdots have a great impact on the fluorescence properties 

of NCdots. The fluorescence properties of NCdots were affected by the reaction conditions.  
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7.2 Recommendations  

Even though the results demonstrated that the fluorescence properties of NCdots were affected 

by the reaction conditions, the actual PL mechanism of NCdots is still not understood. 

Therefore, more research will need to be done in this specific area in the future. Further 

optimization need to be done on the concentration of the NCdots to determine if they contribute 

to the broadening or redshift of the emission spectra. 

The characterization technique like atomic force microscopy need to be used to determine the 

morphology the films. This will provide information on whether the 3D network of the acceptor 

and the donor is interconnected. AFM will also be used to determine the surface roughness of 

the films.  According to the results obtained, the efficiencies of the fabricated devices modified 

with both types of NCdots and our reference cell were lower than the efficiency of the reference 

cell from literature review. This is because the measurements were carried out in air. A set-up 

with controlled environment (vacuum chamber) is recommended to avoid rapid degradation of 

the cells. Further optimization on the fabrication of the cells is also required. 
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APPENDIX I 

 

  

 Figure S1: Different fabricated organic bulk-heterojunction devices. 
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Figure S3: The current density-voltage curve of the organic BHJ device with 5% NCdots-

CAEDA in the active layer. 


