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Abstract 

 

Since the discovery of carbon dots (Cdots) in 2004, there has been an exponential increase in 

the number of research publications reporting on their synthesis, characterization, and potential 

applications. This is attributed to their excellent fluorescence properties which are central to 

potential applications in various scientific fields such as catalysis, nanomedicine, sensing and 

bioimaging, among others. However, issues pertaining to Cdots such as the origin of their 

fluorescent emissions, fluorescent quenching when in the solid-state, purification procedures 

(due to ultra-particle size ≤ 10 nm), and exploration of Cdots/support composites, among others 

still need to be addressed.  

In this project, Cdots and nitrogen-doped Cdots (NCdots) derived from chitosan, glycerol, and 

urea were synthesized using a hydrothermal carbonization method in an autoclave (180 and 200 

℃) and a microwave-assisted method (700 W). To obtain the NCdots in the solid-state, a 

systematic approach was established for the incorporation of the NCdots on the surface of a 

solid support such as silica spheres (SSs), hollow carbon spheres (HCSs), solid carbon spheres 

(SCSs), carbonized chitosan (CHIT-xh), and TiO2 particles. A mixture of ethanol, water, and 

ammonia solution provided a medium for the good dispersion and incorporation of NCdots on 

the surface of the solid supports. The obtained NCdots were characterized using various 

techniques and were observed to have a typical size below 10 nm, spherical shapes, abundant 

functional groups, and enhanced fluorescent emission. The fluorescent emissions of the 

unsupported and supported Cdots were observed to be dependent on the excitation wavelength 

and exhibited a typical redshift as the wavelength was increased. In addition, the fluorescent 

emissions were influenced by the nature and interaction between NCdots and the support 

matrix. For example, the photoluminescence quantum yield (PLQY) of bare NCdots derived 

from chitosan was 34 %, while the supported NCdots PLQY values were dependent on the 

support with values in the order SSs (35.3 %) > HCSs (13 %) > SCSs (7.5 %) at 20 wt. % 

loading.  

In addition, a “ship in a bottle” approach was used to contain the Cdots and NCdots 

nanoparticles derived from glycerol and urea inside the hollow cavity of HCSs via a microwave-

assisted method. The solvatochromism of the encapsulated Cdots and NCdots revealed solvent-

dependent characteristics when dispersed in water, hexane, and acetone. This suggests that the 
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surface functional groups of Cdots and NCdots are the prominent constituents responsible for 

fluorescent emission and interacted with the solvent via hydrogen bonding and/or dipole-dipole 

interactions, resulting in the tuning of the fluorescent emissions.  

The composite materials consisting of NCdots, carbonized chitosan (CHIT-xh), and TiO2 were 

explored for potential application in wastewater treatment via adsorption and photodegradation 

processes.  For this, NCdots/CHIT-xh and NCdots/TiO2 nanocomposites were prepared and 

used for the adsorption and photodegradation of methyl orange (MO) in an aqueous solution, 

respectively. These composites exhibited high MO adsorption and photodegradation efficiency 

which was attributed to the presence of NCdots on their surfaces. For example, the 

incorporation of 10 wt. % NCdots on the surface of TiO2 was an optimum concentration that 

exhibited higher MO photodegradation efficiency compared to pristine TiO2. This was 

attributed to photosensitization (photo-induced electron transfer process) and a synergetic effect 

between TiO2 and NCdots. In both the adsorption and photodegradation studies, the MO 

removal/degradation efficiency was dependant on the initial pH, the concentration of the 

solution, and catalyst dosage. These composites have demonstrated a potential for application 

in the removal of MO from wastewater via adsorption and photodegradation processes. 
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Chapter 1: Introductory chapter 

1. Synopsis 

The images below show how poor handling of chemical processes in textile industries 

result in poor disposal mechanisms. This result in higher concentration of dyes in the 

environment and poses a challenge to the ecosystem. Safety and strict regulations are 

essential to monitor the dyeing processes and its disposal mechanisms.  

 

 

 

Due to the colorful nature of dye solutions, water treatment processes such as photocatalysis 

and adsorption, among others have been used to remove/break-down dyes from wastewater. 

Although these processes have not gained a significant commercial value, they form a core as 

a potential mechanism for the treatment of dyes from wastewater. Hence, there is a need for the 

advancement of these processes through scientific research and sufficient documentation is 

ideal.   

 

Water treatments: photocatalysis/adsorption 
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It is mostly said that “water is life”, the truth is “clean and drinkable water is life” and the bar 

for providing clean water to every household is a prerequisite. The image below signifies how 

clean and drinkable water puts a smile on a person. Thus, this project is aimed at reflecting on 

how strategies such as adsorption and photocatalysis can be used to remedy dye contaminants 

from wastewater.  

            1,2,3,4,5 

1.1 Introduction 

Clean water and drinkable water is essential for the well-being of humans, animals, and a 

sustainable ecosystem.6,7 The shortage of water due to poor rainfall and mismanagement of 

water on a global scale can cause social, economic, and environmental problems.6,8,9 In 2015, 

the world health organization reported that approximately 663 million people lack access to 

clean drinking water in various parts of the world.10 Globally, a significant number of people 

succumb to death and disability-adjusted life years due to lack of clean water access and poor 

sanitation infrastructure each year.11 South Africa is considered one of the water-stressed 

countries with uneven distribution of water among racial groups and also between urban and 

rural communities.12,13 To avoid water-related deaths and sickness, adequate amounts of clean 

water should be provided to humans for consumption, cooking, personal and household 

hygienic needs.14,15 With only 1 % of freshwater available as groundwater for human use, it is 

of great concern that water contamination by agricultural activities, industries, human effluents, 

and other human activities is on the rise and a need for alternative water resources is in 

demand.16 In addition, the world population is expected to be around 10 billion between the 

years 2035 and 2040, and this calls for adequate and sustainable methods to deal with the 

already existing water crisis.7  



 
 

3 
 

Among the toxic chemicals that are released from textile industries, dyes are one of the major 

concerns due to their hazardous nature and a threat to the ecosystem.17-18 Annually, about 

700 000 tons of dyes containing several organic compounds are produced from textile 

industries, of which 1-20 % in the world are released as effluents and end in wastewater or the 

environment.19,20 The classification of dyes takes into consideration their method of application, 

colour, and structure. For example, azo, nitro, anthraquinone, nitroso, and indigoid dyes are 

classified based on the chromospheres present in the dye. Of these dyes, azo dyes are the major 

class that constitutes between 60-70% of all dyes in the textile industry.21,22 Due to their 

chemical stability and lightfast properties, they are mainly used as coloring agents in the textile, 

leather, and paper industries.23 However, an estimate of 50 % of the azo dyes are not strongly 

bound to their substrates, and as a result, these dyes are discharged as effluents that end up in 

the environment and contaminate water.23 Dye stability causes slow biodegradability which 

leads to difficulties in degrading the dyes using the current conventional water purification 

methods.24 As a result, dyes became common pollutants in water and are usually found in small 

and undesirable amounts which are highly visible in the water.25 This in turn causes serious 

health problems for aquatic animals and humans because they are non-biodegradable, toxic, 

and can accumulate into water streams and affect water quality.18 Their toxicity can result from 

the original dyes and/or its metabolites that are generated when the dye is broken down. 

Aromatic amines released by the transformation of azo dyes by either dermal or systematic 

bacterial biotransformation can be absorbed by the skin and can cause mutagenic and 

carcinogenic effects. In addition, aromatic amines can generate reactive hydroxylamine 

intermediates which can damage DNA and proteins depending on the metabolic activation of 

the amino group that it contains.21 Metabolites such as aryl-amines and free radicals can also 

be generated and easily be integrated into the food chain.26 In addition, the colorful nature of 

dyes can prevent sunlight penetration and oxygen dissolution in water affecting photosynthesis 

processes for aquatic species.24 These pose a threat not only to humans but to most mammals 

and the ecosystem at large.26,27 

Methyl orange (MO) as our model dye falls under the classification of an azo dye and it is one 

of the dyes that gets discharged into water streams from various industries. It is water-soluble 

and mainly found and discharged from textile, food, pharmaceutical, printing, and paper 

manufacturing industries.28 As an azo-dye, MO contributes significantly as an organic 

contaminant in the environment. It has many undesirable drawbacks and affects the ecosystem 

even at low concentrations due to its undesirable visibility.29,30 Its chemical structure is shown 

in figure 1.1 Its carcinogenic and mutagenic effects can result either from its original form or 
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from its metabolites such as 2-N, N-dimethyl aniline diazine, 4-hydroxy-[methanol methyl]-

amino azobenzene, N-methyl aniline, and [4-hydroxy diazinyl]-3-hydroxy benzene sulphonate. 

Hence its complete mineralization is essential before its disposal.31 

 

Figure 1. 1 Chemical structure of methyl orange.  

 

1.2 Problem statement 

In an attempt to mitigate the removal of contaminants from water, various methods such as 

oxidation, reduction, bioremediation, reverse osmosis, electrochemical treatment, coagulation, 

lime softening, precipitation, membrane filtration, ion exchange, and adsorption have been 

explored.32,33,34 Although most of these methods are effective for the removal of dyes from 

wastewater, there are several drawbacks still to be addressed in their use. These range from 

upscaling cost-effectiveness, selectivity, sludge generation (secondary waste generation), 

process complexity, and the long time required for use in the removal operation.35,36 As such, 

effective and efficient methods to deal with water contamination from industries and human 

activities need to be addressed urgently.  

Adsorption processes have been used for centuries to separate substances of one phase by which 

an adsorbate accumulates on the surface of the adsorbent. The adsorption method is superior to 

other wastewater treatment techniques owing to its simplicity of design and operation, 

insensitive to toxic chemicals, and does not generate undesirable by-products. However, factors 

such as generation of secondary pollutants, selectivity, regeneration of the adsorbent have been 

encountered. For example, activated carbons (ACs) have been widely used for adsorption or 

removal of various types of emerging compounds, however, drawbacks such as cost, and 

regeneration limit their use.37 Hence, an adsorbent that occurs naturally, is cheap, easy to 

regenerate, and can adsorb emerging pollutants is essential. Another superior method that is 

used for the removal of toxic compounds in wastewater is the advanced oxidation process 

(AOPs) such as photocatalysis.  
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Photocatalytic degradation has emerged as one of the effective solutions to remedy the 

environmental concerns resulting from the presence of organics, including dyes, that 

contaminate water.20,38 Photocatalysis is defined as the use of light energy together with a 

photocatalyst, which absorbs an energy package that is equal to or higher than its band structure 

to speed up a chemical reaction.39,40 In the past several years, titanium dioxide (TiO2) has been 

the most used catalyst (photo-catalyst) for breaking down toxic organic molecules from 

wastewater.41 Compared to other photocatalysts such as ZnO, WO3, CdS, SnO2, and SiO2, TiO2 

has shown the greatest potential as a photocatalyst for breaking down organic contaminants. 

The outstanding advantages of TiO2 as a photocatalyst are demonstrated by its properties such 

as its indirect smaller bandgap (3.2 eV), chemical stability, high reactivity, porosity, natural 

abundance, low cost, low toxicity, high surface areas, and broad absorption spectrum with high 

absorption coefficients.42,43 However, the use of TiO2 and its constituents as photocatalysts have 

several drawbacks ranging from, (i) an inability to utilize enough of the solar spectrum energy 

(only can use of up to 5 % of the solar spectrum), (ii) fast electron-hole pair recombination, (iii) 

agglomeration of the TiO2 nanoparticles and (v) its recovery for reuse which limits its potential 

application for photodegradation processes.44,45 To counteract the drawbacks faced by TiO2 

photocatalysts, metal and metal oxides such as Sc, Gd, Ho, Ce, Fe, Al, Ga, In, Pb, SnO2, Bi, B, 

Si, and Ge have been used to improve its photocatalytic activity.25 Furthermore, non-metal 

dopants such as C, N, and S have been used to improve the photocatalytic activity of TiO2, i.e. 

N is known to increase the catalyst activity toward visible light, and changes the TiO2 hardness, 

refraction index, elastic modulus, and electronic conductivity.  

On the other hand, C as a dopant can narrow the bandgap, increase the surface area, and 

introduce new electronic states (C 2p) close to the valence band (VB) of TiO2 (O 2p).25 Carbon 

materials such as carbon nanotubes 46,47, single-walled carbon nanotubes 48, graphene 49, carbon 

nanotube-modified-Ag-TiO2 
50, granular activated carbon 51, and other carbon allotropes have 

been used to modify TiO2. A catalyst composite consisting of multiwall carbon nanotubes 

(MWCNTs) and TiO2 prepared via reflux was used for MO degradation by Saleh et al. After 

100 min, the MWCNT/TiO2 composite reached 93 % degradation while TiO2 alone gave 65 % 

degradation. The increase in MO degradation was attributed to the synergetic effects whereby 

the MWCNTs acted as an adsorption trap of the dye, which enhanced the photocatalytic 

degradation activity.52 Zhang et al. demonstrated the use of a TiO2-supported activated carbon 

(TiO2/AC) composite under microwave irradiation for use in the photodegradation of MO. It 

was concluded that supporting TiO2 on AC (under microwave irradiation) exhibits several 
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advantages such as higher degradation, no residual intermediates, and complete mineralization 

of MO. 

Although doping or addition of carbon co-sorbents improves the photocatalytic activity of the 

TiO2, drawbacks such as thermal instability, partial active sites blockage, visible light 

utilization, and faster recombination of photogenerated electron-hole pairs have been 

encountered.25 In addition, the availability of carbon sources (e.g. AC), complex synthesis 

procedures, use of hazardous chemicals (strong acids), and cost-effectiveness limit their large-

scale implementation. Hence, a highly available source of carbon is needed, and the use of harsh 

chemicals should be avoided. In this study, the focus is given to the utilization of carbon dots 

(Cdots) to improve the photon absorption and photocatalytic activity of a TiO2 photocatalyst, 

while avoiding the use of harsh chemicals and utilizing the abundant carbon source (chitosan, 

CHIT. In addition, we explore the multipurpose use of chitosan as an adsorbent and support. 

 

1.3 Motivation 

Among the family of nanostructured carbons, carbon dots (Cdots) have demonstrated several 

advantages and unique properties such as luminescence, inexpensive preparation, low toxicity, 

diverse intrinsic electronic and magnetic properties, chemical diversity, higher electron 

transfers, and biocompatibility.53,54 The broadband light absorption of Cdots can be used to 

mitigate the light sensitivity of (or to sensitize) TiO2, which can then improve its photocatalytic 

activity.54,55 In addition, the surface functional groups (i.e. N, O,) and their small particle sizes 

of Cdots can be used for the adsorption of dyes from wastewater and/or as electron traps to 

enhance the photocatalytic activity of TiO2. Several reports have described the use of Cdots as 

a carbon co-sorbent to enhance the photocatalytic properties of TiO2 toward dyes and organic 

degradation.54,56,57 These was attributed to a (i) synergetic effect between Cdots and the 

photocatalyst, (ii) Cdots PL up-conversion of lower energy to higher energy photons which can 

be utilized by TiO2, (iii) photo-induced electron transfer from Cdots to TiO2, and (iv) good 

adsorption affinity of dyes by Cdots, which resulted in increased photocatalytic activity.   

Although Cdots have demonstrated outstanding properties, their drawbacks such as an effective 

purification method, agglomeration in their solid-state, and the origin of its fluorescent 

properties are still not fully understood.58 Cdots supported on various surfaces have been 

investigated and this approach can be used to mitigate the above-mentioned drawbacks. It was 

noted that supporting Cdots can improve properties such as adsorption, surface area, light 
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capture, electron transfer, and can introduce new functional groups that influence the 

Cdot/support interactions.59 Several studies have shown that supporting Cdots on various solid 

supports such as silica, carbon nanotubes, cytopore, polymers (e.g. PVA), solid and hollow 

carbon materials can improve properties such as adsorption, fluorescence, and many other 

properties as compared to the unsupported Cdots.60,61  

This supporting material could be used in various applications such as adsorption and imaging, 

photocatalysis, sensing, and many others.62  Hence, the use of supports as an approach to 

improve the properties of Cdots and the support has formed a central motivation to this study. 

Therefore, the basis of this study is to support Cdots (synthesized from chitosan, glycerol, and 

urea) on various supports for use in adsorption, photocatalysis and to demonstrate how the 

support can influence the fluorescent properties of the  Cdots. The supports that will be used in 

this project are silica spheres, TiO2, solid and hollow carbon spheres, and carbonized 

chitosan.63,64 These supports have received consideration because of their unique structures and 

functional behaviour such as their high specific area, low specific density, large controllable 

inner pore volume, good conductivity and good mechanical strength, easy functionalization, 

and good biocompatibility.63,65,66 We can hypothesize that supporting Cdots on the above-

mentioned solid support will modify and hopefully improve the fluorescent, adsorption, and 

photocatalytic properties of the Cdots/support composites. 

1.4 Aim and objectives of the study 

The aim of the study is: To synthesize, modify and investigate the feasibility and applicability 

of carbon dots supported on silica spheres, solid and hollow carbon spheres, anatase TiO2, and 

carbonized chitosan for enhancing the optical and adsorption properties of the composite 

materials for application in photodegradation and the adsorption of methyl orange in an aqueous 

medium.  

Objectives of the study are to: 

i. Synthesize and characterize nitrogen functionalized Cdots derived from chitosan, 

glycerol, and urea using hydrothermal carbonization and microwave-assisted methods.  

ii. Synthesize silica spheres (SSs), hollow carbon spheres (HCSs), solid carbon spheres 

(SCSs), carbonized chitosan (CHIT-xh), and TiO2 particles and use them to support 

NCdots. 
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iii. Investigate the effect of solid support and solvents on the optical properties of NCdots 

supported on the surface of SSs, SCS, HCS, CHIT-xh and TiO2. 

iv. Investigate and monitor the effect of NCdots on the surface of Ch and TiO2 particles 

toward the adsorption and photocatalytic degradation of methyl orange in an aqueous 

medium, respectively. 

v. Study and evaluate the effect of the initial dye concentration, pH of the solution, time, 

and catalyst dosage toward the removal of methyl orange from aqueous medium via 

adsorption and photo-degradation using NCdots/CHIT-xh and NCdots/TiO2 

composites.  

 

1.5 Arrangement of the thesis  

The thesis consists of seven chapters, the first two chapters contain an introduction and a 

literature review, respectively. Four main chapters present the work done in this project with 

each chapter containing a background, methodology, results, and discussions section, followed 

by a summary. The last chapter, which is chapter 7 consists of the overall summary of the 

project, recommendations, and future perspectives derived from the research. Thereafter, the 

appendix of the main chapters is given which is followed by references used in the entire 

project.  

Chapter 1: This chapter highlights the research background, problem statement, justification, 

and aims and objectives of the study. 

Chapter 2: Here, an insightful literature review that relates to the project is given. The chapter 

highlights the challenges related to water contamination, with particular emphasis on azo dyes. 

This expands to heterogeneous photocatalysis and adsorption processes as a means for reducing 

dyes from wastewater. Thereafter, a review on carbon-based nanomaterials and their fascinating 

characteristic properties is summarized with emphasis given to the newly discovered carbon-

based nanomaterial called carbon dots and their composite materials. 

Chapter 3: This chapter presents the study on the synthesis of nitrogen-containing Cdots, using 

chitosan as both nitrogen and carbon source, via a hydrothermal method. Due to the hygroscopic 

nature of Cdots, a systematic strategy to incorporate the NCdots on the surface of solid supports 

such as SSs, HCSs, SCSs is presented. Furthermore, the fluorescence emission of the obtained 

solid-state NCdots/support composites was explored. 
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Chapter 4: In this chapter, a microwave-assisted method is used to synthesize Cdots and 

NCdots inside hollow carbon spheres. The “ship-in-a-bottle” approach is used to diffuse small 

carbon molecules of glycerol and urea inside HCSs and use them to synthesize Cdots and 

NCdots inside HCSs cavities. Glycerol serves as a carbon source while urea provides both 

carbon and nitrogen groups. Thereafter, the solvatochromism of the Cdots@HCSs and 

NCdots@HCSs composites using three different solvents was explored. 

Chapter 5: Here, the hydrothermal method is used to convert chitosan into a carbonized 

hydrochar consisting of NCdots and carbonized chitosan. The well-structured 

NCdots/carbonized-chitosan composite is realized and stabilized for use in the adsorption of 

methyl orange from an aqueous medium. The optimum conditions for methyl orange removal 

are explored using the batch adsorption method. 

Chapter 6: In this chapter, a study on the destruction of methyl orange using a NCdots/TiO2 

composite under visible light is investigated. The nitrogen-doped Cdots derived from chitosan 

are aimed at the photosensitization of TiO2 to induce its photocatalytic activity. Various 

amounts of the nitrogen-doped Cdots were incorporated on the surface of the photocatalyst.  

Chapter 7: Here, the outcome of the thesis, its detailed conclusions, a summary, and finally 

the recommendations and the future perspectives are highlighted. Thereafter, appendix and 

references used in the project are given.   
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Chapter 2: Literature review 

2.1 Water shortage 

Globally, the shortage of freshwater has demonstrated a huge impact on social and economic 

developments and other activities, especially in developing countries.9,15 With an estimate of 

about 10 billion people expected in the world in the next two decades, access to uncontaminated 

and clean water is expected to rise.7 The United Nations Millenium Development Goals 

(MDGs) has stipulated that the number of people without sustainable water supply will be 

reduced by half by the year 2015.15 This stipulation was not achieved since many people live 

without a sustainable water supply, hence it is essential to implement new strategies to improve 

the supply of clean and uncontaminated water, especially to disadvantaged or developing 

countries.15 For example, during the COVID-19 pandemic (figure 2.1), in South Africa, 

Ximausa village outside of Giyani in the province of Limpopo under Mopani district 

experienced a significant water crisis in which people were forced to share water with cattle 

and other animals from the river streams.67 The desperate plea for water from Ximausa residents 

reached ministerial level after families were left to dig at a dry riverbed, defying nationwide 

lockdown regulations. The supply of clean and uncontaminated water needs to be addressed 

both locally and internationally.  
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Figure 2.1 Ximausa residents in Limpopo left to dig in a dry riverbed for water. (Eyewitness 

News, COVID-19): https://ewn.co.za/2020/04/17/covid-19-ximausa-residents-in-limpopo-left-

to-dig-in-dry-riverbed-for-water.68 

With only 3 % water available as fresh water and only 1% of freshwater available as surface 

water (river and lakes) for daily use, water contamination should be minimized or completely 

avoided.69 Water contaminations from traces of heavy metals and toxic organics from various 

industries, pharmaceuticals, and personal care products is on the rise. Although these 

contaminants have drawn significant attention due to their potential environmental and health 

impact, little is being done to address their disposal mechanisms.70 Dyes have become one of 

the most prominent contaminants found in water streams and the environment. So far, scientific 

research remains central in providing a means to explore issues surrounding the removal of 

toxic contaminants from water streams and the environment, which also provide a basis for 

disposal regulations.  

2.2 Water contamination by dyes 

Dyes and dyestuffs are a class of colorants and soluble pigments that are used in dyeing/textile 

industries to colour objects by using physical or chemical methods. The dyes waste is 

exponentially on the rise as a major water contaminant.71 Studies have shown that an increase 

in the organic compounds from textile dyes and other industrial dyestuffs pose an 

environmental concern.72,19 It is estimated that about 70, 000 tons of dyes are produced every 

year for use in industries such as textiles, cosmetics, paper, leather, pharmaceuticals, and 

nutrition.72,19 In textile industries, 1-20 % of the dye is lost during the dyeing process and ends 

up in the environment and water streams. This has led to undesirable trace concentrations of 

dyes that are sometimes visible in the water streams and environment. They also pose a serious 

concern to both humans, aquatic animals since exposure to dyes can negatively affect the 

ecosystem.20,25  

 

The effluents from textile industries pose a big concern to many countries, including South 

Africa.73 Of all the synthetic dyes such as direct dyes, processing dyes, and reactive dyes that 

are used in textile dyeing processes, azoic dyes constitute about 65 % of the total synthetic dyes 

produced every year.24,17 Structurally, azo dyes consist of a nitrogen-to-nitrogen double bond 

(N=N) with two side moieties of/or two aromatic groups such as benzene and naphthalene rings. 

Some of the azo dye structures, viz. methyl orange, acid orange 7, methyl red, disperse red 1, 
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amaranth, chrysoidine, amido black, and tartrazine are shown in figure 2.2.24 Depending on the 

number of azo bonds present in the dye molecule/structure it can be classified as mono-azo, di-

azo and tri-azo (table 2.2). Due to a low interaction between azo dyes and the substrate to be 

colored, about 50 % of a dye molecule is weakly bound to the substrate which usually gets 

discharged as an effluent after the dyeing processes.23 As a result, azo dyes have become a 

common pollutant in water and are usually found in small and undesirable quantities.25 Several 

reports have demonstrated that dyes are carcinogenic and mutagenic to humans or mammals.18  

 

Figure 2.2 Structures of azo dyes; methyl orange, acid orange 7, methyl red, disperse red 1, 

amaranth, chrysoidine, amido black and tartrazine.24
 

Table 2.1 Classification of azo dyes depending on the number of bonds present within the dye 

structures.71 

Class Dye name                                    Dye structure 

Mono-azo Acid red 88 
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Di-azo Acid black 1 

                    

Tri-azo Direct blue 71 

 

 

Their toxicity can result from the original dyes and/or their metabolites that are generated when 

the dye is broken down. Aromatic amines released by the transformation of azo dyes by either 

a dermal or systematic bacterial biotransformation can be absorbed by the skin leading to 

mutagenic and carcinogenic effects. These aromatic amines can generate reactive 

hydroxylamine intermediates which can damage DNA and proteins depending on the metabolic 

activation of the amino group it contains.21 Metabolites such as aryl-amines and free radicals 

can be generated and can be accumulated in food chains.26 The effect of this aromatic amine 

transformation, when in contact with sweat, saliva, or gastric juices, still needs to be 

addressed.26,27 In addition, the colorful nature of dyes can prevent sunlight penetration and 

oxygen dissolution into the water which affects aquatic life.24 Hence, there is an urgent need 

for an adequate method to deal with dye disposal, handling, and removal from water streams 

and the environment. 

2.3 Water treatment strategies 

Although regulations and laws exist for the control, disposal, and handling of chemical waste 

from industries, much waste still finds its way into the environment. Currently, the biological 

treatment of dyes is used to remove effluents from the dyeing industries, however, most of the 

dyes are not biodegradable.17 This method and other water treatment strategies such as 

bioremediation, reverse osmosis, electrochemical treatment, coagulation, precipitation, 

membrane filtration, ion exchange, and oxidation are not sufficient to remove or to biologically 

degrade dyes completely due to factors such as dye stability, upscaling cost, generation of 
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secondary waste, among others.22, A mechanism or strategy that can effectively eliminate dyes 

and other chemical waste at low cost is essential and urgently needed. 

 

Adsorption is one of the most feasible method for wastewater treatment due to factors such as 

simple to operate, non-selectivity toward water contaminants, easy recovery, cost-effective, and 

high efficiency, among others.74 Its cost-effective emanates from abundant natural occuuring 

adsorbents such as leaves, seeds, clay minerals, fungi, fly ash, fibers, barks, and other biomass.75 

A good adsorbent should have a higher surface area, good stability, compatibility, higher 

adsorption capacity and should be easily accessible. Although adsorption is deemed as a 

feasible method for wastewater treatment, drawbacks such as generation of secondary 

pollutants, selectivity, and activation of adsorbent are encountered. In addition, pre-treatment 

methods such as extrusion, grinding, acid activation, thermal activation, hydrothermal 

treatment, among others are necessary for the adsorbent to be highly effective.76  

 

Among these factors, operation parameters such as pH, contact time, adsorbent dosage, initial 

dye concentration, and experimental setup are crucial in adsorption processes.77 The initial pH 

of the solution plays a crucial role in adsorption, for example, at acidic pH the surface of the 

adsorbent will be protonated and thus the surface will be positively charged and will be effective 

for adsorption of anionic dyes due to favored electrostatic attraction between positively charged 

surface groups of the adsorbent and anionic dye molecules.78 The effect of contact time can be 

used to determine the adsorption kinetics and a shorter contact time reflects on the economic 

efficiency of the process, while optimum adsorbent dosage provides sufficient adsorption sites 

for dye molecules to adsorb. Initial dye concentration and experimental setup are very 

important, these factors can be used to reduce operation time and efficiency of the adsorption 

process.79 Thus, investigation of optimum operation conditions is crucial for the adsorption 

process to be effective.  

 

One of the promising ways to deal with organic contaminant removal is the advanced oxidation 

processes (AOPs). AOPs such as heterogeneous photocatalysis has been demonstrated to be 

very useful in the removal of dyes from aqueous solution due to their ability to generate highly 

reactive radicals which facilitate the destruction of toxic organic/dye pollutants into less 

harmful substances or preferably to their complete mineralization into the water, carbon dioxide 

and mineral acids.20,25 TiO2 (titania) is the most widely documented semiconductor used for 
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photo-induced processes. This is due to properties such as higher chemical and physical 

stability, optical and electronic stability, biocompatibility, and cost-effectiveness.70  

Although anatase TiO2 has shown an outstanding performance toward the degradation of a wide 

range of gaseous and liquid pollutants, its photocatalytic activity is limited because it requires 

UV light (about 5 % of solar energy) to be active as a photocatalyst. Other disadvantages such 

as fast electron-hole pair recombination rate and lower interfacial charge-transfer rate of the 

photogenerated carriers have been noticed.25 These have led to many researchers working on 

stimulating the utilization of solar energy by TiO2 by manipulating its bandgap and its 

sensitization to visible light. Which have been achieved by various synthetic strategies: novel 

starting materials, doping with hetero-atoms to keep the electron-hole separated, supporting 

TiO2 on various surfaces, and forming composites with other materials. In addition, operating 

parameters such as the pH of the contaminant and catalyst solution, oxidizing agent, catalyst 

calcination temperature, dopant content, and catalyst loading have all been found to influence 

the photocatalytic degradation processes of dyes in wastewater.72                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

TiO2 has been doped with metals such as Sc, Gd, Ho, and Ce to prolong the electron-hole pairs. 

Doping with a transition metal such as Fe, Co, Ni has been reported to improve the stability of 

the photogenerated electron-hole. While noble metal doping can increase reactive sites, it also 

can cause phase transformation from anatase to rutile and improve electron-hole pairs 

separation. Other metals such as Al, Ga, In, Pb, etc. can also improve the photocatalytic activity, 

e.g., doping with SnO2 and Bi can increase the number of generated hydroxyl radicals and the 

narrow bandgap, respectively. While doping with metalloids such as B, Si, Ge, and As, can also 

improve photocatalytic activity, e.g., B was found to promote a phase transformation from 

brookite to anatase while it also retarded grain growth and caused a redshift absorption.  

Furthermore, non-metal dopants such as C, N, and S also improve photocatalytic activity, e.g. 

N is known to increase the catalyst activity toward visible light, changes hardness, refractive 

index, elastic modulus, and electronic conductivity of TiO2. Carbon as a dopant can narrow the 

bandgap, increase surface area, and introduce new states (C 2p) close to the VB of TiO2 (O 2p). 

Although doping improves the photocatalytic activity of the TiO2, drawbacks such as thermal 

stability, partial active sites blockage, visible light utilization, and faster recombination of 

photogenerated electron-hole pairs have been encountered. In this study, the focus is given to 

the utilization of carbon as a primary element to improve the light sensitivity and photocatalytic 

activity of an anatase TiO2 photocatalyst. It is worth stating that the carbon will be used to form 

composites with TiO2 (NCdots/TiO2 composites) rather than to dope the TiO2.  To date, various 
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carbon materials such as carbon nanotubes, graphene, activated carbon, and other carbon 

derivatives have been used to stimulate TiO2 sensitivity toward light capture, reduce electron-

hole recombination, and for narrowing of its bandgap.55 Therefore, the use of carbon-based 

materials as co-sorbent to improve photocatalytic properties of TiO2 should be explored.  

2.4 Background on carbon-based nanomaterials 

Carbon is one of the most common and essential elements that have been explored and continue 

to be explored and applied in numerous scientific fields.80 Carbon can form strong carbon-

carbon bonds giving rise to various oligomers, polymers in numerous dimensions to having 

different structures.81,82 The discovery of structured carbon materials can be traced to the 

ancient era, with graphite and diamond being the first allotropes of carbon to be discovered. 

These were later followed by the discovery of fullerene in 1985 by Kroto, Rice, and Smalley as 

a new allotrope of the carbon family.83 Thereafter, a report of another carbon allotrope named 

carbon nanotubes (CNTs) was described by Sumio Iijima and co-workers in the early 1990s.84  

Carbon as a nanomaterial has led the nanotechnology revolution.  Different structures of the 

carbon materials (graphite, diamond, graphene, and CNTs) are shown in figure 2.3 and are 

described below. The highest hierarchy of all carbon materials is ‘‘graphite’’ which was given 

its name by Abraham Gottlob Werner in 1789, it consists of carbon atoms that are connected in 

the shape of hexagons into a huge flat network that are stacked on top of each other. The 

American scientist, Edward Acheson was the first scientist to produce graphite in 1896. 

Graphene, a single layer of a graphite sheet in a two-dimensional arrangement consists of sp2 

hybridized carbon atoms that are covalently bonded together to form a honeycomb flat 

structure. The structure  was explored theoretically in 1947 with its exploitation started in 2004 

after its synthesis at the University of Manchester by Geim and Novoselov.85,86  

The other historically important carbon material is diamond. A diamond can be described as an 

interconnected amorphous carbon material (comprising of only sp3 carbon atoms).80 Since then, 

many other carbon structures such as carbon nanotubes (CNTs) which comprise of two classes 

known as single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs). In SWCNTs, a single layer of graphene sheet is rolled into a tube, while MWCNTs 

are formed by an array of single-wall carbon nanotubes which are concentrically placed inside 

each other.87 Another important carbon material is the fullerenes (bulky-ball). This can be 

described as a carbon material that resembles a hollow sphere with various sizes and shapes 

similar to soccer ball.85  
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Figure 2.3 Structures of carbon-based nanomaterials or allotropes of carbon: graphite, 

diamond, graphene, carbon nanotube, and fullerene.85  

These carbon nanomaterials (fullerenes, carbon nanotubes (CNTs), and graphite/graphene) 

have mesmerized both academic and industrial researchers. They play a  significant role in the 

field of nanoscience and nanotechnology.88 Their fascinating properties such as high surface 

area, mechanical stability, high electrical conductivity, and flexibility have led to their 

application as electrodes, catalysts, catalyst supports, adsorbents, and gas sensors.89 With 

scientific endeavors shifting toward designing structured nanomaterials, it will be very 

beneficial to put more effort into designing, characterizing, and initializing the potential 

application of carbon-based nanomaterials. Due to the natural abundance of carbon sources its 

nanoscale exploration is investible and beneficial.  

2.4.1 Quantum dots 

‘‘There’s plenty of room at the bottom’’, these were famous words spoken by Nobel Laureate 

and quantum theorist, Richard Feynman at a talk given in 1959. In his talk, he introduced the 

concept of nanotechnology which later opened and created numerous advances and 

opportunities in science and technology. A nanomaterial can be defined as any material having 

a size below 100 nm in one of its dimensions. Importantly, the discovery of quantum dots at the 
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end of the 1970s played a major role in downscaling of structured nanomaterials. Quantum dots 

are materials (semiconductor particles) having a few nanometres in size with optical and 

electronic properties that differ from larger particles due to quantum effects. Various inorganic 

quantum dots such as CdSe, CdS, CdTe, PbS, and SiO2 have been made to date.90  

Of our interest, is the carbon dots or carbon quantum dots which can be defined as zero-

dimensional (spherically shaped and having a size range below 10 nm) carbon-based 

nanomaterials, see figure 2.4. There are three kinds of carbon quantum dots and these can be 

grouped into polymer dots (primarily consisting of π-conjugated polymers),91 graphene 

quantum dots92 (primarily of one or few layers of graphene with lateral dimension being larger 

than their height), and lastly carbon nanodots or carbon dots which are sphere-like carbon 

nanomaterials.93,94 Carbon dots are the main focus of this project and a reflection on their 

discovery, synthesis, drawbacks, and their fascinating properties with a possible potential 

application is outlined. 

 

Figure 2.4 Types of carbon dots: graphene quantum dots, carbon nanodots, and polymer dots.95 
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2.4.2 Carbon dots 

Carbon dots (Cdots) are one of the newly discovered structured carbon-based nanomaterials 

with zero dimension. Cdots are small carbon nanoparticles (diameter ≤ 10 nm)96 with the 

particle surface functionalized by organic molecules or coated with polymers or other 

species.97,98 Since their discovery, Cdots have drawn tremendous attention as a new member of 

the carbon nanomaterial family.99 They were accidentally discovered by Xu et al. in 2004 during 

the synthesis of carbon nanotubes through electrophoresis.100 They were first identified as 

carbon nanoparticles and later called Cdots, with similarities to the well-studied inorganic 

quantum dots and structurally related to graphene quantum dots. Recently, exponential growth 

in scientific articles published with Cdots has been experienced due to their fascinating 

properties and promising applications.53 

Structurally, Cdots are presumed to be spherical carbon aggregates with carbon, oxygen, and 

hydrogen as main constituents, see figure 2.5 below.53,101 The first discovered Cdots were found 

to have a composition of 53.93 % C, 2.56 % H, 1.20 % N, and 40.33 % O.93 In comparison to 

traditional semiconductor quantum dots based on metallic elements such as CdS, CdSe, PbSe, 

and Ag2S
102, Cdots have unique and advantageous properties such as water solubility93 

luminescence53, inexpensive preparation, low toxicity, diverse intrinsic electronic and magnetic 

properties, chemical diversity, higher electron transfers, and biocompatibility which makes 

them attractive for many applications.54,103  

                                    

Figure 2.5 Structural feature of carbon dots.53 
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2.4.3 Synthesis of carbon dots 

As shown in figure 2.6, general preparations of Cdots involve two synthesis strategies, namely: 

bottom-up and top-down approaches.104 The bottom-up approach makes use of small organic 

components or carbon-containing compounds as the starting reagent for the synthesis of Cdots, 

usually by pyrolysis or carbonization methods, starting precursors such as chitosan, banana 

juice, citric acids, and glucose among others can be used.56 The top-down approach uses larger 

carbon materials (i.e graphite and carbon nanotubes) as starting materials, which are then 

broken down into Cdots via chemical, physical or electrochemical means. The bottom-up 

approach is advantageous as compared to the top-down approach due to the low cost, fast, one-

pot synthesis and ease of functionalization, and Cdots with well-defined shape and size are 

obtained.96,98 

 

Figure 2.6 Two strategies for the synthesis of carbon dots (A) top-down and (B) bottom-up 

approach.  
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In the top-down strategy, methods such as laser ablation, arc discharge, electrochemical 

oxidation, ultrasonic treatment, and chemical oxidation are used for Cdots synthesis. While the 

bottom-up strategy makes use of methods such as pyrolysis, templating, as well as 

hydrothermal/solvothermal, and microwave-assisted methods. The hydrothermal method is 

preferred due to its simplicity, controlled reaction conditions, rapidity, and cost-

effectiveness.105 It makes use of organic solutions which are sealed and heated by increasing 

temperature in a hydrothermal reactor (i.e. autoclave reactor).106 Cdots have been prepared from 

different carbon sources such as foodstuffs, biomass, protein, organic solvents, sugar, and 

carbon waste materials.103,53,102  

Recent methodologies have been aimed at obtaining Cdots using simple methods and less toxic 

chemicals (green chemistry) that are environmentally friendly and cost-effective. For example, 

Liang et al. demonstrated a simple method for the synthesis of carbon quantum dots with high 

fluorescence and a quantum yield of 31.6 % using gelatin as the carbon source and water as a 

solvent.102 Mehta et al. used Saccharum officinarum juice to synthesize Cdots and used them 

for the imaging of bacterias, however, their quantum yield was low, i.e 5.76%.107 Some of the 

methods used for the synthesis of Cdots are summarized below.  

2.4.3.1 Hydrothermal method  

In the hydrothermal method, carbon precursor molecules are carbonized into well-structured 

Cdots under mild temperatures (100 °C to 240 °C) and at high pressure. Usually, carbon-based 

molecules are dispersed in water or a solvent and then sealed in a Teflon cup which is placed 

in an autoclave reactor. The autoclave reactor is hydrothermally treated (usually for hours) to 

allow the carbonization of carbon precursor molecules. The obtained mixture of Cdots and other 

carbon hydrochar (residuals) are separated using filtration methods and centrifugation. This can 

be followed by dialysis using a membrane with varying pore sizes. Hydrothermal methods have 

many advantages such as low cost, one-pot modification and/or passivation of Cdots, and the 

use of cheap apparatus. In addition, the hydrothermal method produces monosized and spherical 

Cdots with good reproducibility. Although this method is reliable, disadvantages such as 

temperature fluctuation and uncontrolled pressure can be experienced.  

Its preference has led to several researchers using it for the synthesis of Cdots. For example, 

Sachdev and Gopinath synthesized carbon dots using hydrothermal synthesis at 240 ℃ for 4 h. 

The obtained carbon dots were self-passivated with various functional groups that exhibited 
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good photostability with good selectivity and sensitive Fe3+ probing capability.105 

Monodisoersed and spherical Cdots with intense fluorescent emissions were prepared using the 

hydrothermal method in an autoclave reactor at 200 ℃ for 5/12 h.108,60 Moon et al. demonstrated 

a facile hydrothermal (225 ℃) procedure for the synthesis of graphitic carbon dots with good 

fluorescent properties, at low cost and possible upscaling without using harsh conditions for 

potential application in photovoltaics.109 Among others, De,110 Yang,111 Huang,112, and Mehta 

et al.107 used the hydrothermal method for synthesis of Cdots from banana juice, honey, sucrose, 

and apple juice, respectively. The hydrothermal procedure used for Cdots synthesis was simple, 

scalable, green (water was used as a solvent, no harsh reagents), cheap, and Cdots with narrow 

size distributions with potential application in optoelectronics, sensing, and imaging. Therefore, 

the hydrothermal procedure is good for the synthesis of Cdots.   

2.4.3.2 Microwave-assisted method 

The microwave (MW) strategy is known to provide high energy for the decomposition of the 

chemical bonds of the precursor molecule. The precursor molecule is exposed to 

electromagnetic radiation in the microwave region. The MW method has advantages that range 

from short reaction times, mild conditions, low energy, and cost-effectiveness. For example, in 

only 6 minutes, Zhang and colleagues produced carbon dots from glycerin and PEG 1500 under 

microwave irradiation. The carbon dots were monodispersed having an average size of 5 nm 

and a typical excitation wavelength dependency nature.59 In addition, the microwave-assisted 

method was used for the synthesis of carbon dots using citric acid and urea as starting reagents. 

This study was insightful as it identified the fundamental mechanism of action as well as 

components responsible for the fluorescent emissions.113 However, it is not easy to control the 

microwave power which can result in poor reproducibility. 

2.4.3.3 Chemical ablation  

In this method, small carbon molecules are turned into carbonaceous materials by using strong 

oxidizing acids. The hydrothermal oxidation of nano-diamond with concentrated sulfuric acid, 

NaNO3, and KMnO4 was used for the synthesis of carbon dots with tunable photoluminescence 

properties. The obtained carbon dots were spherical with sizes ranging from 3-7 nm having 

abundant hydroxyl and carbonyl functional groups, and proven biocompatibility toward 

cells.114 Although it produced carbon dots at a better scale, the use of strong oxidizing agents is 

a drawback and thus the method has received minimal attention as compared to the 
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hydrothermal treatment and microwave-assisted methods which are greener and use more eco-

friendly chemicals.  

2.4.3.4 Electrochemical method 

This method breaks down bigger carbon structures such as carbon nanotubes, graphite rods, 

and graphene to Cdots through electrochemical cleavage. It has been reported to generate 

radicals from water molecules through an anodic oxidation reaction. The formed radicals then 

facilitate the breaking down or cleavage of the bigger carbon structures into Cdots. After it was 

reported by Zhang and co-workers, only a few reports have been published so far.56 

2.4.3.5 Laser ablation  

The laser ablation method makes use of a high-energy laser pulse that is directed into a solution 

containing the precursor molecule. The laser pulse irradiation generates high temperatures and 

pressures, which causes evaporation of the carbon into a plasma and the vapor is then 

crystallized into nanoparticles.115 Reyes et al, varied the ablation laser wavelenght and time and 

at the laser of 355 nm ablation wavelength Cdots with size below 5 nm were obtained, with 

longer wavelength of 532 nm and 1064 nm resulting in large aggregates.116 This method is fast 

and effective method for producing Cdots, however, a post-modification treatment is needed 

for the realization of PL emission when an ablation wavelength of 1064 nm is used.117,118 

2.4.3.6 Template method  

This method uses a template that allows the shape and size of the synthesized material to be 

controlled. This method has been intensively explored using mesoporous silicates or porous 

silica spheres as a template. The synthesis and size control of Cdots happens in the pores of the 

silica template and a nanocomposite is formed; thereafter the silica template can be etched away 

to obtain nanosized Cdots.119,120 Carbon dots with green fluorescent emission under UV light 

illumination were embedded into a mesoporous silica oxide. Intriguingly, carbon dots were 

trapped inside the silica mesostructured which made it easy to obtain a solid-state silica/C-dots 

composite with good luminescent emission.121  
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2.4.4 Properties of carbon dots 

Fluorescence emission: Carbon dots are important due to their photoluminescence emissions 

properties which exceed that of other organic and inorganic quantum/semiconductor 

nanodots.57 The photostability, non-blinking photoluminescence, and huge spectral light 

adsorption give Cdots merit over other organic fluorescent materials. Figure 2.7 shows the 

typical emission photoluminescent spectra with quinone sulphate as a reference standard to 

calculate the quantum yield.122  The PL quantum yield (QY) of bare Cdots is low (typically 

<10%) due to emissive traps on their surface. Therefore, a surface passivation layer is necessary 

to improve their brightness.123 Interestingly, factors such as particle size and distribution, 

surface passivation, functional groups, synthesis method, and reagents used can influence the 

fluorescent emission in Cdots.106 A typical characteristic of photoluminescence in Cdots is their 

excitation wavelength-dependency in which their emission profile is known to strongly depend 

on the energy package used for excitation of the Cdots. Handful studies have demonstrated the 

possibility of excitation-independent characteristics in Cdots, which relates to their 

homogeneous particle size distribution. Photoluminescent monitoring in Cdots presents a 

potential application in various fields such as drug/gene delivery, biological imaging, 

antibacterial and antioxidant activity, and sensing applications including PL sensors, 

electrochemiluminescence sensors, and electrochemical sensors, catalysis, and in water 

treatment.123,124 
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Figure 2.7 Typical photoluminescent spectra of Cdots.125 

Biocompatibility: Cdots have been tested on various tissues, organs, and mice tumors for 

biological applications. The findings have shown that Cdots have played a significant role in 

the visualization and identification of healthy cells from tumor cells. Interestingly, the Cdots 

particles could be excreted via renal filtration which was monitored by a change in the 

fluorescent emission. The excretion of Cdots offers a promise for their application in biological 

systems since they do not accumulate in the body. To date, various tissues, cells, organs, and 

drug delivery studies have been conducted and have shown that Cdots are biocompatible with 

low to no toxic effects. Figure 2.8 shows the images of cells at two different excitation 

wavelengths, where the biocompatibility of carbon dots was demonstrated using cells that 

maintained their original morphology after 4 h exposure to 300 µg/L of Cdots.114  
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Figure 2.8 (a) and (b) CLSM images of cells imaged under, 405 nm, 458 nm excitations, 

respectively. Cells were incubated with 300 µg mL–1 of CDs for 4 h. the cell imaging 

demonstrated that CDs could be uptaken by cells and located in the cytoplasm. Adopted from 

Zang et al.114  

Electrical properties: The electronic properties of Cdots are known to originate from the carbon 

core, functional groups, and hetero-atom dopants. Cdots were found to facilitate the oxygen 

reduction reaction which demonstrated the possibilities of Cdots being used in electron transfer 

reactions. This could open doors for Cdots application in fields such as electro-catalysis, 

sensing, and photocatalysis.126  

Availability source: Many carbon sources have been used to synthesize Cdots. These include 

natural carbons such as citric acid, food waste, humic acid, oils, milk, banana wastes, graphitic 

particles, chitosan, ascorbic acid, coffee, and dried leaf.127,128 As a result, various Cdots having 

various functional groups and varying surface passivation such as carbonyl, carboxyl, nitrogen, 

and hydroxyl groups have been made. In addition to being made from cheap sources, carbon 

dots can be synthesized by many methods as mentioned and discussed above. 

2.4.5 Application of carbon dots 

Owing to the above-mentioned exotic properties such as good biocompatibility, fluorescent 

emission, and lower toxicity, carbon dots have been explored for potential applications in 

sensing devices, catalysis, solar energy, bioimaging, drug delivery, nanomedicine, optronic 

devices, and multi imaging.53 Due to the exponential growth in Cdots research, it is without a 
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doubt that shortly many commercial and valuable Cdots devices will be available in the 

marketplace.   

2.4.5.1 Sensor 

Sensing equipment plays a  major role in everyday life as sensors can detect and alert about 

disastrous situations before they happen. These devices continue to help the prevention of 

explosions, toxic chemical exposure, and criminal activities. The intense PL emission of Cdots 

has made them a potential candidate for sensing applications. As shown in figure 2.9, a 

captivating study by Siddique demonstrated how the PL intensity was reduced as the 

concentration of 2,4,6-trinitrophenol (TNT) was increased. Carbon dots exhibited selectivity 

and the best detection of TNT which is known to be very explosive. The study concluded that 

the abundant surface traps are responsible for the excitation dependant PL nature of carbon 

dots.129 In another study by Li et al. nitrogen-rich carbon dots exhibited a good detection limit 

(23 µM) toward toxic Be2+ ions.130 It has become apparent that the fluorescent emission of 

Cdots is promising for use in possible commercial valuable sensing devices.  
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Figure 2.9 Variation of PL intensity profiles at various concentrations of TNP additions to the 

colloidal Cdots. Adopted from Siddique et al.129 

2.4.5.2 Biosensor 

Cdots are biofriendly and this has led to their exploration and application in various biomedical 

fields. They have been investigated as light emitters for biosensor applications. The research on 

biosensing has been extensively explored and investigated for the design approach, sensing 

mechanism, sensing probe optimization, and possibility of detecting various analytes such as 

glucose, nucleic acids, phosphate, and cellular copper.104,122,131  

2.4.5.3 Bioimaging  

In bioimaging, a microscopic technique is used for the visualization of living species such as 

tissues and cells. The higher PL emission of Cdots in the near-infrared (NIR) spectral region 

under NIR light excitation has opened doors for their in vivo application in biological labeling 

and imaging.95 So far, injecting, imaging, and identifying healthy and tumor tissues or cells has 

been possible. Commonly, fluorescence microscopy, magnetic resonance microscopy, and 
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confocal laser scanning microscopy have been used to scrutinize tissues and cells that are 

injected with Cdots.132 The study by Zang et al. demonstrated the use of Cdots in the imaging 

of peritoneal macrophages of mice. The peritoneal macrophages that contained Cdots had 

different colors under UV light while isolated peritoneal microphages without Cdots were 

colorless.133 Carbon dots synthesized via hydrothermal carbonization were also proven to be 

good for biological imaging of Hela cells with low toxicity and good biocompatibility. At 

higher carbon dots concentration of 750 µg/mL, 78 % of Hela cells still were viable after 24 h 

incubation.131 

2.4.5.4 Wastewater  

Fluorescent probing: As mentioned before, Cdots fluorescent emission is the central property 

that led to their exploration and documentation. Their photoluminescence emission can be used 

for probing of various metals ions (mercury, chromium, iron, and copper) in wastewater by 

tracing the change in the PL emission intensities of PL quenching caused by metal ions.103,134 

The process is similar to sensing or probing in which an increase in metal ion concentration 

results in a reduction or quenching of the PL emission. Liu et al. used carbon dots synthesized 

from bamboo leaves to detect Cu2+ and from the study, they concluded that Cdots were good 

for selective and sensitive Cu2+ detection.135 A lot more research is needed in this area, with 

more focus on selectivity since different metal ions (at higher concentrations) can have a similar 

effect on the intensity of fluorescent emissions in Cdots.     

Membrane nanocomposites: A membrane can be defined as a barrier that allows some 

particles/molecules to pass through it while others are retained, an effect determined by the size, 

shape, and chemical nature of the particles/molecules. This strategy has been used for centuries 

in water sanitation where bigger particles were separated from water molecules using stones, 

sand, and membrane filters. In this millennium, membrane nanocomposites that can separate 

smaller particles such as microorganisms and metal ions are essential. The hydrophobicity, 

ultra-small particle size, and abundant functional groups on Cdots make them convenient for 

fabrication in various membranes. They exhibit good dispersion when fabricated in membranes 

that can increase water permeability by offering a shorter path length for water molecules.134 

Multi-walled carbon nanotube coated carbon dots filters exhibited good removal and 

inactivation of bacterial cells from aqueous solution. Coating with 0.2 mg carbon dots inhibited 

94.21 % of the bacterial cells retained on the filter surface.136 Although research in 
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Cdots/membrane nanocomposites is in the early stages, their ultra-small particle size could be 

useful in membrane technology. 

Photocatalysis: For a photocatalyst to be active it needs an energy frequency that is equal to or 

above threshold frequency to move an electron from the valence band to the conduction band. 

The major drawback for a semiconductor is their fast recombination of generated electron/holes 

pairs which result in poor performance of the photocatalyst.134 In addition, a photocatalyst like 

an anatase TiO2 can only be activated by ~ 5 % of the solar spectrum. Cdots have been reported 

to utilize a wide range of solar spectrums and can reduce the recombination of electrons and 

holes due to good trapping and transferring of electrons.126 As such, Cdots are good candidates 

for use as a carbon co-sorbent for improving photocatalytic activity owing to their electron 

donor and electron acceptor characteristics. Since their discovery, many studies have explored 

their photocatalytic activity and photosensitization mechanisms when supported on various 

photocatalysts.55,137 This resulted in them being used in hydrogen evolution reaction, dye 

degradation, and normal light photocatalyst design.  

Figure 2.10 shows the mechanism of action that can be used in photocatalysis design that 

involves Cdots, with TiO2 used as an example here. Cdots absorb visible light with lower energy 

(i.e 500 - 1000 nm) which cannot be utilized or activate TiO2. The energy absorbed by Cdots 

results in the excitation of electrons to higher energy levels which can later move to the ground 

state by emitting shorter wavelength light (300- 400 nm) through a phenomenon called up-

conversion PL emission. The emitted energy can be utilized by a TiO2 photocatalyst to form an 

electron/hole pair that in turn reacts with oxidants/reducers to produce active oxygen radicals, 

which facilitate the degradation of dyes. In addition, photo-induced electron transfers in which 

the excited electrons from Cdots are injected into the CB of TiO2 are possible, which also 

improves the photocatalytic activity. Importantly, when Cdots are incorporated into the surface 

of the TiO2 the relative position of the Cdots band edge permits the transfer of electrons from 

Cdots to the conduction band of TiO2 thereby transferring to the production of radicals capable 

to attack the adsorbed pollutants. In addition, the Cdots/TiO2 composites exhibit charge 

separation, stabilization, and hindered recombination.138 These mechanisms make Cdots a good 

candidate for photocatalyst design.139 
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Figure 2.10 Possible photosensitization of TiO2 using Cdots.55,138 

Adsorption: Flocculation, oxidation, precipitation, and membrane separation are examples of 

the known conventional methods used for the removal of dyes from wastewater. The adsorption 

process is very effective in the removal of colored dyes from wastewater. Various adsorbents 

have been used for the removal of dyes from waster water, and among them activated carbon 

has demonstrated a good adsorption capacity. However, reactivation or recycling and the source 

of activated carbon can be a drawback that limits its application. The use of naturally occurring, 

abundant, and cost-effective carbon-based adsorbents has gained more attention. For example, 

chitosan is one of the highly available polysaccharides with a promising application as an 

adsorbent.  

Although chitosan has shown potential for metal ions and dye removal from wastewater, in its 

pure form, the activity of chitosan for metal and dye removal is problematic due to the formation 

of a gel in aqueous media. It can also readily agglomerate which makes it lose its adsorption 

capacity. Furthermore, chitosan is less stable under harsh conditions and soluble at low pH, 

especially in organic acids, thus limiting its applicability as an adsorbent.140,141 Processes such 

as cross-linking, grafting of new functionalities, and acetylation have been used to chemically 

modify chitosan to improve its absorption activity.142  
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Cdots derived from chitosan have been reported to have abundant functional groups such as 

amines, amides, carbonyl, and hydroxyl.104 Which makes chitosan a good candidate for 

synthesis of Cdots and applying them in adsorption processes. In addition, the feasibility of 

tuning the surface chemistry of Cdots by using various heteroatoms such as nitrogen, sulfur, 

and oxygen offers a great potential for their application in adsorption studies. To date, Cdots 

have been used for the adsorption of organic and inorganic pollutants from wastewater using 

the adsorption method.143,144 However, their ultra-small size and hygroscopicity limit them for 

potential as adsorbents. To mitigate this, a solid support matrix has been used to support Cdots, 

and the Cdots/support composite exhibited good adsorption capacity for use in 

wastewater.134,145  

2.4.6 Shortcomings of carbon dots  

Origin of PL emission: Regardless of their promising potential applications, Cdots research is 

still at an infant stage. The mechanism that leads to photoluminescence emissions and their 

mechanism of action when interacting with biological systems is still not yet understood. Some 

reports have shown that the mechanism of action for optical absorption and fluorescence 

emissions in Cdots does not originate from a bandgap, but instead is due to the π-plasmon and 

radiative recombination of the surface-confined electrons and holes, which is different from the 

way that semiconductor quantum dots operate.126,146 To date, their excitation wavelength 

dependency in fluorescent emission has been proposed to be due to quantum confinement 

(particle size), surface states (functional groups), and the carbon core. Solvatochromism studies 

are promising for identifying the main components responsible for PL emission in Cdots. These 

methods explore the effect of solvent polarity on the emission of Cdots. So far, solvents with 

higher polarity have been observed to exhibit redshift emission and this was suggested to be 

due to hydrogen bonding and dipole-dipole interactions between surface states in Cdots and the 

solvent. More attention to the mechanism involved in PL emissions in Cdots is needed.   

Purification steps: The drawbacks associated with Cdots are due to their small size (below 10 

nm) which makes them difficult to work with, i.e., their small size has led to purification 

difficulties when working with Cdots in solution. This is because during their synthesis other 

residuals with various particle sizes and structures are formed and separating them is 

challenging. The purification of Cdots involves multi steps such as centrifugation, micro-

filtration, and dialysis. While working with dialysis with membranes < 1000 Daltons should be 

avoided because it can result in the loss of Cdots. In addition, obtaining solid-state Cdots is 
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difficult because they absorb lots of moisture and mostly remain as a gel. Freeze-drying of the 

aqueous solution is one method used to obtain solid-state Cdots products. 

Fluorescent quenching: Cdots are very hygroscopic and difficult to obtain in solid form. In 

their solid form,  Cdots tend to agglomerate and result in compromised fluorescent properties 

as a result of the self-quenching effect or aggregate-induced PL quenching.  

Functional groups decomposition: The abundant functional groups and surface passivation of 

Cdots have been reported to be responsible for PL emission and for reducing metal 

nanoparticles. However, these surface functional groups decompose at a temperature below 250 

°C which can limit their applications at high-temperature catalysis or industrial 

applications.125,147 It is worth stating that Cdots are stable under UV illumination.146 

2.4.7 Mitigation of carbon dots shortcomings 

2.4.7.1 Surface passivation, functionalization, and doping 

Surface passivation: Polymeric materials have been used to passivate the surface of Cdots, and 

they form a thin insulating layer that protects the surface of the Cdots. The passivation inhibits 

the surface contamination of Cdots and maintains their functional properties under various 

environmental changes.148 Passivation of Cdots using diamine-terminated oligomeric poly 

(ethylene glycol) resulted in strong photoluminescence emission under UV lamp illumination 

at 365 nm, with a quantum yield of 14.7 %.149 

Functionalization: This process allows for the introduction of various groups, such as amines, 

carbonyl, and hydroxyl functionalities, which result in new surface states that can act as electron 

traps or adsorption sites which also induce fluorescent emission. The acid treatment approach 

was used to introduce functional groups such as carbonyl and carboxyl while a one-pot reaction 

of a carbon precursor with a nitrogenated precursor can be used to introduce nitrogen groups 

onto the Cdots surface.96,149 Interestingly, the one-pot hydrothermal carbonization of precursors 

(e.g. chitosan) with functional groups such as hydroxyl and amine produces carbon dots with 

abundant functional groups.104 These functional groups play a major role during applications in 

which they can act as adsorption sites, electron traps, PL emission moieties, and acts as 

reducing/oxidizing agents for the metal in catalysis.  

Doping: Doping involves the introduction of impurities into a pure natural matrix or compound. 

Cdots have been doped with various heteroatoms such as N, O, B, and P, and the addition of 
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these elements have been found to induce electronic and optical properties.150,131,151 Doping can 

be achieved via the one-pot synthesis or a post-modification method. In most cases, doped 

Cdots have been reported to have improved properties when compared to their undoped 

counterparts. 

2.4.7.2 Solid supports and nanocomposite  

Synthesis methods and starting reagents have also been central in mitigating some of the 

shortcomings associated with Cdots. As such, various methods and carbon precursors (some 

mentioned above) have been used for changing and improving Cdots properties. Supporting 

Cdots on a solid matrix has been an alternative way to prevent aggregate-induced quenching.  

In addition, this method simplifies the purification steps and improves properties such as 

adsorption, light capture, and electron transfer. The method also introduces various functional 

groups on the support and reduces agglomeration in the solid-state.59 With increasing literature 

on Cdots/supports composites, their future applications and commercialization will result from 

its composite materials. However, the difference between the fluorescent emission of Cdots in 

the liquid and solid-state still is experienced and needs to be addressed. Some of the supports 

that have been used to support Cdotss are mentioned below. 

Silica supports: The synthesis, supporting, entrapment, and encapsulation of Cdots on a silica 

matrix has received more attention as compared to other supports. The attention arose due to 

the advantageous properties associated with silica support, such as its structural morphology, 

large surface area, higher loading capacity (especially hollow mesoporous silica), and the ability 

to homogeneously disperse nanoparticles on the surface. In addition, Cdots supported on silica 

have been found to overcome aggregation-induced emission or self-quenching which enhances 

their PL emission and quantum yield.152,153 Studies by Guo et al. demonstrated a simple 

approach of embedding of Cdots into a mesoporous silica matrix. The composite exhibited an 

excitation-independent blue emission which is not generic in Cdots as they mostly show an 

excitation-dependant nature.108 The fluorescence of carbon dot supported on silica 

nanoparticles was used to probe the presence of copper and vanadium. In the presence of the 

Cdots/SiO2 nanosensor, they exhibited outstanding fluorescent quenching effects due to a 

catalytic oxidation reaction. In addition, the composite exhibited good selectivity, high 

sensitivity, and a wide linear response range.154,155 In another study, Cdots@SiO2 composites 

exhibited excellent emission resistance under UV irradiation and the material remained 

photostable due to the silica coating which protected the Cdots from luminescent quenching. 
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Compared to commercial fluorescein sodium dye that was quenched after 65 minutes of UV 

illumination, the Cdots@silica composites PL emission was reduced by less than 20 %. Figure 

2.11 below shows how the Cdots@SiO2 composite was syntheized.156  

 

Figure 2.11 Schematics of the formation of a CDots@Silica composite Nanoparticles/Gel at 

(a) low, (b) medium, and (c) high concentration of CDots ethanol solutions. Adapted from Zhou 

et al.156  

Carbon supports: Yanchun Deng and co-workers supported Cdots onto magnetite magnetic 

carbon nanotubes and used the composite for removal of carbamazepine from water or 

wastewater with an adsorption capacity of 65 mg/g. This was attributed to the introduction of 

abundant carboxyl groups from the Cdots and CNTs support.144 Yi-Kun Li et al. immobilized 

Cdots on the microcarrier cytopore, and used the composite for the rapid adsorption of cadmium 

which reached adsorption equilibrium within a minute and a maximum adsorption capacity of 

2420 µg/g with good selectivity.60 Gogoi and Karak supported carbon dots on polyurethane and 

used the composite for the solar-driven production of hydrogen peroxide; the bandgap of the 

carbon dots facilitated the splitting of water and ethanol under solar irradiation. The composite 

was reported to be biodegradable using the P. aeruginosa organism.157 The study by Qiao et al. 

paved a way for building and encapsulating carbon dots inside hollow carbon spheres. 
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Pioneering core-shell structures where carbon nanoparticles are entrapped inside a porous 

matrix is essential and simplifies the purification and reusability of caron dots.158 

So far various hollow carbon spheres (HCSs) have been synthesized ranging from single-shell 

hollow carbon spheres, yolk-shell hollow carbon spheres, and multi-shell HCS’s. HCS’s or 

carbon capsules refer to ball-like carbon structures with pores and a hollow inside having sizes 

ranging from millimeter, micron, or even nanometre size and correspondingly thin shells.  HCSs 

have received enormous consideration because of their unique structure and functional behavior 

such as higher specific area, low specific density, large controllable inner pore volume, good 

conductivity63, and good mechanical strength.61 With these fascinating properties, HCSs are 

promising candidates for a wide range of applications such as adsorption, catalysis, Li−S 

batteries, fuel cells, supercapacitor electrodes63, delivery controlled release systems, 

chromatography, adsorption, microreactors, and energy storage and conversion.159,160 HCSs 

have been used to support and encapsulate various metal nanoparticles.161 

The encapsulation of various nanoparticles (metal nanoparticles) inside HCSs reduces the 

movement of the particles and minimizes collision, and as a result, the formation of aggregates 

of particles inside HCSs is reduced. Figure 2.12 shows how metal nanoparticles (or Cdots) can 

be entrapped inside HCSs, these can be done by (i) incorporation of metal nanoparticles/Cdots 

on the surface of silica spheres (acting at a template) to form nanoparticles/SSs composite, (ii) 

coating of a nanoparticle/SSs composite with a carbon source (e.g.., resorcinol and 

formaldehyde, RF) to form RF@nanoparticles/SSs, (iii) carbonization of the 

RF@nanoparticles/SSs which is later followed by removal of silica template to have 

Cdots@HCSs or metal-nanoparticles@HCSs composites. These steps favor the encapsulation 

of the nanoparticles inside HCSs support.      
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Figure 2.12 Possible methods for encapsulation of Cdots inside HCSs. 

Cdots nanocomposites: The formation of Cdots nanocomposites with other functional 

materials has received scientific attention. The Cdots nanocomposites have advantages can have 

multi-functional properties. For example, Cdots/TiO2 nanocomposites can use the light 

utilization characteristics from Cdots to activate the TiO2 catalyst which in turn results in good 

synergetic enhanced photocatalytic conversion of an analyte to the desired product.162 Zhang, 

synthesized Cdots coated with a metal (Au, Pt, Pd) and the luminescent Cdots served as a 

reducing agent for the metal nanoparticles.163 Cdots supported on the surface of N-doped-TiO2 

nanorods improved the electrochemical performance when the complex was used as an anode 

material in sodium-ion batteries.164 Table 2.3 shows some of the supports used to form solid-

state Cdots/support composites. 

Table 2. 2 Cdots/solid-support composites . 

Support Cdots size PLQY Application or finding Ref  

Silica ≤ 10 nm (19.2 

wt %) 

41 % Fabricated on white LED 

prototypes 

156 

@chitosan/MOFs ≤ 10 nm __ Optical bio-imaging/drug 

delivery 

165 

SiO2-PEG 5.5 nm 32 % Drug delivery 119 

TiO2 4.6 nm __ Photocatalytic hydrogen 

evolution 

57 
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MWCNT’s ≤10 nm __ Bacterial removal from water 136 

HCSs 3 nm __ Inkjet printing and sensitized 

solar cells 

166 

Cdots/porous carbon 

spheres 

2-3 nm __ Good for energy storage 167 

Starch/g-CDs 

composite 

≤10 nm ~50% Enhanced PLQY 168 

Cdots/Au or Ag 0.6 nm to 8.7 

nm 

__ Findings: Enhanced PL 

emissions 

169 

CD/polymer films 2.6 nm ~34% Strong fluorescence emissions 115 

Polymer-

dots@Carbon core 

shell  

~ 4 nm, 

polymer Cdots 

8.6 % Cu2+ adsorption 158 

 

It has become apparent that supporting the Cdots on various solid support matrix can improve 

their properties and can open doors for their application in various fields.145 Herein, various 

solid supports such as silica spheres, hollow and solid carbon spheres, TiO2 particles, and 

carbonized chitosan will be used as supports for Cdots. The fluorescent properties of the 

Cdots/support composites will be investigated and the composites will be used for adsorption 

and photodegradation of MO from an aqueous solution. 
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Chapter 3 

 

A comparison of fluorescent N-doped carbon dots 

supported on the surface of hollow and solid carbon 

spheres, and solid silica spheres 
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Abstract  

Fluorescent carbon dots (Cdots) have attracted many researchers due to their strong optical 

photoluminescence (PL) properties; however, due to their small size, they agglomerate in the 

solid state which makes it difficult to remove them from the solution. To overcome these 

problems, Cdots can be deposited on a support, but to date, few systematic studies of Cdots-

support systems have been reported, especially those on carbon supports. Herein, we report a 

systematic study of the effect of the use of nitrogen-doped carbon dots (NCdots) (5, 10, 15, and 

20 wt. %) supported on the surface of hollow carbon spheres (HCSs), solid carbon spheres 

(SCSs), and silica spheres (SSs). The morphology of the NCdots and their composites 

(NCdots/SSs, NCdots/HCSs, and NCdots/SCSs) was studied by TEM, TGA, XRD, FTIR, UV-

vis, XPS, CHNS, Raman, and PL techniques. FTIR, XPS, and CHNS revealed the existence of 

functional groups such as hydroxyl, carbonyl, and amines/amides, their chemical environment, 

and their compositions. The FTIR, XRD, and TGA data suggest different interactions of the 

NCdots with the supports. The PL quantum yield for bare NCdots was 34 % and this value 

decreased when loaded on the supports, in the order NCdots/SSs > NCdots/HCSs > 

NCdots/SCSs due to different interactions between the Cdots and the support. 

  

Keywords: carbon dots; silica spheres; carbon spheres; photoluminescence; wavelength 

excitation-dependence. 

 

3.1. Introduction  

Carbon is the sixth most common element in the universe and one of the essential chemical 

elements required by living organisms.85 It serves as a building block for all organic compounds 

and it plays a major role in nanoscience, materials science, and engineering.85,80 To date, 

numerous carbon allotropes (for example, carbon nanotubes, graphene, graphite, amorphous 

carbon, and diamond) have been made and their nanostructures studied in detail.89,170 This 

relates to the properties associated with carbon such as light absorption across the UV-visible 

region, variable surface area, and flexibility to form a range of different morphologies.128  

 

Nanostructured carbons continue to reveal new allotropes and one of the most recently 

discovered is the carbon dot (Cdot), with a size ≤ 10 nm.171,172 Cdots have interesting 

photoluminescence properties, diverse intrinsic electronic and magnetic properties, good 

electron transfer rates, and biocompatibility, all of which make them attractive for use in many 
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applications such as optoelectronic devices, biomedical imaging and catalysis.173,174 Cdots have 

a spherical or near-spherical shape and are made by the layering of sp2 graphene domains next 

to and on top of each other.106 The Cdots surface can be passivated with O and H atoms and 

also importantly, sp3 or  sp2 carbon atoms containing various functional groups.175,176 Due to 

their limited size, their large number of structural defects and their abundant surface functional 

groups (containing typically O and N atoms) 177, they possess an electronic bandgap and a high 

electron transfer in the visible light region.130 Their wide range of light absorption and efficient 

conversion of light energy into chemical energy makes them good candidates for accelerating 

photochemical reactions.96  

 

Cdots have been prepared from many different carbon sources such as foodstuffs, biomass, 

proteins, small organic molecules, sugars and numerous waste materials.178,58 Once made, there 

are difficulties with their use, due to their small size which leads to filtration issues when 

retrieving them from the solution. After removal from the solution, they can form carbonaceous 

aggregates that can lead to aggregation-induced luminescence quenching whereby their 

photoluminescence (PL) emissions are affected during applications.109,58 The deteriorated 

photoluminescence spectrum can lead to poor quantum yields and an inadequate understanding 

of the origin of the photoluminescent properties of Cdots which can also result in  poor spectral 

interpretations.179  

 

One method to address the drawbacks associated with Cdots listed above is to support them on 

the surface of insoluble solids.156,180,181 Cdots that have been supported on various surfaces have 

often been shown to have improved properties relative to their unsupported counterparts.165,119 

Furthermore, the addition of the Cdots to a surface can introduce functional groups to the 

support through the functional groups on the Cdots.59 The synthesis of Cdots supported on silica 

spheres has received more attention as compared to other supports. The attention arose due to 

the advantageous properties that the silica support can provide, such as its structural 

morphology, large surface area, higher loading capacity (especially hollow mesoporous silica) 

and the ability to avoid interaction of supported Cdots particles. In addition, Cdots supported 

on silica supports have been found to have enhanced PL quantum yield.152,153 In addition to 

silica supports, Cdots supported on the surface of N-doped TiO2 nanorods have shown 

improved electrochemical performance when used as an anode material in sodium-ion 

batteries.164 Thus, it is clear that supported Cdots show promise as a new type of reagent for 



 
 

42 
 

use in various chemical processes such as adsorption, energy storage and catalysis. Table S1 

shows some of the supports that have been used to make Cdots/support materials.  

 

Interestingly, although there are numerous examples of Cdots/carbon materials that have been 

reported, very few systematic studies have been performed using carbon as a support for the 

Cdots. Examples of the use of Cdots carbon materials include the use of multi-wall carbon 

nanotubes (MWCNTs) as supports.60 Deng et al., reported the synthesis of magnetic carbon 

nanotubes modified with Cdots and how the Cdots improved the removal of carbamazepine 

from wastewater.144 Li et al., made Cdots supported on cytopore and demonstrated the rapid 

adsorption of Cd using the Cdots/cytopore material.60 Cdots have also been placed inside 

hollow carbon spheres.166,61,158 In addition, Chen et al. have made PVA/Cdots and showed how 

their fluorescence properties were affected by the presence of the Cdots content.62  Other 

examples of Cdots/carbon materials are given in Table S1. 

 

However, to our knowledge, no systematic study has to date been undertaken to investigate the 

interaction of Cdots with carbon support surfaces. In this study, we have chosen to investigate 

the effect of hollow carbon spheres (HCSs) and solid carbon spheres (SCSs) as supports for the 

N-doped Cdots. HCSs can provide a thin carbon porous shell that provides a high surface area 

(and interesting porosity) and the ability to readily allow the detection of the Cdots by TEM.166 

We have also made solid silica spheres (SSs) that allows for a comparison of the effect of silica 

with carbon and also with the HCSs, on the properties of the supported Cdots. The composites 

have been studied by numerous techniques and the optical properties (PL emission) and the 

relative PL quantum yield (PLQY) of the Cdots/supports have been compared. 

 

3.2. Experimental  

3.2.1 Materials  

Chitosan (C6H11NO4)n with low molecular weight (50,000 Da) was purchased from Sigma 

Aldrich (75 - 85% deacetylated) and deionized water (resistivity > 18.2 MΩ cm -1) was used as 

a solvent. Tetraethyl orthosilicate, (TEOS, 98%, Sigma Aldrich), ammonium hydroxide, 

(NH4OH, 25%, Fluka) and ethanol, (EtOH, 96%, Merck) were used for the synthesis of the SSs. 

The SSs were coated with resorcinol (99%, Sigma Aldrich), formaldehyde (≥ 34.5 wt. %, Sigma 

Aldrich,) and hexadecyl trimethyl- ammonium bromide (CTAB; 98%, Aldrich). A 10% 
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hydrofluoric acid (HF; 48%, Associated Chemical Enterprise) solution in water was used for 

the etching reactions. 

 

3.2.2 Cdots synthesis 

The synthesis of the N-doped Cdots was carried out using a modified hydrothermal 

carbonization method adopted from a previous study.131 Typically, chitosan (1 g) was dispersed 

in 50 mL deionized water and then sonicated for 30 min at a temperature of 40 °C. The sonicated 

mixture was transferred into a 50 mL Teflon cup that was placed inside an autoclave reactor. 

The synthesis was carried out at a temperature of 200 °C for 3 h after using a heating ramp of 

2 °C/min, starting from room temperature (typically 25 °C).162,175 After the reaction time, the 

sample was allowed to cool to room temperature, and then 200 mL of distilled water was added 

to fully disperse the product containing the NCdots. The resulting solution was filtered and 

centrifuged at 18 000 rpm for 20 min to further remove any insoluble black particles. The 

supernatant (NCdots) solution was further filtered using a 0.22 μm PVDF membrane to remove 

all unwanted residuals. The product was dried using a rotary evaporator at 60 °C, followed by 

drying at a temperature of 70 °C to obtain a solid NCdots product (~26 % yield). 

 

3.2.3 Synthesis of silica spheres (SSs)  

The SSs were synthesized from a mixture of ethanol, deionized H2O, ammonia (25 %) and 

TEOS using a modification of literature procedures.65,182 A solution of EtOH (390 mL), distilled 

water (50 mL) and NH4OH (20 mL) was stirred vigorously for 15 min, then TEOS (50 mL) 

was added to the solution and the mixture was stirred for a further 24 h. After 24 h the solution 

was centrifuged at 18 000 rpm for 15 min followed by drying of the white silica sphere powder 

in an oven at a temperature of 100 °C overnight. 

3.2.4 Synthesis of the hollow carbon spheres (HCSs)  

HCSs were synthesized by using the above SSs as a sacrificial template.183 Typically, two 

mixtures were prepared in two separate beakers. The first mixture contained SSs (1g),  EtOH 

(100 mL), H2O (75 mL), and NH4OH (5 mL). The second mixture contained resorcinol (0.5 g), 

formaldehyde solution (4 mL), CTAB (2 g) and EtOH (150 mL). The mixtures were sonicated 

for 30 minutes and thereafter combined and stirred at room temperature for 24 h to form a 

resorcinol-formaldehyde (RF) coating around the SSs. The resulting dark red composite 
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(SSs@RF) was filtered and washed repeatedly with water and ethanol. This was followed by 

drying in an oven at 100 °C overnight. The SSs@RF was then carbonized inside a horizontal 

tube by heating under a nitrogen flow (50 mL/min) at 650 °C for 3 h. The sacrificial SSs 

template was etched out using 10 % HF for 6 h to form HCSs consisting of the same shape as 

the template. This was followed by drying the HCSs at 100 °C in an oven overnight. 

 

3.2.5 Synthesis of the solid carbon spheres (SCSs)  

Solid carbon spheres (SCSs) were synthesized using a modified method reported by Mutuma 

et al.184 The synthesis of SCSs was done in a vertical CVD reactor fitted with a quartz tube (2.4 

cm i.d. × 1.15 m length). Typically, Ar gas (99.99 % purity) at 550 sccm from a gas delivery 

line was allowed to pass through the quartz tube and flow through the bubbler as the reactor 

was heated to 1000 °C at 10 °C/min. Once the temperature of the furnace reached 1000 °C, 

acetylene (C2H2, 99.99 % purity) gas (25 sccm) from another delivery line was introduced to 

the reactor, and the reaction was allowed to proceed for 2 h and the SCSs product was collected 

in a 3 L round bottom flask. After 2 h, the product in the round bottom flask was purified by a 

Soxhlet extraction method where 200 mL toluene was heated at a temperature of 120 °C for 24 

h. The product was dried on a paper towel and the SCSs sample was placed in an oven (80 °C, 

6 h) for further drying. 

 

3.2.6 Incorporation of NCdots onto the surface of SSs, HCSs and SCSs 

The NCdots were loaded on the surface of the SSs, HCSs and SCSs using modified previous 

methods.156,108 Typically, two solution mixtures were prepared in two different beakers. A 

desired amount of NCdots (5 %, 10 %, 15 % and 20 wt. %) were dispersed in a mixture of 20 

ml water and 10 mL of ethanol under sonication for 15 min. In a second separate beaker, 100 

mg of the support (SSs, HCSs and SCSs) was added to a mixture of NH4OH (1 mL) and H2O 

(10 mL) and the mixture was sonicated for 15 min. The two mixtures containing the support 

and NCdots were combined, sonicated for 15 min, and then stirred overnight at room 

temperature. This was followed by drying of the product in a rotary evaporator at 60 °C and 

then in an oven at 100 °C for 6 h. 

 

3.2.7 Characterization techniques  
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Various techniques were used to investigate the optical, physical, and chemical properties of 

the synthesized materials. The characterization techniques used for the analysis of all 

synthesized materials in this project are listed below. 

 

3.2.7.1 Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to probe the morphological properties (size, 

shape, diameter, and arrangement of particles) of the synthesized materials using an FEI 

Technai G2 Spirit electron microscope operated at 120 kV. The synthesized samples were 

dispersed in water or ethanol, sonicated for 5 minutes and thereafter a drop of the solution was 

added to a carbon-coated copper grid which was allowed to dry at room temperature. Thereafter, 

the carbon-coated copper grid was taken for analysis using TEM. The obtained images during 

analysis were used to determine particle size using ImageJ software where more than 100 

diameters of the particles were measured. 

 

3.2.7.2 Scanning electron microscopy 

Further morphological features of the synthesized materials were investigated using scanning 

electron microscopy (SEM). The samples were prepared by adding a small sample on a carbon 

tape which was attached to a solid holder. This was followed by coating the sample with 2 

layers of Au and C to inhibit the conduction of the samples. Thereafter, a ZEISS SIGMA 03-

09 FE-SEM at 20 kV was employed. 

 

3.2.7.3 Fourier transform spectroscopy 

The functional groups on the materials were recorded using Fourier Transform Infrared (FT-

IR) spectroscopy in the range 4000 – 500 cm−1 (64 scans) on a Bruker Tensor 27 FT-IR 

spectrometer. No sample preparation was done before analysis. Before analysis, the instrument 

was cleaned with isopropyl alcohol solution and then a background check was scanned without 

any sample. This was followed by adding a small portion of solid samples to the sample holder 

for analysis, no sample preparation was done (no palletization).   

 

3.2.7.4 X-ray photoelectron spectroscopy 
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The elemental composition and binding energies of the samples were determined using X-ray 

photoelectron spectroscopy (XPS).  This was done using a Kratos Axis Ultra DLD XPS 

spectrometer equipped with both an Al (monochromatic) and dual Al/Mg anode and a charge 

neutralizer operated at 1486.7 Ev (working pressure of <10-8 mBar). The samples were sent and 

analyzed at the National Metrology Institute of South Africa (NMISA), CSIR, Pretoria.   

 

3.2.7.5 CHNS analysis 

The Cdots chemical composition was further complimented with CHNS analysis. The 

percentage composition of carbon, hydrogen, and nitrogen was determined using a Carlo Erba 

EA 1108 organic elemental analyzer which makes use of approximately 10 mg of the samples 

combusted up to 1000 ℃. 

 

3.2.7.5 X-ray diffraction  

The purity and crystallinity (materials phase) of the bulk composition of the samples was 

determined using X-ray diffraction (XRD). This phase identification was done using a Bruker 

D2 phaser equipped with Cu-Kα radiation (λ = 1.5405 Å), an operating voltage of 30 kV and a 

current of 10 mA. The samples were crushed into a fine powder and then loaded into a zero-

background sample holder and thereafter analyzed at the 2-theta range of 5 -90 °, with 0.026 ° 

steps. 

 

3.2.7.6 Raman spectroscopy  

The purity, vibrational modes, and ID/IG ratio of the sp3 and sp2 carbons were determined by 

Raman spectroscopy using a Jobin-Yvon T6400 micro-Raman spectrometer equipped Ar ion 

laser of 532 nm. The sample to be analyzed (ca. 5 mg) was placed on a glass slide and was kept 

flat using a spatula before analysis using a Brucker Senterra Laser Raman spectrometer.  

 

3.2.7.7 Thermogravimetric analysis 

The thermal stability of the synthesized materials was investigated by thermogravimetric 

analysis (TGA) using a Perkin Elmer TA TGA Q500. About 10 mg of each sample was placed 

in a ceramic pan and then placed in an analytic balance of TGA and heated up to a temperature 
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of 900 °C at a heating rate of 10 °C/min under air. The TGA data and derivative curves (DTA) 

were obtained simultaneously.  

 

3.2.7.8 Brunauer-Emmet and Teller  

The textural properties (surface area, pore-volume, pore diameter) were determined using 

Brunauer-Emmet and Teller (BET). A Micromeritics Tristar 300 instrument operated at 77 K 

was used and the samples were degassed at 150 ºC for 4 h under N2 gas using a Micrometric 

Flow Prep 060 sample degasser before analysis. Samples were analyzed using either single and 

multi-point measurements.  

 

3.2.7.9 Ultraviolet-visible spectroscopy 

The absorption spectrophotometer was used to determine the absorption wavelength of samples 

and concentration of MO. Before analysis using an Analytik Jena SPECORD 50 the samples 

(ca. 2 mg) were dispersed in water and sonicated for 5 min. A background run was done using 

the water which was inside a cuvette.  

 

3.2.7.10 Photoluminescence spectroscopy 

The photoluminescence (PL) emissions of the samples were determined using a Varian Cary 

Eclipse EL04103870 fluorescence spectrophotometer at excitation wavelength varied between 

300 to 600 nm. Here, ca. 2 mg of each sample was weighed and then dispersed in water using 

a sonicator for 5 min. Thereafter, a background effect was subtracted using water and the 

analyte solution inside a cuvette was analyzed at an angle of 5 slits.  

 

3.3. Results  

3.3.1 TEM analysis 

By definition, Cdots have a diameter ≤ 10 nm. Figure 3.1 shows the TEM images of NCdots 

and NCdots/support composites. The corresponding particle size distribution of all the samples 

is given in figure S3.1. Figure 3.1 (a) shows the bare NCdots formed from chitosan having 

particle sizes ranging from 1 nm to 8.5 nm with the most dominant particles having sizes of 4.8 

± 0.94 nm. The particles were found to be quasi or nearly spherical and were homogeneously 

distributed with no agglomeration.104 Figure 3.1 (b) shows the SSs formed by using a modified 
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Stober method which is based on the hydrolysis of silicon alkoxides that results in the formation 

of silica species with various shapes and sizes depending on the synthesis parameters used.185 

The SSs were spherically shaped with particle sizes ranging from 280 nm to 460 nm with an 

average size of 379 ± 38 nm. Figure 3.1 (c) shows the NCdots/SSs composite in which the 

NCdots have been supported on the surface of SSs and are seen to be well dispersed on the 

surface of SSs with no agglomeration. The particle sizes of the NCdots on the surface of SSs 

ranged from 3 nm to 10 nm having average diameters of 7.2 ± 0.99 nm.119 The HCSs were 

found to have sizes ranging from 300 nm to 440 nm with average particle size of 380 ± 22 nm 

(Figure 3.1 d). Figure 3.1 (e) shows the NCdots/HCSs composites i.e., NCdots incorporated on 

the surface of HCSs. The NCdots were well distributed with minor agglomeration on the surface 

of spherical HCSs. The sizes of the NCdots on the surface of HCSs ranged from 3 nm to 8 nm 

with an average diameter of 5.1 ± 0.94 nm which is comparable to the diameter of the bare 

NCdots.  

In figure 3.1 (f) and (g), the TEM images of SCSs and NCdots/SCSs composites are presented. 

The SCSs were observed to be spherically shaped with particle sizes ranging from 60 to 200 

nm with an average diameter of 111 ± 27 nm.184 The shape and size of SCSs were maintained 

after incorporation of NCdots on the surface with NCdots maintaining their sizes below 10 nm 

and having an average diameter of 3.79 ± 0.68 nm. The dispersion of the NCdots onto the 

support of the SSs, HCSs and SCSs can be attributed to the higher dispersion of NCdots in a 

mixture of ethanol and water. The addition of ammonia to the solution mixture also facilitated 

the incorporation and dispersion of NCdots into the surfaces of the support.156 Furthermore, the 

dispersion of the NCdots particles onto the surface of the support is in accordance with 

Derjagin-Laundau-Verwey-Overbeek theory which propounded the instability of smaller 

particles in the presence of bigger particles, as such the smaller particles (NCdots) binds to the 

surface of the support (SSs, HCSs and SCSs) and avoid coagulation or agglomeration with each 

other.186 In our case, minor agglomeration of NCdots was observed on the surface of HCSs and 

it was well dispersed on SSs and SCSs. This is likely to be due to the lower concentration of 

NCdots particles on the surface of the supports.186  
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Figure 3.1 TEM images of (a) NCdots, (b) SSs and (c) NCdots/SSs, (d) HCSs  and (e) 

NCdots/HCSs, (f) SCSs and (g) NCdots/SCSs composites at 20 % loading.   

 

3.3.2 FTIR spectroscopy analysis 

Fourier transform infra-red (FTIR) spectroscopy was used to determine the functional groups 

present in the materials. Figure 3.2 (a) shows the stretching and bending vibrations of NCdots, 

SSs and SSs incorporated NCdots composites (5- 20% incorporation).  

NCdots: The as-synthesized NCdots were observed to have a broad peak between 3000-3661 

cm-1 (centered at 3305 cm-1) which corresponds to the overlap of N-H/O-H stretching 

vibrations, while the peaks at 2935/2880 cm-1 and 918/850 cm-1 are ascribed to the C-H 

stretching and bending vibrations, respectively.104,102 The COO-/C=O, C=C, N-H bending 

mode, C-C and/or C-O-C vibrational modes are observed at 1651/1583 cm-1, 1408 cm-1, 1325 

cm-1 and 1035 cm-1, respectively.131,102 The chemical composition and bonding environments 

of the bare NCdots were also studied using XPS and CHNS (see Figure S2 and Table S3 in the 

supplementary).  

 

NCdots/SSs: The bare SSs spheres have three peaks at 1069 cm-1 and 946/782 cm-1 which 

corresponds to Si-O-Si stretching and bending vibrations, respectively (Figure 2 a).108,152 After 

the incorporation of the NCdots on the surface of SSs new peaks associated with NCdots were 

observed. The intensities of the peaks due to the incorporation of the NCdots onto the surface 

of the SSs increased with an increase in the NCdots loading, i.e., 20%NCdots/SSs > 

15%NCdots/SSs >10%NCdots/SSs > 5%NCdots/SSs (Figure 3.2 b). A comparison of the FTIR 



 
 

50 
 

spectra of the 20%NCdots/SSs with the NCdots (and SSs) indicated that the ratio of peaks at ca 

1600 cm-1 and those at ca 1400 cm-1 (I1400/I1600) increased after the addition of the NCdots to 

the SSs. Peaks that have been lost appear to be due to the COO- and NH2 absorptions. A small 

peak shift also occurred in the 1600 cm-1 suggesting some bonding interaction between the 

NCdots and the SSs support. The peak shift increased slightly as the NCdots loading was 

increased (5% = 1633 cm-1, 10% and 15 % = 1638 cm-1 and 20 % = 1642 cm-1) which further 

supports an interaction between NCdots and SSs. 

 

NCdots/HCSs: As shown in Figure 3.2 (c), the HCSs have peaks at 1585 cm-1, 1065 cm-1, 796 

cm-1 corresponding to aromatic rings, C-C and C-H vibrational modes, respectively. The typical 

peaks for C-H stretching vibrations were observed at 2840/2910 cm-1.187  Upon incorporation 

of the NCdots on the surface of HCSs only the HCSs spectrum is observed. Further, the OH/NH 

and COO- region due to the NCdots does not grow in intensity with an increase in % NCdots, 

suggesting that these groups could interact with the HCS surface. The peak positions for NCdots 

before and after incorporation on the surface of and HCSs show insignificant shifts suggesting 

limited interaction of NCdots with the HCS surface (see table S3.2).  

 

NCdots/SCSs: The NCdots were also incorporated on the surface of the SCSs with different 

loadings (5 % to 20 %) (figure 3.2 d). The functional groups detected for SCSs using FTIR 

were at 1195 cm-1, 1110 cm-1
, 1047 cm-1, and 887 cm-1, corresponding C-O, C-C, C-H bending 

vibrations, respectively.188 Upon incorporation of NCdots on the surface of SCSs, a slight 

increase in the peaks with increased NCdots loading is observed at 1455 cm-1, 1195 cm-1, 1047 

cm-1  and 887 cm-1 corresponding to C=C, C-O, C-C/C-O-C and C-H bending vibrations. In 

summary, the IR data indicate an interaction between the SSs and the NCdots, but the small 

peaks observed when the NCdots are supported on carbon (HCSs and SCSs) do not allow for 

conclusions to be drawn on interactions with these supports. 
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Figure 3.2 FTIR spectra of (a) NCdots and NCdots/SSs, (b) zoomed spectra of NCdots and 

NCdots/SSs, (c) HCSs and NCdots/HCSs and (d) SCSs and NCdots/SCSs composites. 

 

3.3.3 XRD analysis 

Figure 3.3 (a) shows the XRD reflections of chitosan and the NCdots. Chitosan has two 

reflection peaks at 10.5 and 19.8 ° which are assigned to the amorphous and crystalline carbon 

framework, respectively.104 As shown in figure 3.3 (a), the NCdots have a broad reflection peak 

at 20.7 ° due to the presence of amorphous carbon which indicates that chitosan was fully 

carbonized.104 The peak broadness is due to the highly disordered or amorphous carbon 

material, similar to the (200) planes of amorphous carbon.129,104,110  

 

NCdots/SSs: Figure 3.3 (b) shows the XRD reflections of SSs and the NCdots/SSs composites. 

The broad reflection at 23.3 ° corresponds to the presence of amorphous SSs.108 Upon 

incorporation of NCdots on the surface of the SSs the peak shifts slightly to lower 2θ values of 
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22.6 ° which is caused by the presence of the NCdots. The SSs spectrum overwhelms that of 

the NCdots so nothing more can be said about these composites.  

 

NCdots/HCSs: Figure 3.3 (c) shows the reflections of the HCSs which have a broad amorphous 

carbon peak centered at 23 °.189 After incorporation of NCdots on the surface of HCSs the peak 

has broadened due to the presence of the NCdots.  

 

NCdots/SCSs: The XRD reflections of SCSs and the NCdots/SCSs composites can be observed 

in figure 3.3 (d). The SCSs have two reflections (25.2 ° and 43.9 °) which were ascribed to the 

graphitic planes (002) and (001), respectively.188 After the incorporation of the NCdots on the 

surface of SCSs a new shoulder-like peak is observed at 20.8 ° for all composites which grew 

with NCdots loading. The peak position did not change when compared to the unsupported 

NCdots indicating no change in the size of the carbon domains. 
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Figure 3.3 XRD reflections of (a) chitosan and NCdots, (b) SSs and NCdots/SSs composites, 

(c) HCSs and NCdots/HCSs composites and (d) SCSs and NCdots/SCSs composites. 
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3.3.4 TGA and DTA thermograms  

The thermal stability of the new materials is illustrated by the TGA and DTA thermograms in 

figure 3.4. The thermal stability of NCdots was demonstrated by the TGA and DTA profiles 

which show two major weight loss steps (figure 3.4 (a)). The gradual decomposition and loss 

of mass observed at 230 °C (39.5 %) is due to the loss of functional groups such as hydroxyl, 

carboxylic, carbonyl, amines, and carbon dioxide; these functional groups were identified in 

the FTIR spectra. The second weight loss at 620 °C is ascribed to the decomposition of the 

carbon part of the NCdots (surface and core carbons).190  

 

NCdots/SSs: The thermal stability of the SSs and the NCdots/SSs composites are shown in 

figure 3.4 (b). A 5 % weight loss for the SSs occurred up to 100 °C and is assigned to loss of 

moisture while the weight loss from 350 °C to 500 °C (~8 %) is attributed to structural 

rearrangement and/or loss of hydroxyl groups.191 The TGA curves for the NCdots/SSs 

composites are shown in figure 3.4 (b). All composites show a weight loss of about 5 % that 

occurred up to 100 °C due to moisture on the surfaces. Two other decomposition steps were 

observed between 150 °C to 240 °C and 350 to 500 °C that is due to the loss of functional 

groups and carbon structures from the incorporated NCdots. The first decomposition step due 

to the loss of functional groups indicates a 4%, 6%, 8% and 15% weight loss for 

5%NCdots/SSs, 10%NCdots/SSs, 15%NCdots/SSs and 20%NCdots/SSs composites, while the 

second decomposition peak caused by carbon structure decomposition has ~5% weight loss for 

all composites. In addition to TGA, DTA thermograms are plotted in figure 3.4 (c). All 

composites showed two peaks between 110 °C to 220 °C (centered at 167 °C, 172 °C, 181 °C 

and 182 °C for 5%, 10 %, 15 % and 20 % NCdots incorporation) and 240 °C to 400 °C (centered 

at ~330 °C) corresponding to the decomposition of functional groups and carbon structure of 

the NCdots, respectively. In all composites, as expected the intensity of both peaks increased 

as the amount of NCdots increased. Of note are (i) the lowered temperature of carbon 

decomposition and (ii) the change in the intensity ratio of the carbon peaks on the silica. This 

suggests an interaction between the silica and the carbon. 

 

NCdots/HCSs: Figure 3.4 (d) and (e) show the TGA and DTA decomposition profiles of HCSs 

and NCdots/HCSs composites, respectively. The TGA curves for HCSs show one major weight 

loss between 345 °C to 665 °C centered at 540 °C which is allocated to the complete 

decomposition of the carbon structure (figure 3.4 d).189 After incorporation of NCdots on the 
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surface of the HCSs to form NCdots/HCSs composites, two new peaks were observed between 

120 °C to 240 °C and 260 °C to 380 °C which were ascribed to be due to loss of functional 

groups and the carbon structures associated with the NCdots. As seen in the DTA data (figure 

3.4 e), the thermograms for decomposition of functional groups from NCdots, the 5% loaded 

material has peaks centered at 198 °C and 305 °C while the peaks are centered at 188 °C and 

330 °C for 10 % to 20 % loaded material. The peaks for the carbon decomposition from HCSs 

were shifted to a lower temperature (510 °C) for the 5 % NCdots loading and a higher 

temperature (HCSs = 540 °C) for the 10% to 20 % material, it is clear that the thermal behavior 

of the NCdots is influenced by the HCS support and that the decomposition of the carbon onto 

the HCSs after removal of the functional groups from the HCSs leads to a more stable carbon 

at higher loading (10% to 20 %). This might be caused by kinks or rough surfaces present on 

HCS in which NCdots are trapped which results in an increased decomposition temperature.192  

 

NCdots/SCSs: The TGA and DTA decomposition profiles of SCSs and NCdots/SCSs 

composites are shown in Figures 3.4 (f) and (g), respectively. The TGA curve for SCSs alone 

shows one peak with the DTA thermogram peak centered at 675 °C resulting from the carbon 

structure decomposition.184 Upon incorporation of NCdots on the surface of SCSs new peaks 

were observed at various decomposition temperatures. In all the NCdots/SCSs composites, 

some moisture loss (2 % to 8%) loss is observed below 100 °C. Two peaks are also observed 

between 150 °C to 240 °C and 310 °C to 380 °C from the TGA curves which are ascribed to 

loss of surface functional groups, core functional groups and the carbon structure resulting from 

incorporated NCdots (figure 3.4 f). The 5% loaded sample shows a shift in the peak at 180 °C 

relative to the other samples. As shown in figure 3.4 (g), the DTA thermograms showed a 

significant peak shift toward lower temperature as the NCdots loading increased. The DTA 

peaks for SCSs is centred at 675 °C while for 5%NCdots/SCSs, 10%NCdots/SCSs, 

15%NCdots/SCSs and 20%NCdots/SCSs composites are centred at 615 °C, 515 °C, 490 °C, 

475 °C, respectively. The remarkable feature here is that the NCdots have reduced the carbon 

oxidation reaction. Interestingly, an increase in NCdots loading on the surface of the supports 

resulted in increased weight loss and peak intensities as observed by TGA and FTIR, 

respectively.  
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Figure 3.4 TGA curves and DTA thermograms of (a) NCdots, (b) TGA and (c) DTA of SSs 

and NCdots/SSs composites, (d) TGA and (e) DTA of HCSs and NCdots/HCSs composites, (f) 

TGA and (g) DTA of SCSc and NCdots/SCSs composite.  

 

3.3.5 PL spectroscopy 

The optical properties of the NCdots, NCdots/SSs, NCdots/HCSs and NCdots/SCSs composites 

were studied using PL spectroscopy. Figure 3.5 (a) and the insert shows the PL spectrum of 

NCdots probed at excitation wavelengths between 350 nm to 500 nm at 10 nm intervals.193 The 

PL spectrum for all composites showed a typical red shift of the peak maximum as the excitation 

wavelength increased.194,195 As shown in figure 3.5 (a), the maximum emission peak of the 

NCdots was observed at 510 nm with FWHM (full width at half maximum) of 101 nm when 

the excitation wavelength of 440 nm was used. Upon excitation with wavelengths from 350 nm 

to 440 nm an increase in peak intensity, a redshift, and an excitation-dependence of the NCdots 

is observed.180 Thereafter, a decrease in peak intensity upon excitation with wavelengths above 

450 nm to 500 nm is noted (insert). The excitation-dependent and redshift optical properties 

were similar to data reported in previous studies for bare Cdots.104,169 Here the PL emissions 
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data are attributed to optical selection at different defects states, non-radiative recombination of 

excitons at defects sites and functional groups present in the NCdots.195 196,197  

 

The PL spectra of the differently loaded NCdots (5%-20 wt. %) on the different supports are 

shown in figure 3.5. Upon incorporation of the NCdots on the surface of the SSs, HCSs and 

SCSs, the maximum PL emissions (and FWHM) were observed at 448 nm (106 nm), 422 (101 

nm) nm and 343 nm (75 nm) when the excitation wavelengths of 380 nm, 340 nm and 300 nm 

were used for the NCdots/SSs, NCdots/HCSs and NCdots/SCSs composites, respectively. 

Furthermore, when an excitation wavelength of 380 nm was used on NCdots, NCdots/SSs, 

NCdots/HCSs and NCdots/SCSs composites the PL emissions were observed at 472 nm, 450 

nm, 445 nm and 440 nm, respectively. When using an excitation wavelength of 400 nm, the PL 

emissions were observed at 486 nm, 466 nm, 460 nm, and 462 nm for NCdots, NCdots/SSs, 

NCdots/HCSs and NCdots/SCSs, respectively. The interactions between NCdots and the 

support differ and have resulted in the different maximum PL emissions.  
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Figure 3.5 The PL spectrum of (a) NCdots and its insert, (b) SSs and NCdots/SSs composites, 

(c) HCSs and NCdots/HCSs composites and (d) SCSs and NCdots/SCSs composites at 20 % 

loading. 

The real-time UV-vis of the NCdots, NCdots/SSs, NCdots/HSCs and NCdots/SCSs were 

observed using 365 nm lamp illumination. Figure 3.6 represents the images of the materials 

under natural and UV lamp illumination. All materials were glowing under UV lamp 

illumination and light blue emission was observed for bare NCdots and NCdots/SSs, while dark 

blue emission was observed for NCdots/HSCs and NCdots/SCSs.  

 

Figure 3.6 Image of materials taken under (a) natural light and (b) UV lamp illumination at 365 

nm. Images from left to right are NCdots, NCdots/SSs, NCdots/HCSs and NCdots/SCSs. 

 

The effect of the support on the PL emissions of the NCdots was further studied by observing 

the relative photoluminescent quantum yield (PLQY) using the PL excitation wavelength of 

350 nm and absorbance data (Figure 3.7 and Table S3.4). The PLQY of the NCdots and the 

composites were determined by using quinine sulphate (QS) as reference (see table S3.5 for 

integrated PL emission intensities and absorbance data). The concentrations of the NCdots, 

NCdots/SSs composites, NCdots/HCSs composites, NCdots/SCSs composites and QS were 

similar to those used in a previous literature report.166 As shown in Figure 3.7 (a), the PLQY of 
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the bare NCdots was calculated to be 34 % which is higher and comparable to earlier reported 

data.166,104 The percentage PLQY for the 5%NCdots/SSs, 10%NCdots/SSs, 15%NCdots/SSs 

and 20%NCdots/SSs composites was calculated using equation S3.1 and S3.2 and was 15.4 %, 

42 %, 33.7 % and 35.3 %, respectively. The PLQY for 5%NCdots/HCSs, 10%NCdots/HCSs, 

15%NCdots/HCSs and 20%NCdots/HCSs composites was 5.1 %, 6 %, 7.8 % and 13 %, 

respectively, while the PLQY for 5%NCdots/SCSs, 10%NCdots/SCSs, 15%NCdots/SCSs and 

20%NCdots/SCSs composites was calculated to be 2 %, 3.2 %, 4.6 % and 7.5 %, respectively. 

The PLQY when NCdots are supported on HCSs and SCSs are lower than that supported on 

SSs. A decrease in PLQY was also observed in a previous study when polymer NCdots were 

supported/entrapped on a carbon support.158 The decrease in PLQY as a result of decrease in 

PL emission can be attributed to higher content of graphitic carbon on the support of the HCSs 

and SCSs. The core carbon of the HCSs and SCSs supports is likely to inhibit charge carrier 

recombination which greatly supress the radiative recombination of the NCdots. This is 

supported by the CHNS composition data whereby an increase in carbon content resulted in 

decreasing PL intensity. The carbon content for NCdots/SSs, NCdots/HCSs and NCdots/SCSs 

was 8.26 %, 52.14 % and 55.18 %, respectively. In addition, the higher PLQY and intense PL 

emission in bare NCdots is attributed to the higher content of nitrogen groups (6.95 %), (see 

table S3). 

The differences in PL emissions when NCdots are supported on SSs, HSCs and SCSs are 

consistent with the synthesized NCdots having multistate (size, defects or functional groups 

and core carbon) that are responsible for the PL emissions.108,198 In summary, the optical 

properties of NCdots are influenced by using different supports, as seen by the changes in the 

PL maximum emissions and PLQY of bare NCdots and NCdots supported onto SSs, HCSs and 

SCSs surfaces.119,199   
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Figure 3.7 The PL spectrum taken at excitation wavelength of 350 nm (used for PLQY 

calculations), (a) NCdots and Quinine sulphate (QS reference), (b) NCdots/SSs composites, (c) 

NCdots/HCSs composites and (d) NCdots/SCSs composites. 

 

The N-doped Cdots used in this study had the same size distribution implying that the PL 

changes would be only due to the support, surface-support interactions and support functional 

groups. Previous reports have demonstrated that the PL emissions of Cdots can also be changed 

by varying solvent pH and changing the solvent or water content.165,169 A decrease in PL 

emission (lowered PLQY) has often been observed. For example, Cdots supported on metal-

organic frameworks (MOFs) showed a decreased PLQY even though the Cdots maintained 

their shape and functional groups.165 A study by Chowdhury et al., demonstrated that the 

addition of metals to Cdots (Cdots/Au and Cdots/Ag) enhanced the Cdots PL emissions via the 

plasmonic effect.169 In addition, the photoluminescence of Cdots was modified by varying the 

Cdots surface amino-groups density.130 Thus the fluorescent properties of Cdots can be altered 

without changing the Cdots structure/shape and maintaining surface groups.  
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In the current study, TEM and XRD analysis, not unexpectedly, suggested little changes in the 

shape and size of the bare NCdots after being supported on both silica and carbon supports. The 

FTIR data are suggestive of interactions between the NCdots and the supports, especially as 

seen for the NCdots/SSs composites.  TGA data showed remarkably different data for the 

NCdots on the three different supports. The NCdots-support interactions also led to significant 

changes in the photo-luminescent properties of the bare NCdots (maximum PL emissions and 

PLQY values) relative to the NCdots/support composites. The NCdots supported on SSs 

showed an enhanced PLQY as compared to carbon support which can be attributed to the Si-

O(H) groups as suggested in previous studies. In addition, the silica supports have been reported 

to inhibit the self-quenching in Cdots.200,201,202  

 

The changes in maximum PL emissions and the lower PLQY when NCdots are supported on 

HCSs and SCSs can be related to the NCdots functional groups, different interactions between 

NCdots and support or the existence of photoinduced electron transfer (PET) from Cdots to 

support.203 PLQY of polymer NCdots supported on carbon support was lowered with no clear 

explanation being given.158 While another explanation is drawn from a previous study of 

NCQDs/TiO2 composites in which the lower PLQY was attributed to the injection of 

photogenerated electrons from Cdots to TiO2.
162 It has been reported that the 

photoluminescence of Cdots can be quenched by electron acceptor or donor molecules in 

solution, with photoexcited Cdots being very good electron acceptor or donor.204 In here, the 

lower PLQY when NCdots are supported on carbon supports (HCSs and SCSs) can be 

explained to be resulting from a possibility of photoinduced electron transfer from NCdots to 

carbon support (mainly caused by similar bandgap or the zig-zag of the surface or core carbon 

framework). This implies that the surface sites of the carbon support facilitate the trapping of 

the photoinduced electrons and holes from NCdots by acting as either electron acceptor or donor 

that lead to lower PL emission or reduced PLQY.204,205 The PL emission intensity when NCdots 

are supported on a carbon support, is weaker due to the graphitic carbon of the supports which 

suppress the radiative recombination processes of the photoinduced electron/holes of the 

NCdots, as such the PLQY data indicates that the carbon support (HCSs and SCSs) are less 

effective than silica support at enhancing PLQY.206  

 

The major drawback that limits the application of NCdots in solid-sate is their fluorescence 

self-quenching or aggregate-induced quenching.202 This study has demonstrated a common and 

facile method for incorporation and well dispersion of the NCdots on the surface of SSs, HCSs 
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and SCSs. The NCdots/support nanocomposites demonstrated fluorescence emission properties 

and can be recommended for application in photonics, optoelectronics devices and 

photochemistry.69  

 

3.5 Conclusions 

In summary, nitrogen-doped carbon dots having a size below 10 nm have been synthesized by 

hydrothermal carbonization methods using chitosan as both carbon and nitrogen precursor. The 

study demonstrated a systematic method for the incorporation and distribution of NCdots on 

the surface of silica spheres, hollow carbon spheres and solid carbon spheres. The coagulation 

of NCdots on the surface of supports was suppressed by the mixture of ammonia, ethanol and 

water, and the lower concentration of NCdots facilitated the dispersion of the NCdots. The 

strong PL excitation dependence of bare and supported carbon dots was observed when 

different PL excitation wavelengths were used. The incorporation of the NCdots on the surface 

of silica spheres, hollow carbon spheres and solid carbon spheres was observed to influence the 

maximum PL emissions and the PLQY with the silica support being found to induce PLQY 

values than the carbon supports.  

 

3.6. Supporting information: Appendix A 
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Chapter 4 

 

Encapsulation of carbon dots prepared from glycerol 

and urea inside hollow carbon spheres 
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Abstract 

The ultra particle size of carbon dots (≤ 10 nm) poses a challenge for their potential application 

due to the formation of aggregates when in solid-state, difficult to separate and re-use. Herein, 

we demonstrate a promising “ship-in-a-bottle” approach for the synthesis and encapsulation of 

carbon dots (Cdots) made from glycerol (GCdots) and nitrogen functionalized Cdots made from 

glycerol and urea (GUCdots) inside the hollow cavity of hollow carbon spheres (HCSs) via 

microwave-assisted technique. The properties of GCdots@HCSs and GUCdots@HCSs 

composites were investigated using TEM, Raman, FTIR, UV-vis, steady-state, time-resolved 

PL spectroscopy, and real-time illumination. The composites revealed an excitation-

dependency nature under different PL excitation wavelengths and emitted at different 

wavelengths as compared to untrapped Cdots. A solvent-dependent nature or tunable PL 

emissions was observed when the composites were dispersed in water, acetone, and hexane. 

The shift in peak position was attributed to solvent polarity, hydrogen bonding, and dipole-

dipole interactions between solvents and encapsulated Cdots surface states. Acetone treatment 

exhibited a higher bathochromic shift and induced peak intensities. Time-resolved spectroscopy 

revealed multi-decay steps and was best fitted to tri-exponential decay and the lifetime decays 

of the excited states in Cdots were greatly influenced by the HCSs support. The data showed 

that the surface states or functional groups of the encapsulated Cdots were the main components 

responsible for PL emissions.  

Keywords: Carbon dots, “Ship-in-a-bottle”, wavelength dependency, solvatochromism, 

solvent-dependent 

 

4.1. Introduction 

The superior optical properties in Cdots have attracted many researchers owing to their 

promising potential application in many scientific fields such as sensing, catalysis, 

nanomedicine, imaging, and/or probing of cells or metals.205,207,208 However, their strong 

fluorescent emissions can be drastically reduced, quenched, or be tuned when Cdots state is 

changed from solution to solid due to resonance energy transfer or direct π → π 

interactions.156,62 The quenching of their fluorescent emissions is a major concern that needs to 

be addressed for possible applications, especially in the fields that require solid-state 

photoluminescent emissions.62 So far, major exploration of fluorescent properties has been done 
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using Cdots in a solution state which is not sufficient for their potential applications in fields 

such as photoelectronic devices and optronic sensors. In addition, Cdots are not easy to separate 

from solution due to their ultra-small size and they are highly hygroscopic, which questions 

their potential use and reusability in solid-state applications.209,172  

To date, various supports structures such as starch, polymers, structured carbons and silica 

xerogel/nanoparticles have been used for the realization of fluorescent emissions of Cdots in 

their solid-state.145,199 To this end, silica support matrix has been reported to exhibit good 

dispersion and induces fluorescent emissions in solid-state Cdots.181 The enhancement of 

fluorescent emissions translates to better quantum yield (QY) and can open doors for the 

potential application of solid-state Cdots. However, the incorporation of Cdots on silica 

supports does not prevent the movement and collision of Cdots particles, especially those 

supported on the surfaces. As such, the Cdots particles tend to form aggregate which results in 

self-quenching of their fluorescent emissions. Other than silica supports, various carbon 

matrices such as carbon nitride,210 carbon nanotubes, hollow carbon spheres, solid carbon 

spheres,209 carbon polymers,211,157 and biomass have been used to support Cdots and to obtain 

solid-state composites.212,167,213 Supporting Cdots on carbon structures has been reported to 

reduce fluorescent emission which lowers photoluminescence quantum yield.206 The main 

cause of reduced fluorescent emission or QY results from factors such as adsorption of 

photoinduced electrons, or inhibition of radiative recombination by the support due to graphitic 

carbon of the support.  

Hollow carbon spheres (HCSs) emerged as one of the promising carbon support for minimizing 

the formation of aggregates of metal nanoparticles.209 HCSs serve as an encapsulating or a 

caging matrix that confines molecules or metal nanoparticles in which migration or collision of 

particles is minimized.209,158 One interesting advantage of encapsulating nanoparticles inside 

HCSs is that it serves as a nanoreactor and nanoparticles inside the cavity are not lost during 

application (easy recovery and reusability of the nanoparticles). Chen and co-workers 

demonstrated a one-step in situ method for synthesis of Cdots encapsulated inside HCS having 

higher QY (~34%) using fish scales and collagen as starting materials. The study offered a 

strategy for preparing fluorescent HCSs/Cdots composites at a scalable quantity.166 Another 

study by Lou et al. demonstrated a method for encapsulation of carbon species inside carbon 

nitride hollow spheres, however, the luminescence emission intensity became weaker as more 

graphitic carbon content was increased.206 One of the remarkable work in which polymer dots 

were encapsulated inside HCSs cavity was reported by Qiao and co-worker, polymer dots were 
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encapsulated inside HCSs cavity but the QY of entrapped Cdots were lowered as compared to 

untapped Cdots.158 Additionally, drawbacks such as (i) ensuring that the nanoparticles are 

entrapped inside the shell, (ii) encapsulation of the desired loading inside the shell, and (iii) 

good distribution of the nanoparticles inside HCSs cavity has been experienced.206  

The possibility of encapsulation of nanoparticles inside HCSs cavities has motivated this study. 

Hence, we conducted and demonstrated a promising and alternative method for encapsulation 

of Cdots inside HCSs cavities using the “ship-in-a-bottle” approach under microwave 

irradiation. For this, glycerol (GCdots) and the combination of glycerol and urea (GUCdots) 

were used as starting reagents for the synthesis of oxygen and nitrogen functionalized Cdots. 

As shown in fig 1, the encapsulation of Cdots was achieved by diffusing the glycerol and urea 

molecules into the hollow cavity of HCSs through its pores.  

 

Figure 4.1 Schematic representation for the encapsulation of Cdots inside HCSs. 

The optical properties of the obtained composites (GCdots@HCSs and GUCdots@HCSs) when 

dispersed in water, acetone and hexane were investigated using PL spectroscopy. Dispersion of 

Cdots in various solvents can be used as a post-modification method for tuning their optical 

properties and can be used to identify the major constituents responsible for their fluorescent 

emissions. For example, the shift in the absorption or emission in fluorescent materials arises 

from factors such as hydrogen bonding and dipole-dipole interactions between the fluorophores 

moieties and the solvent. The difference in dipole moments between the ground and excited 

state of the solvent and Cdots can result in stabilizing the excited state depending on the solvent 

polarity, which can change the energy gap between the highest occupied molecular orbital and 

lowest unoccupied molecular orbital. The change in the energy gap causes the PL emission to 

be redshifted to give different emission colors depending on the polarity of the solvent. Here, 

the solvatochromism study was carried out using water, acetone, and hexane as solvents to 
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study the effect of the solvents on the fluorescent emissions of the as-synthesized 

GCdots@HCSs and GUCdots@HCSs composites.  

4.2. Experimental  

4.2.1. Materials  

Glycerol (99 % purity), urea (ACS reagent, 99.0-100.5 % purity), sodium hydroxide (NaOH, 

98 % purity) were purchased from Sigma Aldrich. Tetraethyl orthosilicate, (TEOS, 98%, Sigma 

Aldrich), ammonium hydroxide, (NH4OH, 25%, Fluka) and Ethanol, (EtOH, 96%, Merck) were 

used for the synthesis of the silica spheres (SSs). The SSs were coated with resorcinol (99%, 

Sigma Aldrich), formaldehyde (≥ 34.5 wt. %, Sigma Aldrich,) and 

hexadecyltrimethylammonium bromide (CTAB; 98%, Aldrich). A 10% hydrofluoric acid (HF; 

48%, Associated Chemical Enterprise) solution in water was used for the etching of the silica 

template. In all reactions, deionized water (resistivity > 18.2 MΩ cm -1) was used as a solvent. 

All chemicals were used without further purification. 

4.2.2. Synthesis of silica spheres (SSs) and HCSs 

Synthesis of SSs and HCS was achieved by following similar procedures in chapter 3, section 

3.2, subsections 3.2.3 and 3.2.4, respectively.  

4.2.3. Encapsulation of Cdots inside HCSs 

The encapsulation of Cdots inside HCSs cavities was achieved by using a “ship-in-a-bottle’’ 

approach using a microwave-assisted method for pyrolysis of glycerol and urea (see figure 4.1 

for graphitic illustration). The approach used for synthesis and encapsulation of Cdots inside 

HCSs cavity was achieved by modifying methods established elsewhere.158,214 Typically, 

glycerol (3 mL) or a mixture of glycerol and urea (0.5 g were dissolved in 20 mL of 0.1 M 

NaOH and sonicated for 30 min at 30 °C. Each solution was transferred into a centrifuge tube 

(50 mL capacity) containing 0.5 g HCSs dispersed in 10 mL water. This was followed by 

sonication for further 3 hours at 40 °C and stirring overnight to allow the infiltration of the 

precursor molecules into the cavity of HCSs. Thereafter, the mixture was transferred into 

microwave tubes (20 mL in each tube) and the synthesis of GCdots and GUCdots was done 

using a microwave reactor set at 700 W for approximately 15 minutes. The temperature inside 

the microwave tubes was between 180 °C to 190 °C and thereafter it was allowed to cool to 
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room temperature. This was followed by filling microwave tubes with a mixture of 

water/ethanol to disperse the GCdots@HCSs and GUCdots@HCSs composites. The 

composites were filtered and washed using water (1 L). The filtrate containing untrapped Cdots 

were microfiltered using a 0.22 µm PVDF membrane. The black powder consisting of the 

composites was dispersed in water and centrifuged 3 times at 18 000 rpm for 20 min until no 

Cdots were found at the supernatant matrix. This was to ensure that the remaining Cdots were 

encapsulated inside HCSs and not at the surface. Finally, the composites were dried at 80 °C 

for 6 h.  

4.2.4. Characterization techniques   

Characterization techniques that were used can be found in chapter 3, section 3.2, subsection 

3.2.7.  

4.3. Results and discussions 

The essence of this study was to encapsulate Cdots made from glycerol and urea molecules 

inside HCSs. As shown in figure 4.1, the “ship-in-a-bottle” or a core-shell strategy relied on the 

porosity of HCSs to allow permeability of precursor molecules into the cavity of HCSs. The 

precursor molecules inside the HCSs are pyrolyzed using microwave irradiation to form Cdots. 

Due to diffusion limitation, not all precursor molecules diffuse into the cavity of the HCSs. 

Some of the precursor molecules remain outside and form Cdots outside the HCSs under 

microwave irradiation. The Cdots that are formed outside the hollow cavity are then washed 

with a mixture of ethanol/water and further centrifuged at 18 000 rpm until there are no Cdots 

on the supernatant matrix. The only Cdots remaining are those entrapped inside HCSs structure. 

The diffusion of the precursor molecules was possible via the 2.4 nm mesopores in HCSs, 

having a specific surface area of 254 m2/g and pore volume of 0.16 cm3/g. 

4.3.1. TEM images  

The microwave-assisted pyrolysis method is very fast and gives nanoparticles with 

homogeneous size distribution. The glycerol pyrolytic process using microwave processes is 

known to undergo dehydration, pyrolysis, and crosslinking with some oxygen surface 

functionalities. In addition, glycerol can also serve as a solvent for urea and allows dissolution 

without using any strong solvent or harsh synthetic procedure.215  

The shape and size of the as-synthesized materials were obtained using TEM analysis. Figure 

4.2 presents the TEM images of (a) HCSs, (b) GCdots@HCSs and (c) GUCdots@HCSs 
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composites. As shown in figure 4.2 (a), the HCSs have taken the spherical shape of the SSs 

template with diameter size ranging from 300 nm to 420 nm having an average diameter size 

of 366 ± 25 nm, see figure S4.1 for SSs image. Due to fewer and tiny GCdots and GUCdots 

particles encapsulated inside the HSCs structure, it was difficult to measure their particle size 

distribution. However, the particle size distribution of GCdots and GUCdots that were not 

trapped inside HCSs was calculated. The average diameter size of GCdots ranged from 1.5 nm 

to 5 nm with the most dominant size having a diameter of 3.2 ± 0.7 nm. While the GUCdots 

had a diameter size ranging from 0.5 nm to 4.5 nm having the most dominant average diameter 

size of 2.3 ± 0.5 nm. The GCdots and GUCdots were quasi-spherical in shape, with the 

combination of glycerol and urea resulting in the formation of smaller GUCdots, see Figures 

S4.1 and S4.2 for TEM images and particle size distribution, respectively. 

 

Figure 4.2 TEM images of (a) HCS, (b) GCdots@HCSs and (c) GUCdots@HCSs composites.   

 

4.3.2. FTIR and Raman spectroscopy  

The types of functional groups present on the as-synthesized GCdots@HCSs and 

GUCdots@HCSs composites were studied using FTIR. As shown in figure 4.3 (a), the typical 

vibrational bands of the HCSs are at 2921/2853, and 877 cm-1 and originate from C-H stretching 

and bending modes, respectively.216 The vibrational band due to C=C was observed at 1568 cm-

1, while a broad vibrational band centered at 1157 cm-1 was ascribed to C-C vibrational mode.217  

As shown in figure 4.3 (b), the GCdots@HCSs composite had new vibrational modes appearing 

at 3475 cm-1 and 3058 cm-1 due to O-H groups originating from the GCdots. The O-H peaks 

are likely to be from COOH and C-OH functionalities. While the combination of glycerol and 

urea (GUCdots@HCSs composite) resulted in stretching vibrational mode at 3330 cm-1 due to 

overlapping of O-H/N-H. In addition, the vibrations resulting from the incorporation of urea 
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are at 882 cm-1 and 813 cm-1 and are ascribed to amine and amide bending modes.113 These 

vibrational modes confirm the combination of glycerol and urea which resulted in the formation 

of GUCdots inside HCSs cavities. The typical C-H stretching vibrations were observed at a 

vibrational frequency of 2930/2855 cm-1. While the vibrations at 1577 cm-1, 1397 cm-1, 1311 

cm-1 and can be ascribed to C=C, C-O, and C-H stretching and bending modes originating from 

the composites. In addition, the peaks due to C-O symmetric and asymmetric vibrational modes 

were observed at 1114 cm-1 and 1046 cm-1, respectively.215 In summary, encapsulation of 

GCdots and GUCdots inside HCSs resulted in a new and a shift in peak position in the 

composites, and functional groups such as hydroxyl, carbonyl, carboxyl, and amines/amides 

were depicted using FTIR. These functional groups can easily interact with solvents and can 

result in tuning or altering the PL emission of the composite, especially when they are the main 

constituent responsible for PL emissions within the composites.  

Raman spectroscopy was used to depict the defects present in HCSs and the composites. As 

shown in figure 4.3 (b), the Raman spectrum of HCSs and the composites were observed to 

have two distinct peaks known to be from sp3 disordered carbon and sp2 carbon clusters.64 The 

Raman peaks for HCSs at 1357 cm-1 and 1590 cm-1 were ascribed to be originating from 

disordered carbon (sp3 defects) and ordered sp2 carbon clusters. The vibrational frequencies of 

GCdots@HCSs and GUCdots@HCSs originating from the disordered/defect carbons shifted 

toward a lower frequency of 1339 cm-1 while insignificant shifts were observed in the sp2 

carbon clusters. This Raman shift of about 19 cm-1 toward lower frequencies can be ascribed to 

introduction of more defects or surface functional groups resulting from formation of GCdots 

and GUCdots, as observed using FTIR.  

In addition, the GCdots@HCSs and GUCdots@HCSs composites were observed to have a 

decrease in IG peak intensity while the ID peaks broadened indicating the formation of more 

disordered or amorphous carbon structures. The ID/IG ratio of HCSs, GCdots@HCSs and 

GUCdots@HCSs composites were 1.82, 2.87 and 2.79 which further suggests the formation of 

more disordered and amorphous carbon structures.64  The broadening of full width at half 

maximum (FWHM) of ID peak and the reduction in both ID and IG peaks are in agreement with 

the FTIR data whereby new and abundant functional groups (defect states) were introduced 

when forming the composites, (see table S4.1).  
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Figure 4.3 FTIR spectrum of (a) HCSs, (b) GCdots@HCSs and GUCdots@HCSs and (c) 

Raman spectrum of HCSs, GCdots@HCSs and GUCdots@HCSs.   

 

4.3.3. Optical properties  

4.3.3.1 UV-vis spectrophotometer 

The optical properties of Cdots such as absorption and emission are very fascinating, mainly 

their PL emission which can originate from core carbon, surface states, quantum confinement 

effect, and molecular fluorophores. As shown in figure 4.4 (a) and (b), UV-vis spectroscopy 

was used to investigate the absorption properties of the Gcdots, GUCdots, GCdots@HCSs and 

GUCdots@HCSs composites. The bare GCdots have two adsorption bands at 208 nm and 264 

nm. The weak absorption band at 208 can be attributed to the π → π* electronic transitions of 

the core carbonaceous or the zigzag core carbon structure, while the broad absorption band at 

264 nm can be attributed to π → π* and n → π* electronic transition from natural molecular 

states of the GCdots.218,119 The absorption bands for GUCdots were observed at 205 nm, and 

two broad absorption humps at 266 nm and 315 nm which can be assigned to the carbonaceous 
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core and molecular states transitions as described above.219,220 The existence of these electronic 

transitions suggests that functional groups such as carboxyl and nitrogen from urea/glycerol 

precursors were combined to form GUCdots. The typical weak absorption tail which extends 

toward a longer wavelength was also observed for all bare Cdots.218 

The UV-vis absorption bands of HCSs, GCdots@HCSs and GUCdots@HCSs composites are 

presented in figure 4.4 (b). A typical absorption band due to core carbonaceous structure 

ascribed as π → π* electronic transition was observed at 270 nm, 268 nm and 265 nm for HCSs, 

GCdots@HCSs and GUCdots@HCSs, respectively. The GUCdots@HCSs composite has a 

broad hump centered at 365 nm due to n → π* transition which suggests the existence of a new 

state caused by nitrogen groups from urea. The π → π* transition originates from the sp2 (C=C) 

network carbogenic domains of carbon core while the n → π* (C=O and C=N) results from 

trapping of excited-state energy by the surface states of composites.221 
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Figure 4.4 UV-vis absorbance spectrum of (a) GCdots and GUCdots (b) HCSs, GCdots@HCSs 

and GUCdots@HCSs composites. 

4.3.3.2 Photoluminescence spectroscopy  

The PL emissions in Cdots can either originate from surface functional groups, particles size, 

carbon core, among other factors.222 Understanding the main constituent responsible for PL 

emissions in Cdots is vital. This can allow for employing Cdots in a field that will not suppress 

their superior optical properties. Recently, studies have investigated the effect of various 

solvents on the PL emission in Cdots. The solvatochromism studies can be used to tune the PL 

emissions and to identify the constituent responsible for PL emissions in Cdots.223 In here, the 

PL emissions profiles were investigated using excitation wavelength at 300, 350 and 400 nm. 

In addition, three different solvents (water, acetone and hexane) were used to tune and for 
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identifying the component responsible for the PL emissions in Gcdots@HCSs and 

GUCdots@HCSs composites.  

Figure 4.5 and 4.6 shows the PL spectrum of bare GCdots, GCdots@HCSs and GUCdots, 

GUCdots@HCSs, respectively. All samples (dispersed in water (w)) were observed to have a 

typical PL excitation wavelength-dependency nature which increases with an increase in 

excitation wavelength, see tables S4.2 and S4.3 for PL emission wavelengths.119 This 

phenomenon is common in Cdots and can suggest optical heterogeneity which has specific 

luminescent centers with specific energy levels that photo-select light and emit it depending on 

the excitation wavelength used. It was also observed that peak intensity decreased as the 

excitation wavelength was increased from 300 nm to 450 nm. At the excitation wavelength of 

300 nm, GCdots were observed to have a distinct peak and shoulder peak centered at 412 and 

384 nm, while GUCdots had two prominent peaks at 365 and 395 nm. This suggests that the 

GCdots and GUCdots are comprised of multi-components (i.e. functional groups and particle 

size) responsible for PL emissions.224 In addition, the introduction of N groups from urea was 

observed to cause the GUCdots to emit at different PL emissions. The emissions at a different 

wavelength in GUCdots suggest that the surface defects (functional groups) are likely to be 

prominent constituents responsible for PL emissions. The encapsulation of the GCdots and 

GUCdots resulted in a drastic reduction in the intensity of PL emission peaks. As it is known 

that PL emissions arise from charge recombination, the higher content of graphitic carbon from 

HCSs is likely to greatly suppress the radiative recombination of the Cdots excited state which 

results in weaker PL intensities. 

The GCdots@HCSs and GUCdots@HCSs composites were further dispersed in acetone (a), 

and hexane (h). As shown in Figures 4.5 and 4.6, solvent-dependant PL emissions were 

observed from the composites. Dispersing the composites in water and hexane exhibited a 

mono-PL emission which emitted at a similar wavelength which might suggest similar 

interaction of the composites with the solvents. Interestingly, dispersing of the composites in 

acetone exhibited multi-PL emissions and the peaks were redshifted toward higher wavelengths 

as compared to other solvents. Furthermore, dispersion of the composites in acetone exhibited 

enhanced PL emission peaks which were more intense as compared to bare GCdots and 

GUCdots. The enhancement of peak intensities and the multi-PL emission suggests a strong 

interaction between acetone and the composites, see figure S4.6-7. Comparing the three 

solvents which were used to study the solvatochromism, it was noted that the solvent polarity 

played a significant role in tuning and enhancing the PL emission in the composites. Hence, the 
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higher polarity in acetone resulted in stronger (hydrogen bonding and dipole-dipole) 

interactions with the composites as compared to water and hexane.225 In addition, the aprotic 

nature of acetone could have resulted in more hydrogen bonding and dipole-dipole interactions 

existing between acetone and Cdots which enhances specific surface states to strongly emit at 

a different wavelength. It was further observed that the GUCdots@HCSs composite had intense 

peaks as compared to the GCdots@HCSs composite. This can be related to the introduction of 

nitrogen groups in GUCdots@HCSs composite which is likely to have resulted in the 

enhancement of electron mobility within GUCdots.   

In summary, dispersion of the composites in water (polar-protic), acetone (polar-aprotic), and 

in hexane (nonpolar-aprotic) resulted in tunning the PL emissions in GCdots and GUCdots. The 

tunning of PL emission could suggest that the surface states are the prominent components 

acting as fluorophores in GCdots and GUCdots. This is based on the theoretical assumption that 

a solvent can easily interact with surface state or functional groups via hydrogen bonding or 

dipole-dipole which can easily tune their fluorescent properties of the surface states than the 

core carbon structure. As a result, changing the solvent can be used as a post-modification 

method to tune the fluorescence emission in Cdots 224 Hence, treatment of Cdots with different 

solvents can be classified as a post-treatment method to optimize Cdots since the solvent-

dependent nature of Cdots was observed.  
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Figure 4.5 Normalized PL spectrum of GCdots and GCdots@HCSs composite excited with (a) 

300 nm, (b) 350 nm, and 400 nm wavelength and dispersed in water, acetone and hexane. *Note, 

w = water, a = acetone and h = hexane solvent. 
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Figure 4.6 Normalized PL spectrum of GUCdots and GUCdots@HCSs composite excited with 

(a) 300 nm, (b) 350 nm, and 400 nm wavelength and dispersed in water, acetone and hexane. 

*note, w = water, a = acetone and h = hexane solvents. 

4.3.3.3 Time-resolved PL spectroscopy 

The lifetime of the as-synthesized bare Cdots and the Cdots@HCSs composites was 

investigated using time-resolved photoluminescence spectroscopy. The lifetime of the 

fluorophore species was measured using “deconvolution of the reference method” and the 

experimental decay profile of a reference emitter in place of the instrument response function 

was obtained with a reference solution of LUDOX colloidal silica. The transition of an excited 

state to the ground state in any molecule can be expressed using the equation (4.1) below: 

I(t) = I0 e
(−t/τ) …… (4.1) 

Where I (t) and I0 are the intensity at a time (t) and intensity upon excitation at time zero, τ is 

the lifetime between excited decay to ground state. τ or lifetime can be defined as the time it 
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takes for intensity to decrease to about 37 %. For a multi-exponential decay system, equation 

(4.2) below can be used:  

I (t) = ∑ ai

i

e(−t/τi) … … (4.2) 

Where ai is a pre-exponential factor for the ith term of the lifetime component. The lifetime can 

be expressed using equation (4.3) below: where Kr is Knr are radiative and nonradiative rates.  

τ =  
1

Kr − Knr
… . . . (4.3) 

Figure 4.7 shows the intensity decay spectrum for (a) bare GCdots and GUCdots, (b) 

GCdots@HCSs and GUCdots@HCSs composites, respectively, IRF is the instrument response 

function. The PL decay has been observed to be multi-exponential and was best fitted to tri-

exponential decay (R = 0.99n, where n can be any integer between 5 and 9.5). The triple decay 

lifetime for GCdots was 3.02, 0.55 and 0.53 ns and for GUCdots was 3.95, 0.53 and 0.53 nm. 

These tri-lifetime decay components suggest the existence of heterogeneous emissive sites 

within the Cdots.204 Interestingly, the measured lifetime for GCdots@HCSs and 

GUCdots@HCSs composites were 0.34/0.34/4.90 ns and 0.34/0.34/5.12 ns, respectively. The 

change in lifetime decay for bare Cdots and their respective composites is likely to be caused 

by HCSs support which acts as a trapping site for excited states.   

 

Figure 4.7 Shows the intensity decay trace of (a) GCdots, and GUCdots, (b) GCdots@HCSs, 

and GUCdots@HCSs in an aqueous medium and excitation of 377 nm. IRF is the instrument 

response function (377 nm nano-LED laser source) and Ludox colloidal silica was used as 

reference.    

4.3.3.4 Real-time emissions  
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The luminescence was observed under normal light and UV illumination. For illumination, a 

365 nm UV lamp was used and the samples were dispersed in water, hexane, and acetone. 

Figure 4.8 shows the bare Cdots under (a) normal light, and UV illumination in (b) water, (c) 

hexane, and (d) acetone solvents, respectively. The image set is ordered from left to right as, 

GCdots and GUCdots. As shown in figure 4.8 (a), under normal light, GCdots were light yellow 

while GUCdots were yellow. As shown in figure 4.8 (b), under UV illumination and dispersion 

in water, the GCdots and GUCdots showed a light pastel purple emission. Interestingly, 

dispersion of the samples in hexane and acetone resulted in strong emission having a light blue 

color for all Cdots, figure 4.8 (c) and (d).  

Figure 4.9 shows the composite images taken under normal light and UV illumination at 365 

nm. The image sets are GCdots@HCSs and GUCdots@HCSs from left to right. Under normal 

light, the composites were black while under UV illumination and dispersion in the water a blue 

light emission was observed. Interestingly, under the same UV illumination and dispersion in 

hexane and acetone a strong emission of light blue color was observed, see figure 4.9 (c) and 

(d), respectively.  

 

Figure 4.8 Figure 6. Images of bare GCdots (left) and GUCdots (right) taken under (a) normal 

light, and UV illumination at 365 nm, dispersed in (b) water, (c) hexane, and (d) acetone.  

 

Figure 4.9 Images of GCdots@HCSs (left) and GUCdots@HCSs (right) composites taken 

under (a) normal light, and UV illumination at 365 nm and dispersed in (b) water, (c) hexane, 

and (d) acetone.  
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It was observed that changing dispersion solvent influenced the emission characteristics of the 

materials under UV illumination. Dispersing of the samples in acetone and hexane enhanced 

the emission/glow. These observations of solvent-dependant emissions can be attributed to 

different interactions such as hydrogen bonding and/or dipole-dipole that exist between the 

composites and solvent.  

4.4. Conclusion  

The study demonstrated a facile strategy for the encapsulation of Cdots made from glycerol and 

urea inside hollow carbon spheres cavities using the microwave-assisted method. The Cdots 

encapsulated inside the hollow carbon spheres cavity had various functional groups (N, O). The 

solid-state composites exhibited PL emissions upon excitation with various wavelengths and 

gave different glow under UV lamp illuminations at 365 nm. The solvatochromism 

investigation using water, acetone, and hexane as solvents suggested that surface states or 

surface functional groups in Cdots were the main components responsible for PL emissions. 

This was attributed to a solvent-dependent PL emission nature of the composites which resulted 

in bathochromic shift and was associated with hydrogen bonding, dipole-dipole interactions 

and solvent polarity. Dispersion of the composites in acetone resulted in induced multi-PL 

emission and higher bathochromic shift when compared to water and hexane. The treatment of 

composites with different solvents can be used as a post-modification method and acetone is 

recommended for the understanding of optical centers responsible for emissions. The time-

resolved investigations of the bare Cdots and the composites revealed a multi-decay step and 

were best fitted to tri-exponential decay. The triple lifetime (ns) decay of the composites was 

greatly influenced by the HCSs support.  

4.5. Supporting information: Appendix B 
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Chapter 5 

 

One-pot carbonization of chitosan into N-doped 

carbon-dots/chitosan composites for the adsorption 

of methyl orange from aqueous solutions 
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Abstract 

Hydrothermal carbonization (HTC) of carbon-rich materials using an autoclave reactor vessel 

give a hydrochar mixture consisting of small carbonaceous materials (i.e. carbon dots) and other 

carbonized carbon products. In most studies, centrifugation, microfiltration and dialysis are 

employed to extract carbon dots (Cdots) for use in applications such as imaging and sensing. In 

this study, pristine chitosan (CHIT) was hydrothermally carbonized in an autoclave reactor for 

1 h and 3 h to form carbonized chitosan adsorbents (CHIT-1h and CHIT-3h) and NCdots/CHIT 

(NCdots/CHIT-1h and NCdots/CHIT-3h) composites. The properties of all the new carbons 

were characterized using TEM, SEM, PL, XRD, Raman, FTIR, and TGA, CHNS and BET 

techniques. HTC resulted in the formation of well-structured carbon materials with higher N 

and C content, having well-defined graphitic (IG) and defect (ID) ratio and an increased surface 

area of 8.4 m2/g from 0.06 m2/g for pristine CHIT. The transformation of pristine CHIT 

occurred via deoxygenation and dehydration reactions whereby neighboring CHIT moieties 

undergo crosslinking with each other. The HTC treated materials exhibited higher methyl 

orange (MO) removal efficiency as compared to pristine CHIT. With partially carbonized 

NCdots/CHIT-1h composite exhibiting highest adsorption capacity reaching up to 370 mg/g at 

pH = 4 ([dosage] = 10 mg, [MO] =40 mg/L, and 100 mL dye solution). The equilibrium 

adsorption capacity (qe) increased with an increase in initial dye concentration. The 

experimental kinetics and isotherm data were well correlated with a pseudo-second-order 

kinetic model and a Langmuir equilibrium model. The reusability test for the NCdots/CHIT-1h 

composite was conducted and the adsorption decreased from 91.2 to 83.8 % after three cycles.  

 

5.1. Introduction 

Chitosan (CHIT) is one of the highly available biopolymers that is abundant and occurs 

naturally in the shells of arthropods such as crabs, shrimps, and lobsters are cheap and 

environmentally friendly.226,141 Due to its high content of functional groups such as amino (-

NH2) and hydroxyl (-OH), it possesses a high adsorption capacity for metal ions and organics.227 

Structurally, CHIT is formed by alkaline deacetylation of chitin and it is a linear copolymer of 

D-glucosamine and N-acetyl-D-glucosamine.228 Although CHIT has shown potential for metal 

ions and dye removal from wastewater, in its pure form, the activity of CHIT for metal and dye 

removals is problematic due to the formation of a gel in aqueous media and its ability to readily 

agglomerate which makes it lose its adsorption capacity. Furthermore, CHIT is less stable under 

harsh conditions and is soluble at low pH, especially in organic acids thus limiting its 
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applicability as an adsorbent.140,141 Processes such as crosslinking, grafting of new 

functionalities, and acetylation have been used to chemically modify chitosan and to improve 

its absorption activity.229 Furthermore, chitosan composites such as chitosan-intercalated-

montmorillonite,230 chitosan/bentonite,231  chitosan/MgO232, chitosan-lutaraldehyde226, and 

chitosan/alumina227 have been used to enhance its dye removal efficiency in wastewater. 

However, most of these methods make use of harsh and complex processes for the modification 

of the CHIT. Also, crosslinkers react with the functional groups (such as -NH2 and -OH) of 

CHIT which reduces the active sites and their adsorption activity.233 

Hydrothermal carbonization (HTC) of low cost and natural abundant resources such as biomass 

has been investigated for use in the adsorption of pollutants from water. The HTC method is 

very useful in converting low-value naturally occurring carbon materials into carbon-rich, 

energy-dense, and value-added hydrochar materials with improved adsorption properties.234,235 

This strategic method can improve the stability of the adsorbent and create a surface with 

abundant functional groups without making use of harsh solvents.236,237  Ganesh et al. used the 

HTC method (at 250 °C) to convert urban food waste to a high-value-added hydrochar which 

showed improved removal efficiency of acridine orange and rhodamine from wastewater.234 

Another study by Shen et al. also demonstrated how the HTC method improved chitosan-

derived hydrochar for removal of Cr(VI) from aqueous solution.237 After HTC the hydrochar is 

usually washed in which small carbon materials such as carbon dots (Cdots) are easily washed 

away as filtrate owing to their small size (≤ 10 nm). Due to their small size, abundant functional 

groups and good dispersion they can be useful in overcoming the shortcomings faced by CHIT 

in the adsorption of dyes at various environmental conditions.125 

Hence, a simple hydrothermal carbonization method (HTC) was used to enhance the adsorption 

efficiency of CHIT toward methyl orange (MO) removal from wastewater. The HTC was 

carried out in an autoclave reactor at 180 ℃ for 1h and 3 h. The obtained hydrochar contained 

a mixture of carbonized CHIT residuals and NCdots which can be separated by centrifugation 

and washing.237 In this study the carbonized CHIT and NCdots were not washed or centrifuged 

but (i) stabilized by refluxing in a mixture of ethanol and water to obtain a NCdots/ CHIT-xh 

composite or (ii), washed and centrifuged to produce carbonized CHIT. The pristine CHIT, 

carbonized CHIT and NCdots/CHIT-xh composites were used for methyl orange (MO) 

removal, and the effect of the initial dye concentration, pH, and contact time were investigated. 

The adsorption kinetics, equilibrium isotherms, and reusability tests on modified CHIT 

materials were demonstrated.  
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5.2. Methodology 

5.2.1 Materials  

Chitosan (C6H11NO4)n with low molecular weight (50,000 Da) was purchased from Sigma 

Aldrich (75 - 85% deacetylated). Deionized H2O (resistivity > 18.2 MΩ cm -1) was used as a 

solvent. Methyl orange (ACS reagent, dye content 85 %, Sigma Aldrich) was used as a model 

dye. Ethanol, (EtOH, 96%, Merck) was used for washing the adsorbent. The pH of the dye 

solution was adjusted using a 0.1 M HCl or 0.1 M NaOH (Sigma Aldrich) solution. All 

chemicals were of reagent grade and were used as received without further purification. 

5.2.2 Carbonization of chitosan  

Typically, CHIT (1 g) was added to 50 mL of deionized H2O inside a Teflon cup and the 

solution was sonicated for 30 minutes at room temperature. The solution inside the Teflon cup 

was placed inside an autoclave reactor with ~60 mL capacity. This was followed by 

hydrothermal carbonization (HTC) of the mixture at 180 oC in an oven for 1 h and 3h.56,235 After 

the reaction was complete, the samples were allowed to cool to room temperature. The portion 

of the hydrochar sample (1 h and 3 h carbonization) was filtered, washed several times, and 

centrifuged for 15 minutes at 18 000 rpm 3 times to remove all small carbonaceous residuals. 

The remaining hydrochar portion from both samples was not washed, filtered, or centrifuged 

but refluxed in 10 % ethanol solution and thereafter solvent was removed in a  rotary evaporator 

at 65 °C to remove water and ethanol. The obtained materials were labeled as CHIT, CHIT-1h, 

CHIT-3h, NCdots/CHIT-1h, and NCdots/CHIT-3h. All samples were further dried at 80 ℃ for 

24 h before use in the adsorption studies. 

5.2.3. Batch adsorption experiments 

The batch method was used for the adsorption of MO using pristine CHIT, CHIT-1h, 

NCdots/CHIT-1h composite, CHIT-3h, and NCdots/CHIT-3h composite as adsorbents. In a 

typical experiment,  the adsorption was conducted by mixing 0.05 g of an adsorbent with 100 

mL of MO solution at an initial dye concentration of 10 to 40 mg/L. The effects of initial dye 

concentration, pH,  and contact time was investigated. The pH of the MO solutions was adjusted 

by using 0.1 M of  HCl and 0.1 M of NaOH. The desired initial concentration of MO was 

prepared from a 1000 mg/L stock solution. The MO solution and adsorbent were shaken in an 

https://www.sigmaaldrich.com/catalog/product/sial/114510?lang=en&region=ZA
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Orbishaker at 200 rpm, while aliquots were collected every 5 minutes and were filtered using a 

0.22 µm PDVF membrane to remove all adsorbant. After filtration, the samples were analyzed 

immediately using a UV-vis spectrophotometer at a wavelength of 464 nm to determine the 

concentration of the MO. The adsorption capacity (qt) in (mg/g) was determined using equation 

(5.1) below:238,239 

𝑞𝑡 =  
(𝐶𝑜 −  𝐶𝑒)𝑉

𝑚
                             (5.1) 

where Co and Ce are the initial and the equilibrium liquid-phase concentrations (g/L) of MO, 

respectively, 𝑞𝑡 is the absorption capacity, V and m are the volumes of the MO solution and 

mass of the adsorbate used for batch adsorption studies, respectively.227  

The percentage (%) MO removal or removal efficiency was calculated using equation (5.2) 

below:240  

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶𝑂 − 𝐶𝑡

𝐶𝑂
 × 100       (5.2) 

where Co and Ct are the initial dye concentration and concentration of the dye at a particular 

time (t), respectively. The calculated parameters from equations (5.1) and (5.2) were used to 

plot curves of qt versus t (min) and % removal versus t (min), respectively.241,242 

5.2.4. Characterization techniques  

Characterization techniques used in this chapter are listed in chapter 3, section 2.7. The 

concentration of MO at a wavelength of 464 nm, a typical absorption wavelength of MO.243 

5.3. Results and discussion 

5.3.1 TEM and SEM images  

The morphologies of the pristine CHIT, CHIT-xh and NCdots/CHIT-xh composites were 

determined from TEM and SEM images, (x can be 1h or 3h). Figure 5.1 shows the TEM images 

of (a)  pristine CHIT, (b) CHIT-xh and (c) NCdots/CHIT-xh composites, respectively. As shown 

in Figures 5.1 (a) and (b), the pristine CHIT and CHIT-xh are observed to consist of aggregated 

lumps of interconnected carbon structures that are stacked on top of each other with no definite 

morphology.235 The pristine CHIT had bigger lumps while CHIT-xh had smaller lumps of 

carbon aggregates. Figure 5.1 (c) shows the NCdots/CHIT-xh composite which can be seen to 

consist of some smaller carbon structures (i.e. NCdots) supported on the larger carbon structure 

of CHIT-xh. It is worth noting that the morphology of the 1 h and 3 h carbonized CHIT were 
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similar. The filtration, washing, and centrifugation steps of the CHIT hyrdochar led to the 

removal of NCdots while rotary evaporation generated the formation of the NCdots/CHIT-xh 

composite. A TEM image of the extracted NCdots is shown in the supplementary section 

(Figure S5.1; particle size 5.2 nm); The NCdots were not used for the adsorption study due to 

their small size as they cannot be separated from a MO dye solution by filtration through a 0.22 

µm PDVF membrane.  

The SEM images of the pristine CHIT, CHIT-xh and NCdots/CHIT-xh composites are shown 

in figure 5.1 (d-f). The pristine CHIT consists of a lump of amorphous carbon with a smooth 

surface while the CHIT-xh comprises a connected carbon network having a rough surface with 

macropores.244,245 Figure 5.1 (f) shows the NCdots/CHIT-xh composite which can be seen to 

be comprised of smaller carbon aggregated that are connected to form a big lump of network 

carbon with a rough surface.  

 

 

Figure 5.1 TEM images of (a) pristine CHIT, (b) CHIT-xh (c) NCdots/CHIT-xh composite. 

SEM images are shown in (d) pristine CHIT, (e) CHIT-xh (f) NCdots/CHIT-xh composite. 

 

5.3.2 PL, XRD, Raman, and FTIR spectroscopy 
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The PL spectrum for the extracted NCdots and the NCdots/CHIT-xh nanocomposites are shown 

in figure 5.2 (a). The extracted NCdots were found to have a strong emission at 452 nm when 

an excitation wavelength of 380 nm was used, see figure S5.1. As shown in figure 5.2 (a), the 

NCdots/CHIT-1h and Cdots/CHIT-3h composites had PL emission peaks at 458 nm and 452 

nm when the same excitation wavelength was used, respectively. The NCdots/CHIT-1h showed 

a more intense emission peak than the NCdots/CHIT-3h composite likely due to the higher 

content of fluorescent NCdots on the surface of the CHIT-xh. Interestingly, insignificant PL 

emissions were observed when CHIT-xh materials were analyzed. This might suggests that 

NCdots were lost as filtrate during the washing steps, and the PL emissions originate from 

NCdots as seen by insignificant PL emission on CHIT-xh samples. 

The nature (amorphous or crystallinity) of pristine CHIT, CHIT-1h, NCdots/CHIT-1h 

composite, CHIT-3h, and NCdots/CHIT-3h composite was investigated using XRD. As shown 

in figure 5.2 (b), the pristine CHIT has reflection peaks at 9.5 °, 19.8 ° and a shoulder peak at 

ca. 27.5 ° which are attributed to the amorphous, crystalline carbon framework, and amorphous 

carbon network of CHIT, respectively.104,244 After carbonization, the CHIT-1h had a new peak 

at 15.5 ° which can be attributed to the formation of a new anhydrous polymorph or partially 

carbonized CHIT. All CHIT-xh and NCdots/CHIT-xh composites peaks at 9.5 ° and 19.8 ° were 

observed to reduce and broadened toward higher angles, respectively. In addition, it was 

observed that the shoulder peak between 22 – 29.5 ° was enhanced  and broadened as a result 

of HTC treatment. The broadening of the peak at ca. 19.8 ° is be attributed to the presence of 

highly amorphous carbonaceous materials formed during HTC, which further indicates that 

pristine CHIT was carbonized. While the reduction of the peak at 9.5 ° which is accompanied 

by prominant shoulder peak between 22 – 29.5 ° suggest that the former phase of CHIT is 

unstable at HTC temperature used, which resulted in the formation of later form of CHIT or 

amophouus CHIT which is stable and favourable at HTC conditions used.246,247 These 

observations suggest that HTC treatment favors different forms of CHIT.  

Raman: To further understand the structural changes of the materials formed during 

hydrothermal carbonization, Raman spectroscopy was employed to elucidate the types of 

vibrational modes present within the materials. Figure 5.2 (c) shows the CHIT, CHIT-1h, 

NCdots/CHIT-1h composite, CHIT-3h and NCdots/CHIT-3h composite. The pristine CHIT did 

not display any significant Raman vibrations which suggest that the sp2 and sp3 carbon network 

do not have a long-range order. After HTC treatment, the CHIT-1h sample had a broad and 

prominent G peak at 1543 cm-1 which was attributed to being a vibrational mode originating 
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from ordered sp2 hybridized carbon.248 The peak broadening and absence of sp3 peak suggest 

that the amorphous form of CHIT was present, while its peak position can be attributed to the 

presence of a different form of CHIT (peak at 15.5 ° in XRD). The NCdots/CHIT-1h composite, 

CHIT-3h, and NCdots/CHIT-3h composite had two peaks observed at 1358 cm-1 and at 1578 

cm-1 which originate from amorphous sp3 and ordered sp2 carbon network, respectively.249 

Interestingly, as the carbonization time was increased from 1 h to 3 h the intensity of these 

peaks was enhanced. The enhancement of the peak at 1358 cm-1 suggests that as the 

carbonization time was increased more defects (amorphous carbon) were formed. The ID/IG 

ratio was 0.67 for samples that were carbonized for 3 h implying that the graphitic carbon 

structures were more dominant than the amorphous carbon network. In addition, the IG peaks 

were sharper than ID peaks which imply that the graphitic carbons were more ordered than the 

amorphous peaks. However, their full width at half maximum (FWHM) were 202 cm-1 and 104 

cm-1 for D and G peaks for CHIT-3h and was 184 cm-1 and 103 cm-1 for NCdots/CHIT-3h, 

respectively. The difference in the FWHM can be attributed to the presence of NCdots in the 

NCdots/CHIT-3h composite. These observations further suggest that HTC treatment results in 

the formation of different and ordered forms of CHIT.   

FTIR spectroscopy was also used to elucidate the functional groups present within the materials. 

As shown in figure 5.2 (d), several peaks were observed at different vibrational frequencies. 

For all adsorbents, a broad stretching vibration from 3536 cm-1 to 3060 cm-1 (centered at 3290 

cm-1) was designated as the O-H/N-H stretching vibrations that overlap with each other.250 The 

two small peaks at 2924/2870 cm-1 correspond to the symmetric and antisymmetric stretching 

vibrations of CH2 and CH3 groups.251 The peaks at 1640/1557 cm-1, 1418 cm-1, 1365 cm-1, 1313 

cm-1 are assigned to stretching vibrations of carbonyl groups, C-H, C-O and N-H bending 

vibrations. The sharp and intense peaks at 1065/1025 cm-1 and a peak at 889 cm-1 are assigned 

to the C-C/C-O-C and C-N vibrational modes, respectively.250,252 The carbonization of CHIT 

retains all the functional groups and their vibrational positions regardless of the carbonization 

time. However, after HTC treatment the peak due to C-O/C-O-C vibrational modes at 

1065/1025 cm-1 was drastically reduced, this peak was reduced by approximately 64 % for 

NCdots/CHIT-xh composites and approximately 84 % for CHIT-xh samples. Which suggest 

that the C-O functional groups are involved in deoxygenation reactions that allow crosslinking 

of neighboring CHIT moieties, and/or some of the C-O functional groups are concentrated on 

small (NCdots) carbonaceous materials formed during HTC treatment as seen by a slight 

decrease in the C-O peaks as compared to drastically decrease for samples without NCdots.235 

In addition, the N-H/O-H peaks for NCdots/CHIT-xh composites were more intense than CHIT-
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xh which suggest that during HTC treatment more functional groups are concentrated at NCdots 

particles.104 
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Figure 5.2 Shows the (a) PL spectra, (b) XRD patterns, (c) Raman spectra and (d) FTIR spectra 

of pristine CHIT, CHIT-1h, NCdots/CHIT-1h composite, CHIT-3h and NCdots/CHIT-3h 

composite.  

5.3.3 Thermal analysis  

The thermal stability for all samples was investigated using thermal gravimetric analysis. Figure 

5.3 (a) shows the TGA curves of all the samples, the initial weight loss of about 10 % for all 

adsorbents is associated with the loss of physio-adsorbed moisture on the surface of the 

adsorbents desorbing up to 100 °C.253 The functional groups such as amine, carbonyl, carbon 

dioxide, hydroxyl, carboxylic acids were lost between 215 °C to 380 °C for all adsorbents. The 

functional group weight losses are attributed to depolymerization, decomposition of pyranose 

rings through dehydration, deamination, and ring-opening.125 The peaks due to the functional 

group's decomposition increased or were prolonged toward higher temperature as the 

carbonization time was increased. This suggests that some functional groups are likely to be 

incorporated into the core carbon network or within the pores of the adsorbents.251 This was 
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also observed by DTA thermograms in which a slight increase in functional groups 

decomposition was observed after carbonization of Ch. The decomposition peaks were centered 

at 293 °C, 297 °C, 302 °C for CHIT, CHIT-1h, NCdots/CHIT-1h and at and 324 °C for CHIT-

3h and NCdots/CHIT-3h, respectively.  

The final decomposition of the core carbon structure was observed between 400 °C and 650 °C 

for all samples. Interestingly, the decomposition of the carbon structure for CHIT and CHIT-

1h was observed to have two peaks at 535/615 °C and 535/597 °C suggesting the existence of 

two different carbon structures or the presence of partially carbonized CHIT within the CHIT-

1h, this can be substantiated by the XRD peak at 15.5 ° for CHIT-1h. The decompositions peaks 

of the NCdots/CHIT-1h, CHIT-3h, and NCdots/CHIT-3h observed by DTA were centered at 

557 °C, 515 °C, 535 °C suggesting a slight decrease in thermal stability as the carbonization 

time was increased from 1 h to 3 h. In addition, as the carbonization time is increased from 1 h 

to 3 h the peaks responsible for functional groups decrease while the peaks for core carbon 

broadened suggesting the incorporation of more functionalities within core carbon structure or 

loss of functional groups (mainly C-O, deoxygenation reactions) during CHIT crosslinking.  
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Figure 5.3 Present the (a) TGA curves and (b) DTA thermograms for pristine CHIT, CHIT-1h, 

NCdots/CHIT-1h composite, CHIT-3h and NCdots/CHIT-3h composite. 

 

The increase in carbonization degree coupled with the reduction in the C-O/C-O-C peak 

intensities at 1065/1025 cm-1 (FTIR, figure 5.2 d) suggests that chitosan carbonization occurs 

via deoxygenation reactions.235 The deoxygenation reactions result in the crosslinking between 

CHIT moieties which form ordered carbonized carbon structures with defined and continuous 



 
 

90 
 

sp2 (IG peaks) and sp3 (ID) as observed by the Raman spectrum.237  In addition, the TGA peaks 

assigned to functional groups decomposition were reduced as the carbonization time was 

increased suggesting crosslinking of the CHIT moieties and substantiating the deoxygenation 

reaction taking place. Hence, a consistent picture has emerged about the structure of new 

materials produced during HTC treatment, and proposed structures of the materials formed 

during HTC treatment are presented in figure 5.4.  

Due to the small size of NCdots (≤ 10 mn) they can be easily washed away as filtrate during 

filtration. As shown in figure 5.4, the obtained hydrochar was refluxed in ethanol solution and 

a rotary evaporator was used to obtain solid NCdots/Ch-xh composites. Other porting of the 

obtained hydrochar was filtered, washed and then centrifuged to remove all Cdots and other 

small carbonaceous materials to obtain a CHIT-xh. Due to the presence of NCdots in the 

composite, it is expected to have a higher adsorption capacity than carbonized CHIT. This is 

due to the hydrophilic nature of NCdots which will result in good dispersion, no/fewer 

agglomerations, and provide more active sites for adsorption of MO.254 

As illustrated in figure 5.4, during HTC at higher temperature and pressure the neighboring 

interwoven CHIT polymeric moieties undergoes crosslinking via deoxygenation and 

dehydration reactions. This results in the formation of various carbon structures (hydrochar) 

such as carbonized CHIT and NCdots. As compared to pristine CHIT with an insignificant 

surface area of 0.06 m2/g and cavities having a pore diameter of 147 nm. The carbon structures 

obtained after HTC (i.e. NCdots/CHIT-1h composite) have an increased surface area of 8.44 

m2/g and pore diameter of 10 nm, see figure S5.2 for BET isotherms. These observations 

suggest that during HTC the cross-linkage between CHIT molecules produces well-defined 

carbon structures with well-defined pores that lead to an increase in surface area.235,255 



 
 

91 
 

 

Figure 5. 4 Proposed schematic illustration of the conversion of chitosan during HTC treatment 

in an autoclave reactor. 

5.4. Batch adsorption studies 

5.4.1 Effect of pH  

The effect of pH for MO adsorption was conducted in the range pH 2 – 10, initial dye 

concentration of 10 mg/L and 50 mg of adsorbent dosage to establish the optimum pH condition 

for the MO removal. As shown in figure 5.5, at pH 4 all the adsorbents showed better MO 

removal and reached a removal capacity of up to 67 %, 95 %, and 97 % for pristine CHIT, 

CHIT-1h&3h, and NCdots/CHIT-1h&3h composites within 40 min, respectively. The higher 

MO removal at pH 4 can be attributed to the higher number of protons present in the solution 

which interacted with the amine and hydroxyl groups to form protonated functional groups 

which resulted in the formation of a positively charged adsorbent. The positively charged 

groups on the adsorbents readily interact with the anionic MO dye molecules through strong 

electrostatic interactions.256,141 At the higher pH of 6-10 the MO removal efficiency is reduced 

drastically due to deprotonation of the adsorbent functional groups which led to electronic 

repulsions between the MO and the adsorbent. At pH 2, the adsorbent is likely to form a gel, 

aggregate and/or dissolve in the acidic medium which resulted in a slight decrease in the 

adsorption capacity of the adsorbent.190,79  
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Figure 5.5 Effect of pH (2-10) on MO adsorption at room temperature, initial dye concentration 

of 10 mg/L, 50 mg adsorbent, 100 mL dye solution, 200 rpm agitation speed for 40 min.  

5.4.2 Effect of initial dye concentration 

The initial dye concentration was varied from 10 mg/L to 40 mg/L using 50 mg of the adsorbent, 

100 mL of the dye solution, at pH 4 (optimum pH) for a contact time of 120 min. Figure 5.6 

shows the percentage (%) removal efficiency of MO using pristine CHIT, CHIT-1h, 

NCdots/CHIT-1h composite, CHIT-3h, and NCdots/CHIT-3h composite. The percentage of 

MO removal was found to vary between 61 - 76 % at all initial dye concentrations when pristine 

CHIT was used. The HTC treated adsorbents showed improved MO removal efficiency (%) as 

compared to pristine CHIT, with CHIT-1h having a removal efficiency of 90 - 95 % while the 

NCdots/CHIT-1h composite maintained a 94 - 98 % at all initial dye concentrations. Similar 

adsorption capacities were observed with an adsorbent that was carbonized for 3h, with trend 

viz. CHIT-3h (84 % - 90 %) < NCdots/CHIT-3h (90 - 94 %). The NCdots/CHIT-xh composites 

showed higher MO removal efficiency than the CHIT-xh adsorbents. With the NCdots/CHIT-

1h composite having the highest MO removal at all initial dye concentrations. The higher MO 

removal efficiency can be attributed to the presence NCdots on the surface of CHIT-xh which 

facilitates good dispersion of the adsorbent, and increase adsorption sites as seen by intense C-

O and O-H/N-H peaks on FTIR, figure 5.2 (d).134,257 These observations coincide with PL and 

XRD. The partially carbonized composite (NCdots/CHIT-1h) was selected for further studies 

due to its higher MO removal efficiency.   
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Figure 5.6 The effect of initial dye concentration (10 to 40 mg/L). Conducted using 

adsorbent/dye-solution of 50 mg / 100 mL, at pH 4 and 200 rpm agitation speed, for 120 min. 

5.4.3 Effect of adsorbent dosage and contact time. 

The effect of adsorbent dosage was conducted on the NCdots/CHIT-1h composite using  10, 

25 and 50 mg at an initial dye concentration of 10 mg/L to 40 mg/L, 100 mL dye solution for 

120 min. As shown in figure 5.7 (a), the removal efficiency was dependent on adsorbent dosage 

and it increased with an increase in the adsorbent dosage. At adsorbent dosages of 50, 25 and 

10 mg, the removal efficiency were maintained between 94.5 - 97.6 %, 89 - 96 % and 87.5 - 96 

% at initial dye concentration of 10 mg/L to 40 mg/L. As expected, the removal efficiency 

decreased with an increase in initial dye concentration, which is attributed to excess MO 

molecules available than the adsorption sites on the adsorbent. 

Figure 5.7 (b) – (d) shows the effect of contact time on the MO adsorption conducted for 120 

min at an adsorbent dosage of 10, 25 and 50 mg, respectively. The adsorption capacity (qt) in 

(mg/g) increased with an increase in initial dye concentration and a decrease in adsorbent 

dosage. The NCdots/CHIT-1h composite showed a rapid increase in the MO removal within 

the first 15 minutes at all adsorbent dosages. However, after 15 minutes the MO removal 

decreased which is attributed to available active sites on the surface of the adsorbent being 

occupied by MO molecules.232 This was followed by the diffusion of MO molecules into the 

bulk of the adsorbents which increased MO adsorptions.258 After 40 minutes the adsorbate-

adsorbent reached equilibrium and insignificant adsorption occurred thereafter. The adsorbent 

to adsorbates curves are smooth and continuous which suggest good interaction between the 

adsorption active sites and dye molucules.259 
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Figure 5.7 The (a) effect of adsorbent dosage and (b) - (d) adsorption capacity (qt) in (mg/g) 

over contact time of 120 min, at initial dye concentration of 10 to 40 mg/L, adsorbent dosage 

of 10, 25 and 50 mg, per 100 mL of dye solution at pH 4 and 200 rpm agitation speed. 

5.4.4 Adsorption kinetics study  

A mechanistic insight of the adsorption process was elucidated using two models; the pseudo-

first-order (PFO) and pseudo-second-order (PSO) models. The suitability of the kinetic models 

was determined by linearizing the obtained data in the coordinates of their integral equations. 

A pseudo-first-order model for the solid-liquid system was used (equation (5.3)):239 

𝐼𝑛(𝑞𝑒 −  𝑞𝑡) = 𝐼𝑛𝑞𝑒 −  𝑘1𝑡                 (5.3) 

where k1 represents the rate constant for pseudo-first-order adsorption, qe and qt both in (mg.g-

1) represent the amount of dye adsorbed at equilibrium and at time = t. ,259,260 Plots of In (qe - 

qt) against time (t) in minutes give a straight line with k1 as the slope and Inqe as intercept. The 

adsorption capacity at equilibrium qe (mg/g) was calculated after the adsorbate-adsorbent 

equilibrium was reached. 
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The pseudo-second-order method (equation (5.4)) was also used: 

(
𝑡

𝑞𝑡
) =  

1

𝑘₂𝑞𝑒
2

+  
1

𝑞𝑒
 (𝑡)              (5.4) 

where k2 is the rate constant for pseudo-second-order adsorption, qe and qt both in (mg.g-1) 

represents the amount of dye adsorbed at equilibrium and time (t), respectively. The values of 

qe and k2 were obtained from plotting t/qt against t.261  

Figure 5.8 and 5.9 shows the linear plots for the pseudo-first-order kinetic model [log (qe-qt) 

versus t (min)] and pseudo-second-order kinetic model [t/qt versus t (t)] plots, respectively. It is 

observed that the linearity plots for the pseudo-second-order kinetic model was best suited to 

describe the kinetics of dye and adsorbents adsorption as compared to the linearity plots of a 

pseudo-first-order kinetic model. The experimental adsorption capacity (qe,exp) and theoretical 

adsorption capacity (qe, cal) for pseudo-second-order kinetics are comparable and mostly 

increase with an increase in the initial dye concentration, (table S5.4 to S5.6). The pseudo-first-

order experimental and theoretical adoption capacities showed a poor relationship, (see table 

S5.1 – S5.3). The experimental adsorption capacity and theoretical adsorption capacity (at 40 

mg/L dye concentration) at equilibrium and adsorbent dosage of 10, 25 and 50 mg was found 

to be 350 mg/g and 357.14 mg/g, 142 mg/g and 144.72 mg/g, 75.6 mg/g and 88.89 mg/g, 

respectively. These adsorption capacities are very comparable when using the PSO kinetic 

model. The adsorption capacity at other initial dye concentrations and adsorbent dosage can be 

found in the supplementary section (table S5.4 - S5.6) 

The pseudo-second-order adsorption capacity for the theoretical and experimental data suggests 

that the adsorption of MO on the adsorbent depends on both the MO molecules and the 

adsorbent, and the overall adsorption kinetics involves chemical bonding between MO 

molecules and adsorbent adsorption sites.238 In addition, to validate the kinetic models that best 

describe the interaction mechanism between dye molecules and adsorbents, the correlation 

coefficient (R2) was calculated and the data are shown in the supplementary section (table S5.1 

to S5.6). The correlation coefficient for the pseudo-first-order kinetic model was lower while 

the correlation coefficient for the pseudo-second-order kinetics ware almost 1 (0.99n, where n 

can be any integer). Hence, the pseudo-second-order best describes the kinetics and is a suitable 

model to describe the adsorption of dye molecules into the adsorbent at all initial dye 

concentrations and adsorbent dosage.  
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Figure 5.8 Shows the linear fitting of pseudo-first-order plots obtained from varying adsorbent 

dosage (10 mg, 25 mg and 50 mg) at an initial dye concentration of 10 to 40 mg/L with 

adsorbent/dye-solution (50 mg/100 mL) for 120 minutes at pH 4 and 200 rpm agitation speed.   
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Figure 5.9 Pseudo-second-order plots for MO adsorption varied at initial dye concentration 

from 10 to 40 mg/L with adsorbent/dye-solution (50 mg/100 mL) for 40 minutes at pH 4 and 

200 rpm agitation speed.  

5.4.5 Comparison of the adsorption capacity  

Table 5.1 shows the results of other studies that used different adsorbents and modified chitosan 

composites for MO adsorption in an aqueous medium. Pristine chitosan was modified using 

various strategies and reagents to improve its adsorption properties and remove dyes and toxic 

metals from wastewaters. Most studies use complicated methods and unfriendly reagents to 

modify pristine CHIT. Contrary, this study has demonstrated a friendly and simpler method for 

modifying pristine CHIT. The as-synthesized composite had improved adsorption capacity and 

show potential for application in adsorption studies.  

 

Table 5. 1 Comparison of NCdots/CHIT-1h nanocomposite adsorbents with other modified 

chitosan adsorbents for methyl orange removal.   

0 20 40 60 80 100 120
0,0

0,5

1,0

1,5
(a) 10 mg adsorbent

 

 

t/
q

t 
(m

in
.g

/m
g

)

Time (min)

 10mg/L

 20 mg/L

 30 mg/L

 40 mg/L

0 20 40 60 80 100 120
0

1

2

3

(b) 25 mg adsorbent

 

 

t/
q

t 
(m

in
.g

/m
g

)

Time (min)

 10mg/L

 20 mg/L

 30 mg/L

 40 mg/L

0 20 40 60 80 100 120
0

2

4

6

(c) 50 mg adsorbent

 

 

 10mg/L

 20 mg/L

 30 mg/L

 40 mg/L

t/
q

t 
(m

in
.g

/m
g

)

Time (min)



 
 

98 
 

Adsorbent  pH Isotherm Q max (mg/g) Reference 

NCdots/CHIT-1h 4 Langmuir 370 This study 

chitosan/polyvinyl 

Alcohol/zeolite 

4 Langmuir 153 140 

Chitosan microspheres 3.1 Langmuir 207 262 

Waste-cellulose-derived 

porous carbon 

2.6 Langmuir 337.8 263 

protonated crosslinked 

chitosan 

4.5 Langmuir 89.29 264 

Fe3O4/Al2O3/chitosan 

composite 

6 Langmuir 416 265 

activated carbon 4 Langmuir 217.39 266 

chitosan-coated 

Fe3O4 nanocomposites 

8 Langmuir 758 267 

hollow 

molybdenum disulfide 

3 Langmuir 41.52 268 

Porous-flowers-like 

magnesium oxide 

5 Langmuir 1715 269 

chitosan-coated sodium 

zeolites composites films 

8 Langmuir 287 270 

 

5.4.6 Isotherms  

The Langmuir and Freundlich isotherm was used to evaluate the adsorption process (see Supp 

for equations) and results are presented in Table 5.2 and 5.3.271,272 The coefficient value (R2) 

from Freundlich plots are lower than those from the Langmuir plots suggesting that the surfaces 

of the adsorbents are homogeneous with monolayer surface coverage by the dye molecules with 

is no possibility of interaction between neighboring dye molecules.140 In addition, the Qmax from 

Langmuir shows a better correlation and the data are closer to the experimental Qmax. The RL 

separation factors at all concentrations were less than 1 implying that the adsorption of the 

adsorbates onto the adsorbent active sites was favorable. The highest Langmuir adsorption 

capacity (Qmax) was  370 mg/g at pH 4 (initial concentration of 40 mg/L and 10 mg adsorbent 
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dosage). At these conditions, the NCdots/CHIT-1h composite performed much better than the 

pristine CHIT which had a Qmax of 118 mg/g.  

 

Table 5. 2  Langmuir constants. 

NCdots/CHIT-

1h  

KL RL Qmax,L R2 

10 mg 0.87 0.028 370 0.964 

25 mg 0.73 0.033 168 0.976 

50 mg 0.67 0.036 89 0.989 

  

Table 5. 3 Freundlich constants. 

NCdots/CHIT-1h  n KF [(mg/g)/(L(mg)n] R2 

10 mg 1.90 153.0 0.946 

25 mg 1.77 64.88 0.945 

50 mg 1.46 50.96 0.623 

 

CHNS analysis was used to compare the elemental composition between pristine CHIT and 

NCdots/CHIT-1h composite. The nitrogen and carbon content increased from 7.14 % to 8.11 

% and 40.53% to 49.66 % during HTC CHIT into the NCdots/CHIT-1h composite. While the 

hydrogen composition was reduced from 8.04 % to 7.04 % under the same conditions, table 

S5.9. The textural properties analyzed using BET revealed an increase in surface area from 0.06 

m2/g (pore diameter = 147 nm ; pore volume 0.12 cm3/g) to 8.44 m2/g (pore diameter = 10 nm; 

pore volume of 0.11 cm3/g) for Ch and NCdots/CHIT-1h, respectively, (see figure S5.2). These 

observations substantiate the proposed conversion of pristine CHIT using HTC, figure 5.4. The 

increase in N and C content and a decrease in H content is attributed to the transformation of 

pristine CHIT via deoxygenation and dehydration reactions which favored crosslinking of 

neighboring CHIT moieties to form well-defined structured materials as proposed in figure 5.4. 

The crosslinking of CHIT moieties results in the formation of secondary pores as observed by 

a decrease in pristine CHIT cavities from 174 nm to 10 nm. The formation of secondary pores 
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and an increase in nitrogen content resulted in the formation of well-structured carbon materials 

having higher surface area. Hence, the NCdots/CHIT-1h composite exhibited higher adsorption 

capacity for MO removal due to abundant available active sites  

5.4.7 Reusability test 

The reusability of the adsorbent was tested using NCdots/CHIT-1h (50 mg) composite using 

20 mg/L initial dye concentration for 120 min. The adsorbent was washed using a modified 

method established elsewhere.243 Typically, the MO saturated adsorbent was separated from 

the solution using filtration and was transferred to a solution containing 50 mL of 0.1 M NaOH 

solution. This was followed by shaking at 200 rpm for 6 h. Thereafter the adsorbent was filtered 

and washed several times with ethanol and water before drying at 80 °C for 3 h. These 

desorption steps were followed after each cycle. As shown in figure 5.10, the MO adsorption 

capacity reduced from was 91.2 % to 83.8 % after 3 cycles. The easy recovery, generation and 

reuse of NCdots/CHIT-xh composite make it a potential adsorbent for use in adsorption 

applications.  
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Figure 5.10 Reusability test using NCdots/CHIT-1h adsorbent over 3 cycles at the initial MO 

concentration of 20 mg/L using 50 mg of adsorbent and 100 mL dye. 
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5.5. Conclusion 

Pristine chitosan was hydrothermally carbonized using an autoclave reactor into a NCdots/Ch-

xh hydrochar. Hydrothermal carbonization of chitosan resulted in the formation of well-

structured carbon materials (NCdots and CHIT-xh) with higher surface area and nitrogen 

content. The conversion of pristine chitosan into NCdots/Chit-xh composites occurs through 

deoxygenation and dehydration reaction whereby the neighboring chitosan moieties undergo 

crosslinking. The NCdots/CHIT-1h composite exhibited higher methyl orange adsorption 

reaching up to 370 mg/g adsorption capacity. The adsorption kinetics and isotherms of MO on 

NCdots/CHIT-1h composite were better fit to pseudo-second-order kinetic and related to 

Langmuir isotherm, suggesting monolayer adsorption of dye molecules on the surface of 

adsorbent occurring through electrostatic attraction. The optimum condition for methyl orange 

removal was (pH = 4, [dosage] = 10 mg, [MO] =40 mg/L, and 100 mL dye solution). The 

reusability test was maintained at 83.8 % after three cycles.  

 

Supporting information: Appendix C 
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Chapter 6 

 

N-doped carbon dots decorated on the surface of 

TiO2 for photocatalytic degradation of methyl 

orange from aqueous solution 
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Abstract  

Heterogeneous semiconductor photocatalysis using TiO2 as a catalyst has received considerable 

attention. However, its major limitation in a photocatalytic application is faster recombination 

of photogenerated electron-hole pairs and its utilization of only 5 % (UV region) of the solar 

spectrum. Carbon dots with outstanding optical and electronic properties can be employed in 

improving the photocatalytic activity of TiO2 by reducing recombination, enhancing 

photosensitization, and facilitating electron transfer in the composite matrix. Herein, a 

microwave-assisted method was used for the synthesis of N-doped carbon dots (NCdots) 

derived from chitosan. The NCdots (5 – 30 wt. % loading) were incorporated onto the surface 

of anatase TiO2 and its physicochemical properties were characterized using TEM, FTIR, XRD, 

TGA, Raman, CHNS and PL. The NCdots/TiO2 nanocomposites were used for photocatalytic 

degradation of methyl orange (MO), and they exhibited enhanced photocatalytic degradation 

compared to TiO2 particles. A 10%-NCdot/TiO2 exhibited higher methyl orange degradation 

which was ascribed to due to a synergistic effect between NCdots and TiO2 nanoparticles. The 

degradation of methyl orange was dependent on the initial pH of the solution, with acidic pH 4 

being optimum and reaching a 100 % decolorization within 80 min. At pH 7 and 10 the MO 

decolorization reached 40 % and 20 % after 80 min, respectively. 

6.1 Introduction  

The direct or indirect disposal of waste from textile, pharmaceutical and personal care product 

from industries pose a negative impact on the ecosystem.273 Over the past years, the breaking 

down of organic pollutants from wastewater using heterogeneous photocatalysis has received 

considerable attention.28 TiO2 as a photocatalyst has received huge attention for use in 

wastewater to break down water contaminants such as dyes.274 This is due to its low-cost TiO2, 

low toxicity, good chemical and physical stability, optical and electronic properties 

(photostability), good surface area, tunable properties and suitable bandgap. This allows TiO2 

to have outstanding properties over the classical photocatalysts such as zinc oxides, metal 

sulfides and carbon nitrides.42,71  

Although anatase TiO2 with a bandgap of 3.2 eV has exhibited an outstanding performance 

toward the degradation of a wide range of dyes. Shortcomings such as fast recombination 

generated electron-hole pairs, lower interfacial charge-transfer rates of photogenerated carriers 

limit its potential application. This includes its inability to utilize a wide range of solar energy 

since can only utilize about 3-5 % (UV region) of the incoming solar energy.25,275 These have 
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led to many studies working on the strategies to mitigate TiO2 shortcomings, with a focus on 

enhancing its solar energy utilization, prolonging the recombination of the electron-hole pair, 

and increasing its photocatalytic activity.52 These drawbacks can be mitigated by varying 

synthetic strategies, starting materials, doping of TiO2 with hetero-atoms, and the use of 

supported TiO2 materials.137 For example, non-metal dopants such as C, N, and S can improve 

the photocatalytic activity of TiO2, i.e., N is known to increase the catalyst activity toward 

visible light, changes hardness, refractive index, elastic modulus, and electronic conductivity. 

Carbon as a dopant can narrow bandgap, increase surface area, and introduce new states (C 2p) 

close to VB of TiO2 (O 2p). In addition, operating parameters such as the pH of the dye solution, 

oxidizing agents, catalyst calcination temperature, dopant content, and catalyst loading have all 

been found to be effective in enhancing the photocatalytic degradation processes of dyes in 

wastewater.72       

The addition of a carbon-based co-sorbent has been found to improve the photocatalytic 

efficiency of TiO2. To date, various carbon materials such as carbon nanotubes, graphene and 

other carbon derivatives have been used for stimulating TiO2 sensitivity toward visible light 

capturing, reducing electron-hole recombination, and for narrowing its bandgap.55 Carbon 

nanotubes/TiO2 (CNTs/TiO2) composite has been proven to induce photocatalytic efficiency 

toward MO degradation which was related to higher surface area and good electronic properties 

of CNT that reduces electronic accumulation and decreased electron-hole pairs 

recombinations.273 Multi-walled carbon nanotubes (MWCNTs) were also found to prolong 

photogenerated electron-hole pairs due to delocalized π-structure that facilitates the transfer of 

photoinduced electrons and can perform as an excellent electron acceptor leading to electron-

hole separation on TiO2.
52 In addition, TiO2-coated activated carbon (TiO2/AC) composite has 

also been reported to have a synergistic effect that inhibits recombination of electrons-holes 

pairs and provided active sites for adsorption of MO, resulting in higher photooxidation and 

improved photocatalytic activity.276 Among other carbon materials, the discovery of carbon 

dots (Cdots) as new carbon-based nanomaterials has gained significant attention for use in 

inducing the photocatalytic activity of TiO2.
204 

Carbon dots (Cdots) have demonstrated outstanding properties which led to their exploration 

for use as carbon co-sorbent in TiO2 composites. The conjugated π-structure in Cdots has been 

reported to facilitate adsorption of organic dyes and makes the composite to be more stable with 

efficient charge transfer, leading to improved photocatalytic activity.57,277 In addition, Cdots 

have been confirmed to have multiple photon-absorption which can facilitate the upconversion 
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photoluminescence properties, in which low energy light is converted to high energy light that 

is utilizable by TiO2 particles.278 Studies by Tian and Xuejiao have demonstrated a simple 

method for fabricating carbon quantum dots (CQDs) and various TiO2 morphologies for use in 

photocatalytic degradation of MO and rhodamine B. One of their findings was the up-

conversion of low energy photons by CQD into high energy photons that can be utilized by 

TiO2, resulting in increasing its photocatalytic activity.279,280                    

Herein, a naturally occurring and highly available polysaccharide known as chitosan (Ch) was 

used as both a nitrogen and carbon source for the synthesis of NCdots. NCdots derived from 

chitosan can be useful when incorporated on the surface of TiO2 due to abundant hydroxyl and 

amino groups, fluorescent emissions and conjugated π-structure that can facilitate dye 

adsorption, higher electron transfer, photosensitization and synergetic effect, which will 

enhance photocatalytic activity.55,204 The NCdots were synthesized using a microwave-assisted 

method and then incorporated on the surface of TiO2 using a systematic method established in 

our previous study.125 Therefore, the NCdots/TiO2 composites were used in the photocatalytic 

degradation of MO under visible light illumination. In addition, parameters such as the effect 

of pH, initial dye concentration and catalyst dosage were investigated.  

6.2. Experimental section 

6.2.1 Materials  

Chitosan was used as both a carbon and nitrogen source for the synthesis of N-doped Cdots 

(NCdots). Titanium tetrabutoxide (Ti(oBu)4, 97% Aldrich), deionized H2O (resistivity > 18.2 

MU cm -1), ethanol, (EtOH, 96%, Merck), ammonium hydroxide, (NH4OH, 25%, Fluka from 

Merck), and methyl orange dye was used without further purification. 

6.2.2 Synthesis of NCdots 

NCdots were synthesized using a microwave-assisted method using chitosan (1g) as the starting 

reagent. The chitosan was dispersed in 100 mL of water and sonicated for 30 minutes at room 

temperature. Thereafter, the mixture was transferred equally into four microwave tubes and 

synthesis of NCdots was done using a microwave reactor set at the power of 700 W for 

approximately 15 minutes. The synthesis temperature inside the microwave tubes was between 

180 °C to 190 °C, thereafter it was allowed to cool to ambient conditions. The microwave tubes 

were then filled with a mixture of water/ethanol to disperse the hydrochar mixture. The 

hydrochar mixture was filtered using filtration and the filtrates containing NCdots were 

centrifuged at 18 000 rpm for 20 minutes to further remove the insoluble black particles. This 
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was followed by filtering using a 0.22 μm PDVF membrane. A gel-like NCdots was obtained 

after rotary evaporation at 60 °C and dying in an oven at 80 °C for 7 days, (54 % yield, the 

Cdots % yield was determined concerning to the initial mass of chitosan used in the reaction).  

6.2.3 Synthesis of TiO2 nanoparticles 

TiO2 nanoparticles were synthesized by dissolving 4 mL of Ti(oBu)4 precursor in 100 mL 

ethanol and 0.1 M nitric acid (5 mL) in a round bottom flask placed in an ice bath while stirring. 

This was followed by the addition of 50 mL of H2O (dropwise) under vigorous stirring for 30 

minutes. Thereafter, the solution mixture of ethanol, Ti(oBu)4 and water was refluxed at 80 °C 

for 6 h. To neutralize the solution mixture, 0.1 M of NaOH was added dropwise until a pH 7 

and further refluxed for another 3 h. The obtained sol-gel was allowed to cool naturally, 

followed by washing with a mixture of water and ethanol. Thereafter it was dried at 100 °C for 

6 hours. The obtained white powder was calcined at 500 ℃ in air for 4 h to obtain crystalline 

anatase TiO2 (78 % yield). 

 6.2.4 Synthesis of NCdots/TiO2 composites 

The last step was to incorporate 5, 10, 15, and 30 wt. %-NCdots on the surface of the as-

prepared TiO2 powder. To achieve this, two solutions were prepared in a beaker and round 

bottom flask. In a beaker, a desired amount of NCdots was dispersed in a mixture of 10 mL of 

H2O and 5 mL of ethanol under sonication for 15 min. The round bottom flask contained 100 

mg of TiO2 powder dispersed in a mixture of NH4OH (2.5 mL), H2O (100 mL), ethanol (50 

mL) under sonication. The two mixtures were mixed and refluxed at 80 °C for 4 h. The product 

was washed using water and thereafter dried at 100 °C for 3 h in an oven, 84 % yield. 

6.2.5 Instrumentation 

See chapter 3, section 2.7 for characterization techniques. A Newport model 69911 solar 

simulator was used as a sunlight simulator for photocatalytic experiments.  

6.2.6 Methyl orange degradation  

Typically, the photocatalytic experiments took place in a 250 mL beaker containing either 25 

mg, 50 and 75 mg of the catalyst dosage (NCdots, TiO2 and NCdots/TiO2 composite), dispersed 

in 100 mL of 20 mg/L MO solution, at pH 4, 7 and 10 for 80 min. All MO solutions were 

prepared using a 1000 mg/L stock solution and the pH was adjusted using 0.1 M of NaOH and 

HCl. Before each experiment, the mixture was sonicated for 5 minutes and then stirred in the 

dark for 1 h to homogenize the solution. After 1 h, 2 mL of the solution was taken before 
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illumination with a solar simulator. Thereafter, a solar simulator fitted with a 300 W Xe short 

arc lamp was used as a source of light for illuminating the solution. The aliquots were drawn at 

various time intervals using a plastic disposable syringe fitted with a 0.22 µm PVDF membrane 

filter. A set of standards was used to calibrate the UV-vis spectrometer for the analysis of the 

collected aliquots.  

6.3. Results and discussions 

6.3.1 TEM images  

The TEM image of TiO2 and 10%-NCdots/TiO2 composite is shown in figure 6.1. As shown in 

figure 6.1 (a) the TiO2 particles consist of different shapes and sizes having a particle size range 

between 40 to 220 nm, with an average size of 106 ± 34 nm, see figure 6.1 (c) for particle size 

distribution. The TiO2 particles were heterogeneously distributed (truncated tetragonal 

bipyramid and tetragonal cuboid) with semi-spherical morphologies being dominant.281,282 As 

shown in figure 6.1 (b), the TiO2 particles maintained their shape and size after the incorporation 

of 10% NCdots on the surface. The NCdots (pointed by red arrows) were unevenly distributed 

and agglomerated around the TiO2 particles, see figure S6.1. The TEM image of NCdots 

particles on the surface of TiO2 confirms the formation of NCdots/TiO2 composite. 
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Figure 6.1 TEM images of (a) TiO2, (b) 10%-NCdots/TiO2 composite and (c) particle size 

distribution of TiO2. 

6.2 FTIR spectroscopy 

NCdots derived from chitosan are known to contain various functional groups such as hydroxyl, 

nitrogenated, carbonyl and carboxyl. Herein, the NCdots derived from chitosan were 

incorporated on the surface of anatase TiO2. Figure 6.2 (a) and (b) shows the FTIR spectrum of 

anatase TiO2 and NCdots/TiO2 composites, respectively. The annealed TiO2 had peaks at 3440 

cm-1
, 1650 cm-1 and 1133 cm-1 corresponding to the surface water present within the sample and 

Ti-O-Ti vibrational modes, respectively.283 Upon incorporation of NCdots on the surface of 

TiO2,
 new functional groups were observed at various vibrational frequencies. Interestingly, the 

broad peaks observed from 2978 cm-1 to 3710 cm-1 (and centered at 3340 cm-1) due to OH/NH, 

increased with an increase in NCdots loading. This peak at 3340 cm-1 has also been reported to 

originate from a superposition of the OH symmetric and antisymmetric vibrational modes of 

water molecules that interact with each other and coordinate with Ti4+ cations.283 Typical peaks 

originating from the C-H symmetric and antisymmetric stretching vibrational bands of the CH2 

and CH3 groups were observed at 2855 cm-1
 and 2930 cm-1, respectively. The vibrational modes 

of all NCdots/TiO2 composites were observed at 1665 cm-1, 1625 cm-1, 1495 cm-1, 1412 cm-1, 

1121 cm-1, 1046 cm-1, 1021 cm-1 and 924 cm-1 and were ascribed to C=O, C=C, C-O, C-C, Ti-

O-C and Ti-O-Ti stretching and bending vibrations.137,284 These new vibrational bands 

indicated that NCdots were successfully incorporated on the surface of TiO2. The incorporation 

of the NCdots has introduced functional groups such as amines, carbonyl, carboxyl, and 

hydroxy which can facilitate the adsorption of MO molecules closer to TiO2, resulting in 

enhanced photocatalytic activity. 
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Figure 6.2 (a) FTIR spectra of TiO2 and (b) 5%-NCdots/TiO2, 10%-NCdots/TiO2, 15%-

NCdots/TiO2, 30%-NCdots/TiO2. 

6.3 XRD and Raman spectra 

The TiO2 powder was calcined at 500 ℃ for 4 h and then analyzed using XRD to determine the 

phases within the sample. As shown in figure 6.3 (a) and (b), the diffraction patterns of the 

calcined TiO2 powder consisted of dominant reflections matched to card # 00-001-0562 for 

TiO2 Anatase. The reflections at 2 theta values of 23.4, 39.8, 48.1, 53.9, 55.2, 62.8, 68.8, 70.3, 

75.1 and 82.6 ° can be indexed to the (101), (004), (200), (105), (211), (204), (116), (220), (215) 

and (224) crystal phases of the anatase TiO2, respectively.285 In addition, smaller reflections of 

rutile TiO2 were observed at 2 theta values of 23, 27.4, 39.9 °.49,286 Upon addition of NCdots 

on the surface of the TiO2 minor shifts in the reflections were observed, however, no reflections 

were observed from the Cdots. This is likely due to the highly amorphous nature of the NCdots 

and the strong reflection of anatase TiO2 at 25.4 ° which overlaps with the NCdots.164    
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Figure 6.3 XRD reflections of (a) TiO2, 5%-NCdots/TiO2 and 10%-NCdots/TiO2, and (b) 15%-

NCdots/TiO2 and 30%-NCdots/TiO2. 

The physiochemical properties of the anatase TiO2 were also investigated using Raman 

spectroscopy. As shown in figure 6.4, the Raman shifts at 141, 393, 511, 636 cm-1 are ascribed 

to Eg(1), B1(g), A1g + B1g(2), and Eg(2) modes of the anatase TiO2. Eg(1) and Eg(2) have been reported 

to originate from Ti4+-O vibrational bonds.287 In addition, the Raman peak at 193 cm-1 was 

ascribed to a Ti-O vibrational mode of the rutile phase TiO2 present within the sample.50 

Incorporation of NCdots on the surface of TiO2 did not have any influence on the peak position. 

However, a spectral glide was observed as the NCdots were incorporated on the surface of TiO2. 

At 30 % loading, only a small peak at 141 cm-1 was observed while other peaks disappeared. 

The spectral glide and the disappearance of the peaks can be attributed to fluorescence 

interference originating from NCdots and the instrument laser. The XRD and Raman analysis 

coincides with the TEM images which suggest that incorporation of NCdots does not affect the 

physiochemical structure of anatase TiO2. 
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Figure 6.4 Raman spectra of 5%-NCdots/TiO2, 10%-NCdots/TiO2, 15%-NCdots/TiO2, 30%-

NCdots/TiO2. 

6.4 TGA and DTA thermograms 

The stability of the samples was investigated using TGA analysis. As shown in figure 6.5 (a), 

thermal treatment of anatase TiO2 from room temperature to 900 ℃ using TGA resulted in a 

1.5 % weight change which was attributed to losing moisture, indicating a very stable TiO2 

particle.288 Upon incorporation of NCdots on the surface of TiO2 new decomposition peaks 

were observed. The peak up to 100 ℃ with weight loss of 1 % for 5%-NCdots/TiO2, 10%-

NCdots/TiO2, 15%-NCdots/TiO2 was assigned to the loss of moisture from the Cdots. This peak 

up to 100 ℃ had a 4 % weight loss for 30%-Cdots/TiO2. The decomposition of surface 

functional groups such as hydroxyl, carbonyl, carboxyl, and amines for 5-30%-NCdots/TiO2 

composites was observed from 140 ℃ to 205 ℃ having weight losses of 4, 4.5, 5.5, and 13 % 

respectively. Their corresponding DTA peaks showed a slight increase in decomposition 

temperature as the NCdots loading was increased, for 5%, 10%, 15% and 30%-NCdots/TiO2 

composites with DTA peaks centered at 175, 182, 187 and 202 ℃, respectively. The increase 

in decomposition temperature can be attributed to stronger interactions between NCdots 

functional groups with TiO2 particles. 

Additional weight loss of core functional groups was observed between 235 to 350 ℃ for the 

5-30%-NCdots/TiO2 composites having a 2, 3, 4 and 4.5% weight loss, respectively. All 

composites have a shoulder peak between 350 - 400 ℃ presumed to be from functional groups 

(Ti-O-C and carboxylic groups) that are strongly interacting with TiO2. The corresponding 
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weight losses were 0.5, 1.5, 2 and 4 % for the 5-30%-NCdots/TiO2 composites, respectively. 

The final decomposition temperature of the core carbon was observed between 450 to 570 ℃ 

having a 0.5, 0.8, 1 and 2 % weight loss for 5-30%-NCdots/TiO2 composites, respectively. The 

total mass loss from the functional groups, core carbon and TiO2 structural rearrangement was 

9, 12.5, 14.8 and 29 % for the 5-30%-NCdots/TiO2 composites, respectively. The five 

decomposition peaks due to surface moisture, surface functional groups, core functionalities, 

functionalities interacting with TiO2 and core carbons were centered at approximately 60, 190, 

310, 365 and 512 ℃ as shown in the DTA profile, figure 6.3 (b). 
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Figure 6.5 (a) TGA thermogram and (b) DTA of 5%-NCdots/TiO2, 10%-NCdots/TiO2, 15%-

NCdots/TiO2 and 30%-NCdots/TiO2. 

In addition to the TGA and FTIR data, elemental compositions were probed using CHNS 

analysis. As expected, the amount of nitrogen, carbon and hydrogen increased with an increase 

in NCdots loading on the surface of TiO2. As shown in Table 6.1, the nitrogen content was 1.15, 

1.17, 1.70 and 2.45 % for the 5-30%-Cdots/TiO2 composites, respectively.  

Table 6. 1 CHNS elemental composition of the NCdots/TiO2 composites.  

Composites C H N 

5%-NCdots/TiO2 4.91 0.72 1.15 

10%-NCdots/TiO2 4.85 0.70 1.17 

15%-NCdots/TiO2 10.42 2.11 1.70 

30%-NCdots/TiO2 23.76  3.044  2.45  
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6.5. UV vis analysis 

The optical properties of pristine TiO2 and the NCdots/TiO2 composites were investigated using 

UV-vis. As shown in figure 6.6 (a), the pristine TiO2 and the composites had a broad absorption 

band that extended up to 800 nm. This peak was centered at 425 nm for pristine TiO2. Notable, 

this absorption peak shifted toward a longer wavelength (redshift) and was centered at 460 nm 

when 5, 10 and 15 %-NCdots were loaded on the surface of TiO2. This suggests that the 

presence of NCdots enhanced the visible light absorption of the composites which will, in turn, 

enhance the photocatalytic activity of TiO2. In addition, this could suggest the suppression of 

electrons and holes recombinations, formation of Ti3+ ions and existence of Ti-C-O between 

TiO2 and NCdots of the composites.289,139 However, when the loading was increased to 30 %-

NCdots loading, the peak was centered at 405 nm which can suggest that higher NCdots is 

likely to result in higher sites for electron and holes recombinations.289    

The UV-vis spectrum was further used to determine the bandgap of pristine TiO2 and the 

composites. The bandgap energy (Eg) of the synthesized TiO2 particles was obtained using the 

equation, Eg = 1240/λ eV. Where Eg is the bandgap in electron volt (eV) and λ is the wavelength 

of the absorption edges in nanometer (nm). The Tauc plots are shown in figure 6.6 (a) and the 

calculated band gaps were 3.17, 3.25, 3.34, 3.38, and 3.11 eV for pristine TiO2, 5, 10,15, and 

30%-NCdots/TiO2 composites, respectively. Increasing NCdots loading from 5-15 % loading 

can be attributed to an increase in defect sites.290 The increase in defect sites or functional 

groups will facilitate more adsorption sites for dye molecules and bring them closer to TiO2 

which will result in enhanced photodegradation.  
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Figure 6.6 (a) UV-Vis spectrum and (b) Tauc plots of pristine TiO2, and 5-30%-NCdots/TiO2 

composites. 
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6.6 PL spectroscopy 

The optical properties of the NCdots and the NCdots/TiO2 composites were investigated using 

PL spectroscopy. It has been reported that the emission peak intensity of PL studies is directly 

proportional to electron-hole recombination and inversely proportional to photocatalytic 

efficiency. Since PL records the emitted energy upon recombination of electrons and holes, a 

high-intensity peak implies a high rate of recombination (short of lifespan, low photocatalytic 

efficiency) while low-intensity peaks imply a lower rate of recombination (longer lifespan, high 

photocatalytic efficiency).206  

The PL emission of bare NCdots, TiO2 and NCdots/TiO2 composites was carried at an 

excitation wavelength of 400 nm. The excitation wavelength of 400 nm was selected since the 

bare NCdots showed the highest PL emission. This implies that at 400 nm the NCdots have a 

higher rate of electrons and holes recombination. As shown in figure 6.7, the bare NCdots had 

a maximum PL emission at 485 nm while a bare TiO2 showed multi photon emissions observed 

between 425 nm to 560 nm when an excitation wavelength of 400 nm was used. These several 

emission peaks from TiO2 suggest the existence of heterostructure nature due to the presence 

of anatase and rutile phases of TiO2 which results in the complex PL emissions.278 Upon 

incorporation of the NCdots on the surface of TiO2, no emissions from NCdots were observed 

which suggest that the electrons and holes recombination is suppressed by TiO2. Implying that 

the excited electrons from NCdots do not go to the ground state but are likely to be transferred 

to the TiO2 conduction band.291 This in turn induced the PL emissions of the NCdots/TiO2 

composites due to photoinduced electron transfer from NCdots to TiO2 and will be beneficial 

for enhancing the photocatalytic efficiency of the TiO2.  
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Figure 6.7 PL emissions spectrum of NCdots, anatase TiO2 and 5-30%-NCdots/TiO2 

composites excited at 400 nm.  

6.7 Photocatalytic degradation of methyl orange  

The photodegradation of methyl orange was done by varying parameters such as solution pH, 

initial dye concentration and catalyst dosage. Initially, photodegradation experiments were 

conducted using all the composites to establish the optimum NCdots loading with efficient 

catalytic activity towards MO. The study was conducted using 10 mg catalyst dosage, at pH 4 

and 10 mg/L (100 mL) initial dye concentration for 30 min. As shown in Figure 6.8, the 10%-

Cdots/TiO2 composite showed better methyl orange degradation as compared to other catalysts. 

Within 30 min of photocatalytic experiments, the bare TiO2 and 5, 10, 15 and 30 wt. %-

NCdots/Cdots composites reached removal efficiency of 44 %, 42 %, 50 %, 47 % and 41 %, 

respectively. For further studies, bare TiO2 and 10%-Ncdots/TiO2 nanocomposite were used. 
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Figure 6.8 Photodegradation efficiency of MO using TiO2 and 5-30%-NCdots/TiO2 

composites. Conditions: 5 mg catalyst dosage, at pH 4 and 10 mg/L (100 mL) initial MO 

concentration conducted for 30 min.  

6.7.1 Effect of pH 

The pH is the influencing factor on photocatalytic degradation processes. The initial MO 

solution was prepared from the stock solution and the pH was adjusted using 0.1 M NaOH and 

HCl. The photocatalytic degradation of MO was conducted for 80 min using 25 mg of catalyst 

dosage, 100 mL of 20 mg/L initial dye concentration at pH 4, 7, and 10. The initial pH of the 

dye solution affected UV-vis absorptions of MO, at pH 7 and 10 the MO absorbance occurred 

at its typical wavelength of 464 nm, while at an acidic pH 4 its absorbance was at 508 nm (see 

MO absorption spectra on of figure S6.3).  

The effect of pH on the photodegradation efficiency of MO using 10%-NCdots/TiO2 composite 

and TiO2 particles is shown in Figures 6.9 (a) and (b). As shown in figure 6.9 (a) and (b), at pH 

4 the MO degradation occurred rapidly within the first 20 min when 10%-NCdots/TiO2 

composite was used. The degradation efficiency (%) reached up to 96.5 % and 43 % within the 

first 40 min when 10%-NCdots/TiO2 composite and TiO2 were used, respectively. After 80 

min, no MO absorption band was observed which suggests that a 100 % MO decolorization 

was achieved when 10%-NCdots/TiO2 composite was used, while 87 % MO decolorization was 

reached when TiO2 was used.   

When the pH was 7 and 10, the degradation efficiency (%) was below 40 % and 20 % after 80 

min for of 10%-NCdots/TiO2 composite and TiO2, respectively. The change in the initial pH of 

the dye solution can alter the overall charge of the dye and the catalyst, which can affect the 

rate of adsorption of dye molecules on the catalyst.292 At the acidic pH 4, the surface of the 

composite and TiO2 is positively charged, this allows easy adsorption of anionic MO molecules 

through electrostatic attraction. The adsorption of MO molecules on the surface of the catalyst 

allows for photo-oxidation to take place which induces a photocatalytic degradation process. 

While at the basic media, the surface of the catalysts and MO molecules are negatively charged 

and an electrostatic repulsion is favored, this results in a decrease in degradation efficiency.292,52  

These observations when varying the initial pH of the dye solution can be summarized using 

equations 6.1 and 6.2 below. As it has been previously reported that the photodegradation 

efficiency of most organic compounds increases with decreasing the pH value due to sufficient 

generation of hydroxyl radicals on the surface of aqueous TiO2. However, this is mainly due to 
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electrostatic attraction between the charged MO molecules and the charged surface of TiO2 

nanoparticles.293 With the point of zero charges (PZC) of TiO2 been reported to be at 6.8, and 

the MO dye consisting of negatively and positively charges species, and when the pH is 

decreased its color changes from yellow to light red (and also changes its absorption character, 

figure S6.3). The color change results in a change in MO ionic character, which destabilizes it 

and favors its photodegradation efficiency. As shown in equation 6.1, at pH lower than PZC 

the surface of TiO2 starts to gain protons and it becomes positively charged. In addition, 

according to equation 6.2 at a lower pH value, H2O molecules are absorbed into the TiO2 surface 

and react with a valence band hole to generate a sufficient number of hydroxyl radicals. These 

exhibit higher transfer of photogenerated electrons to the surface of TiO2 and react with 

adsorption oxygen. Thus, at acidic conditions, the photocatalytic efficiency toward MO is 

enhanced due to the higher generation of radicals and stronger electrostatic attraction between 

TiO2 and dye molecules.293,294  

𝑇𝑖𝑂𝐻 + 𝐻+ → 𝑇𝑖𝑂𝐻2
+ … … … … (6.1) 

𝐻2𝑂 +  ℎ𝑣𝑏
+ →• 𝑂𝐻 +  𝐻+ … . … (6.2) 
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Figure 6.9 The effect of pH 4, 7, and 10 on MO degradation. Conditions: 25 mg catalyst dosage, 

100 mL of 20 mg/L MO concentration conducted for 80 min. 

6.7.2 Effect of catalyst dosage 

The effect of dosage was carried out using 25 mg, 50 mg, and 75 mg of 10%-NCdots/TiO2 and 

TiO2 catalysts at pH 4. As shown in figure 6.10, the catalyst dosage influenced the degradation 

rate of MO. At 5 and 20 min, the removal (%) efficiency when using 25 mg (see figure 6.10 

(a)), 50 mg and 75 mg catalyst dosage was 8 % and 74.5 %, 22 % and 87.3 %, 54 % and 88.8 

%, respectively. Hence, increasing the catalyst dosage increased degradation efficiency which 
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can be attributed to the availability of active sites for degradation to occur as the catalyst dosage 

was increased.  
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Figure 6.10 The effect of dosage with 50 and 75 mg on MO degradation. Conditions: 25 mg 

catalyst dosage, 100 mL of 20 mg/L MO concentration conducted for 80 min. 

The 10%-NCdots/TiO2 composite performed better than TiO2, implying that the presence of 

NCdots played a major role in increasing the degradation efficiency of TiO2 under visible light 

irradiation. The NCdots did not show any upconversion characteristics when excited using 400 

nm, while its PL emission was suppressed when incorporated on the surface of TiO2. This 

suggests that the recombination of photogenerated electrons and holes in the excited NCdots is 

suppressed implying that photo-induced electron transferred was exhibited. Hence, NCdots act 

as a photosensitizer of TiO2 and induce the reduction efficiency of TiO2. In addition, the N-

doping can lower the work function of carbon which favored the increased generation of excited 

electrons in NCdots that in turn are injected into TiO2.
55  

6.7.3 Perceived breakdown of MO using 10 wt. %-NCdots/TiO2 composite  

The UV-vis analysis of MO aliquots was recorded from 0 to 80 minutes after exposure to solar 

simulated light, see Figures S6.2 and S6.3 for UV-vis spectra. The UV-vis intensity of MO was 

decreased as the exposure time was increased, and no MO peak was observed after 80 minutes 

of solar exposure when 10 wt %NCdots/TiO2 composite was used. This suggests that the MO 
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was degraded to smaller organics resulting in its decolorization. The orange color of the MO 

solution became colorless due to the change in the chromophore of MO molecules.295   

6.7.4 Proposed mechanism of 10 wt. %-NCdots/TiO2 composite 

The photocatalytic activity of TiO2 is known to be suppressed by the faster recombinations of 

photogenerated electrons and holes. Under UV irradiation, the electrons from the valence band 

get excited to the conduction band, creating holes in the valence band. Due to faster 

recombinations, these charge carries quickly recombine and only a fraction participate in a 

photocatalytic reaction resulting in the poor activity of TiO2.
24 

In our case, illumination of TiO2 with a solar simulator results in the lower generation of 

electrons and holes because TiO2 can only utilize UV radiation which is ≤ 5 % from the light 

source.296 This drawback coupled with faster recombination processes in TiO2 results in low 

photocatalytic activity. However, it was observed that the incorporation of NCdots on the 

surface of TiO2 exhibited higher photocatalytic activity for MO degradation. As shown in figure 

6.11, the NCdots did not show any upconversion character while its PL emission was 

suppressed when incorporated on the surface of TiO2. Hence, it can be depicted that under 

visible light irradiation the NCdots utilize more visible light and enhances the light harvesting, 

charge separation and transfer properties of the composite.297 In addition, the presence of 

NCdots on the surface of TiO2 induces the adsorption of MO molecules closer to the surface of 

TiO2 and photocatalytic reactions take place faster and effectively.137,298 

 



 
 

120 
 

Figure 6.11 Proposed mechanism for photosensitization and degradation of MO using 10%-

NCdots/TiO2 composite. 

6.8. Conclusion 

In conclusion, N-doped carbon dots with abundant functional groups and quasi-spherical in 

shape were synthesized using the microwave-assisted method. The anatase TiO2 particles 

consisting of various morphologies such as cuboid, truncated tetragonal, and semi-spherical 

were obtained via the refluxing at 80 °C. The successful formation of NCdots/TiO2 composites 

was revealed by agglomerated Cdots, abundant functional groups, decomposition curves and 

elemental composition. The anatase TiO2 maintained its pure phase after the incorporation of 

NCdots which were inhomogeneously distributed on the surface. The incorporation of 10 % 

NCdots was found to be an optimum concentration of NCdots on the TiO2, and it exhibited 

higher photocatalytic activity toward methyl orange degradation. The photocatalytic activity of 

the TiO2 and 10%-NCdots/TiO2 composite was influenced by the initial pH of the dye solution 

and catalyst dosage. The higher photocatalytic activity of the 10%-NCdots/Cdots composite 

was attributed to photosensitization (photo-induced electron transfer) and synergetic effect 

between TiO2 by NCdots.  

 

Supporting information: Appendix D 
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Chapter 7 

Conclusions 

This project has demonstrated two ‘‘bottom-up’’ strategic approaches for the synthesis of 

nitrogen-doped carbon dots (NCdots) using three different starting reagents and water as a 

solvent. The synthesis was carried out using an autoclave reactor and a microwave-assisted 

approach using chitosan, glycerol, and urea as carbon and nitrogen sources. The typical 

spherically shaped NCdots with a particle size of ≤ 10 nm were obtained using the above-

mentioned methods and reagents. The obtained NCdots were systematically incorporated on 

the surface of hollow and solid carbon spheres, silica spheres and TiO2 particles. The NCdots 

were well dispersed on ethanol, water and ammonia solution mixture, and they maintained their 

original shape and size after incorporation on the surface of the solid supports. In addition, a 

one-pot hydrothermal method was used for the synthesis of NCdots/chitosan composites.  

The optical properties of the NCdots and NCdots/support composites were investigated using 

PL spectroscopy. All the materials showed a typical excitation wavelength dependency 

(redshift) nature when excited at different wavelengths. It was observed that the incorporation 

of the NCdots on the surface of the supports altered the PL emission properties of the supported 

Cdots. This resulted in the composites emitting at different wavelengths as compared to 

unsupported NCdots. Due to different interactions between NCdots and the supports, the 

intensities of their PL emissions were greatly dependent on the support. Hence, the 

photoluminescent quantum yield (PLQY) varied with the support used, with NCdots supported 

on a silica matrix exhibiting a higher PLQY. Furthermore, under UV illumination at 365 nm 

the bare NCdots and the supported NCdots exhibited glowing emissions giving rise to different 

colors depending on the support. The realization of PL emissions from the solid-state 

NCdots/support composites is promising for potential applications in photonics, optoelectronic 

devices, and photochemistry. 

The NCdots/CHIT-1h and NCdots/TiO2 composites were used for methyl orange removal from 

wastewater via adsorption and photodegradation processes, respectively. These composites 

were robust in the removal of methyl orange, with the NCdots/CHIT-1h composite reaching a 

maximum adsorption capacity of up to 370 mg/g, at pH 4 (40 mg/L;100 mL initial dye 

concentration) via batch adsorption experiments. On the other hand, the NCdots/TiO2 

composite exhibited higher photocatalytic degradation of methyl orange due to a photo-induced 

electron transfer (photosensitization) reaction from NCdots to the TiO2 VB. The synergistic 
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effect of the composite prolonged the electrons and holes recombination. The adsorption and 

photodegradation of methyl orange using NCdots/CHIT-1h and NCdots/TiO2 reached above 96 

% removal efficiency after 40 min, and the catalysts were greatly dependent on the initial pH 

of the dye solution with pH 4 being optimum. Factors such as catalyst dosage and initial dye 

concentration were observed to influence the adsorption and photodegradation efficiency of 

methyl orange. These composites showed potential for use in the adsorption and 

photodegradation of methyl orange. 

Outlook 

This study has shown a systematic approach for the incorporation of NCdots on the surface of 

hollow and solid carbon spheres, silica spheres, and TiO2 particles. The supports were observed 

to influence the optical properties of the NCdots owing to the nature and interaction between 

the support and NCdots. The study further demonstrated the use of NCdots/support composites 

in wastewater treatment via adsorption and photocatalytic means.   

Safety and experimental issues  

(i) When using autoclave reactor and microwave-assisted methods it is important to be 

considerate of the solvent used, to minimize temperature fluctuations, and to have 

well-functioning pressure release valves. Lack of caution on these issues can result 

in explosions and instrument malfunctioning. 

(ii) Temperature and pressure are important factors to consider during the synthesis of 

Cdots using either autoclave or microwave methods. In addition, the purification 

steps that are used to separate Cdots from other residual hydrochar should be 

followed carefully.  

Future perspective 

This research has highlighted some of the Cdots endeavors which can be used shortly. This 

includes but is not limited to (i) facile synthesis of Cdots and the formation of its composites, 

(ii) exploration of fluorescent properties of bare Cdots and its composite materials, including 

solvatochromism and (iii) potential applications of Cdots composite materials in MO removal 

using adsorption and photocatalytic processes.  

However: 

 A fundamental step-by-step investigation to probe the fluorescent/chromophores 
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centers responsible for fluorescent emission in Cdots is still needed.  

 Establishment of a mechanism that leads to different fluorescent emissions when Cdots 

solution and solid-state needs further investigation. 

 Exploration of various porous solid support matrix should be accelerated for the 

potential design, manufacture and commercialization in photonics, optoelectronics, 

sensing devices, and photochemical applications. 

Closing remark: A new fluorescent Cdots/support (solid-state material) composite device based 

on this study is to be investigated for possible commercialization.  
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Chapter 3. Supplementary information 

(Appendix A) 

 

A comparison of fluorescent N-doped carbon dots 

supported on the surface of hollow and solid carbon 

spheres, and solid silica spheres 

 

S3.1. Contents 

S3.1.1 XPS of bare Cdots 

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the presence of 

functional groups and bonding environments within the Cdots structure. Data are similar to 

those reported by others.104,175 With similar functionalities such as C=N/C=O, C-O, C-N, C-

C/C=C. N-H as that from IR (figure S3.2). The chemical composition of the NCdots was found 

to comprise 67.7 atomic % of C1s, 23.9 atomic % of O1s, and 6.1 atomic % of N1s. The nitrogen 

atomic % composition is comparable to that obtained from CHNS elemental analysis which 

was 6.95 % of nitrogen, (table S3.3). This would imply that the N is evenly distributed 

throughout the NCdots structure and not only found on the surface. This can further imply that 

the as-synthesized NCdots constitute multistate sites (from defects or various functional groups 

and NCdots size) which will contribute to their optical properties.  

S3.1.2 Quantum yield calculations  

The relative quantum yield of the NCdots, NCdots/SSs, NCdots/HCSs were calculated by using 

the PL intensities with quinine sulfate (QS) as the reference. The procedure for calculating 

quantum yield followed previous literature reports.143,166 The equation used for calculating 

quantum yield was as follows:  

Qs =  Qr (
Is

Ir
) (

Ar

As
) … … … … … … 𝑆3.1 
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Where Qs the quantum yield of the sample, Is and Ir are the measured intensities of fluorescent 

emissions for sample and the quinine sulphate reference, respectively. The Ar and As are the 

measured absorbance of the reference and sample, respectively. The measured absorbance for 

NCdots, NCdots/SSs, NCdots/HCSs and QS are in table S3.5 and the refractive index was 

assumed to be 1 since the same solvent was used. The percentage quantum yield (% QY) was 

derived from equation S3.2.  

% 𝑄𝑌 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑄𝑌

𝑅𝑒𝑓. 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑄𝑌
× 100 % … … 𝑆3.2 

 

S3.1.3 Supplementary figures 
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Figure S3.1 Particle size distribution of (a) NCdots, (b) SSs, (c) NCdots/SSs, (d) HCSs (e) 

NCdots/HCSs, (f) SCSs and (g) NCdots/SCSs calculated using ImageJ 1.52 v software. 
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Figure S3.2 XPS spectrum of bare (a) NCdots, higher resolution of (b) C1s, (c) N1s and (d) 

O1s, respectively. 

1.4. Tables 

Table S3. 1 Various solid materials used to support NCdots. 

Support Cdots size 

(loading) 

PLQY Application or finding Ref  

Silica ≤ 10 nm (19.2 wt 

%) 

41 % Fabricated on white LED 

prototypes 

156 

MOFs ≤ 10 nm __ Optical bio-imaging 165 

SiO2-PEG 5.5 nm 32 % Drug delivery 119 

TiO2 4.6 nm __ Photocatalytic hydrogen evolution 57 
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MWCNT’s ≤10 nm __ Bacterial removal from water 136 

HCSs 3 nm __ Inkjet printing and sensitized solar 

cells 

166 

Cdots/porous 

carbon 

spheres 

2-3 nm __ Good for energy storage 167 

Starch/g-CDs 

composite 

≤10 nm ~50% Enhanced PLQY 168 

Cdots/Au or 

Ag 

0.6 nm to 8.7 nm __ Findings: Enhanced PL emissions 169 

CD/polymer 

films 

2.6 nm ~34% Strong fluorescence emissions 115 

Polymer-

dots@Carbon 

core shell  

~ 4 nm, polymer 

Cdots 

8.6 % Cu2+ adsorption 158 

SSs ≤ 10 nm (~ 20 %) 35 % Finding: Enhanced PLQY This 

work 

HCSs ≤ 10 nm (~ 20 %) 13 % Finding: Lowered PLQY This 

work 

SCSs ≤ 10 nm (~ 20 %) 7.5 % Finding: Lowered PLQY This 

work 

 

Table S3.2 IR vibrational modes for bare NCdots and 20 % NCdots loaded on SSs, HCSs and 

SCSs. 

Vibrat

ions 

OH/ 

NH  

C-H 

stretc

h 

C-H 

bendi

ng 

COO

H 

C=C N-H 

bendi

ng 

C-C/  

C-O-

C 

Si-O-

Si 

stretc

h 

Si-O-

Si 

bendi

ng 
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NCdot

s 

3305 

cm-1 

2935/ 

2880 

cm-1 

918/85

0 cm-1 

1651/ 

1583 

cm-1 

1408 

cm-1 

1325 

cm-1 

1035 

cm-1 

___ ___ 

SSs ___ ___ ___ ___ ___ ___ ___ 1069 

cm-1 

946/78

2 cm-1 

20%C

dots 

/SSs 

3328 

cm-1 

2943/ 

2879 

cm-1 

950 

cm-1 

1646/ 

1579 

cm-1 

1416 

cm-1 

___ 1050 

cm-1 

1050 

cm-1 

798 

cm-1 

HCSs ___ 2903/ 

2840 

cm-1 

796 

cm-1 

___ 1585 

cm-1 

___ 1065 

cm-1 

___ ___ 

20%N

Cdots/

HCSs 

___ 2903/ 

2840 

cm-1 

796 

cm-1 

___ 1586 

cm-1 

1219 

cm-1 

1039 

cm-1 

___ ___ 

SCSs ___ ___ 1047/ 

887 

cm-1 

___ ___ ___ 1110/ 

1195 

cm-1 

___ ___ 

20%N

Cdots/

SCSs 

___ 2911 

cm-1 

1047/ 

887 

cm-1 

___ 1455 

cm-1 

___ 1195 

cm-1 

___ ___ 

 

 

Table S3.3 CHNS of NCdots and the NCdots/support composites. 

CHN results (%) 

Sample name C H N 

NCdots 45.75 5.52 6.95 

NCdots/SSs 8.26 2.26 0.58 

NCdots/HCSs 52.14 4.35 1.62 

NCdots/SCSs 55.18 6.79 0.62 

 

Table S3.4 PL emissions at an excitation wavelength of 350 nm. 
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Sample/PL emissions  HCSs SCSs SSs 

NCdots (emmision = 424 

nm) 

- - - 

5%NCdots 416 nm 403 nm 417 nm 

10%NCdots 415 nm 403 nm 419 nm 

15%NCdots 415 nm 415 nm 415 nm 

20%NCdots 416 nm 417 nm 420 nm 

 

Table S3.5 Quantum yield calculations 

Sample 

Integrated 

Emission 

Intensity 

Abs@350 nm 

(A) 

% Quantum Yield 

(Q) 

QS ref 1407494 0,1585 0.54 (known) 

NCdots 149696 0,0918 0,1836 

5%NCdots/HCSs 48003 0,1955 0,0277 

10%NCdots/HCSs 96657 0,338 0,0322 

15%NCdots/HCSs 48003 0,1299 0,0416 

20%NCdots/HCSs 114767 0,184 0,0702 

5%NCdots/SCSs 11463 0,1397 0,0832 

10%NCdots/SCSs 13992 0,096 0,2282 

15%NCdots/SCSs 25786 0,1172 0,1819 

20%NCdots/SCSs 33161 0,0918 0,1920 

5%NCdots/SSs 31758,99 0,043 0,0093 
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10%NCdots/SSs 51262,12 0,0253 0,0164 

15%NCdots/SSs 64440,15 0,0399 0,0248 

20%NCdots/SSs 50966,775 0,0299 0,0407 
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Chapter 4: Supplementary information 

(Appendix B) 

 

Encapsulation of carbon dots prepared from glycerol 

and urea inside hollow carbon spheres 

 

S4.1 Contents 

S4.1.1 Supplementary figures. 

 

Figure S4.1 (a) SSs and (b) GCdots and GUCdots extracted from the supernatant matrix. 

 

Figure S4.2 Particle size distribution for (a) HCSs, supernatant (b) GCdots and (c) GUCdots 

calculated using ImageJ. 
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Figure S4.3 Normalized UV-vis spectrum of GCdots@HCSs and GUCdots@HCSs 

composites. 

 

Figure S4.4 PL emission spectrum of GCdots and GCdots@HCSs dispersed in water, acetone, 

and hexane, and λext at (a) 300 nm, (b) 350 nm and (c) 400 nm.  

 

Figure S4.5 PL emission spectrum of GUCdots and GUCdots@HCSs dispersed in water, 

acetone, and hexane, and λext at (a) 300 nm, (b) 350 nm and (c) 400 nm.  

 

4.1.2. Supplementary tables 

*(s) for shoulder peak 

* (h) for hump-like peak 

Table S4.1 Raman parameters of HCSs, GCdots@HCSs, and GUCdots@HCSs. 
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Sample name   IG 

(area) 

ID 

(area) 

ID/IG 

(ratio) 

IG (peak 

position) 

ID (peak 

position) 

IG 

(FWHM) 

ID 

(FWHM) 

HCSs 210302 383411 1.82 1590 1357 86 244 

GCdots@HCSs 100746 288648 2.87 1589 1339 100 296 

GUCdots@HCSs 83422 233094 2.79 1587 1339 96 291 

 

Table S4.2 PL emission peaks of GCdots and GCdots@HCSs dispersed in water, acetone, and 

hexane. PL λext at (a) 300 nm, (b) 350 nm and (c) 400 nm. 

Sample name   λext = 300 nm λext = 350 nm) λext = 400 nm 

GCdots 384 (s) & 412 nm 430 nm 450 

GCdots@HCSs (w) 344 nm 411 nm 436 

GCdots@HCSs (a) 362 & 398 nm 410 nm 438 nm 

GCdots@HCSs (h) 344 nm 415 nm 436 nm 

 

Table S4.3 PL emission peaks of GUCdots and GUCdots@HCSs dispersed in water, acetone, 

and hexane. PL λext at (a) 300 nm, (b) 350 nm and (c) 400 nm. 

Sample name   λext = 300 nm λext = 350 nm) λext = 400 nm 

GUCdots 365 & 395 nm 422 nm 442 nm 

GUCdots@HCSs 

(w) 

344 nm 422 nm 440 nm 

GUCdots@HCSs (a) 362 (h), 412 & 432 

(s) 

416 & 434 nm 416 & 437 nm 

GUCdots@HCSs (h) 344 nm 422 nm 442 nm 
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Chapter 5. Supplementary information 

(Appendix C) 

 

One-pot carbonization of chitosan into N-doped 

carbon-dots/chitosan nanocomposites for the 

adsorption of methyl orange from aqueous solutions 

 

S5.1 Contents  

S5.1.1 Supplementary figures 

 

Figure S5.1 TEM image of NCdots. 
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Figure S5.2 (a) N2 adsorption-desorption isotherm and (b) corresponding pore size distribution 

curves of pristine CHIT and NCdots/CHIT-1h nanocomposite. 

S5.1.2 Supplementary tables 

Table S5.1 Pseudo-first (PFO) kinetic parameters for 10 mg adsorbent. 

Concentration  R2 (linear) K1 qe,exp qe,cal 

10 (mg/L) 0.8896 0.00395 96 22.96 

20 (mg/L) 0.9895 0.00238 183 75.80 

30 (mg/L) 0.8290 0.00103 275 40.80 

40 (mg/L) 0.7642 0.00028 350 117.5 

 

Table S5.2 Pseudo-first (PFO) kinetic parameters for 25 mg adsorbent. 

Concentration  R2 (linear) K1 qe,exp qe,cal 

10 (mg/L) 0.8068 0.0074 38.4 3.56 

20 (mg/L) 0.9555 0.0016 74 25.03 

30 (mg/L) 0.8971 0.0013 112 24.14 

40 (mg/L) 0.8984 0.0005 142 66.40 

 

Table S5.3 Pseudo-first (PFO) kinetic parameters for 50 mg adsorbent. 

Concentration  R2 (linear) K1 qe,exp qe,cal 
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10 (mg/L) 0.5105 0.0021 18.2 1.62 

20 (mg/L) 0.6058 0.0001 34.8 2.45 

30 (mg/L) 0.7868 0.0001 56.2 4.15 

40 (mg/L) 0.6364 0.0001 75.6 8.53 

 

Table S5.4 Pseudo second order kinetic parameters for 10 mg adsorbent.  

Concentration  R2 (linear) K2 qe,exp qe,cal 

10 (mg/L) 0.9999 8,77E-07 96 96.81 

20 (mg/L) 0.9998 1,67E-07 183 184.84 

30 (mg/L) 0.9999 2,89E-08 275 275.48 

40 (mg/L) 0.9967 8,69E-08 350 357.14 

 

Table S5.5 Pseudo second order kinetic parameters for 25 mg adsorbent.  

Concentration  R2 (linear) K2 qe,exp qe,cal 

10 (mg/L) 0.9994 2,3E-05 38.4 38.26 

20 (mg/L) 0.9997 3,46E-06 74 75.08 

30 (mg/L) 0.9996 6,35E-07 112 113.12 

40 (mg/L) 0.9998 1,19E-06 142 144.72 

 

Table S5.6 Pseudo second order kinetic parameters for 50 mg adsorbent.   

Concentration  R2 (linear) K2 qe,exp qe,cal 

10 (mg/L) 0.9492 0,002113 18.2 18.89 

20 (mg/L) 0.9384 0,000275 34.8 37.64 

30 (mg/L) 0.9366 5,61E-05 56.2 66.71 
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40 (mg/L) 0.9256 2,75E-05 75.6 88.89 

 

Table S5.7 Langmuir constants. 

Pristine CHIT  KL RL Qmax, L R2 

10 mg dosage 0.17 0.166 118 0.944 

25 mg dosage 0.13 0.198 98 0.943 

50 mg dosage 0.10 0.205 53 0.954 

 

Table S5.8 Freundlich constants 

Pristine CHIT  n KF [(mg/g)/(L(mg)n] R2 

10 mg dosage 1.80 22.78 0.886 

25 mg dosage 1.63 15.65 0.925 

50 mg dosage 1.45 7.34 0.945 

 

Table S5.9 Elemental composition of pristine CHIT and NCdots/CHIT-1h composite. 

Adsorbent  C H N 

CHIT  40.53 % 8.04 % 7.24 % 

NCdots/CHIT-1h 49.66 % 7.04 % 8.11 % 

 

Table S5.10 BET textural properties of pristine CS and Cdots/CS-1h nanocomposite. 

Adsorbent  SA (m2/g) PD (nm) PV (cm3/g) 

CHIT  0.06 147 0.12 

NCdots/CHIT-1h 8.44 10 0.11 

 

S5.1.1 Supplementary equations 
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Langmuir 

The Langmuir isotherm is based on monolayer adsorption and is best described by the equation 

(S5.1) below.271 

𝑞𝑒 =  
𝑞max × 𝐾𝐿× 𝐶𝑒

1 + 𝐾𝐿 × 𝐶𝑒
          (𝑆5.1) 

and this can be linearized to equation S5.2 below: 

𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿 × 𝑞𝑚𝑎𝑥
+  

1

𝑞𝑚𝑎𝑥
    (𝑆5.2) 

where KL is the Langmuir constant and qmax is the maximum amount of adsorption of the 

complete coverage on the surface, Ce and qe are are the dye concentration at equilibrium (mg/L) 

and adsorption capacity at equilibrium (mg/g), respectively. 

The RL which is a constant separation of the solid-liquid adsorption system was calculated using 

equation S5.3 below. Where Co is the initial adsorbate concentration.299  

𝑅𝐿 =  
1

1 +  𝐾𝐿𝐶𝑂
      (𝑆5.3) 

Freundlich isotherm 

The Freundlich isotherm assumption is based on multilayer coverage of the adsorbent surface 

by adsorbate. The Freundlich model is given by equation (S5.3) below:140  

𝑞𝑒= 𝑘𝑓𝐶𝑒

1
𝑛⁄

        (𝑆5.4) 

And a linear form of the Freundlich model is as following:271 

𝑙𝑜𝑔𝑞𝑒 =  𝑙𝑜𝑔𝐾𝑓 + 
1

𝑛
𝑙𝑜𝑔𝐶𝑒     (𝑆5.5) 

Where Kf (mg/g) is a constant that relates to the adsorption capacity and 1/n is an empirical 

parameter relating to the adsorption intensity, depending on the heterogeneity of the 

adsorbent.272,262 
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Chapter 6. Supplementary information 

(Appendix D) 

 

N-doped carbon dots decorated on the surface of 

TiO2 for photocatalytic degradation of methyl 

orange from aqueous solution. 

 

Contents S6.1 

S6.1.1. Supplementary figures 

 

Figure S6.1 TEM image of 10 wt. %-NCdots/TiO2 composite. 
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Figure S6.2 Absorption spectra of MO degradation at (a) - (b) pH 4, (c) - (d) pH 7, and (e) - (f) 

pH 10 over 10%-NCdots/TiO2 and TiO2 catalysts. Condition: 25 mg catalyst dosage, 100 mL 

of 20 mg/L dye solution, for 80 minutes. 
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Figure S6.3 Absorption spectra of MO degradation at (a) - (b) 50 mg, (c) - (d) 75 mg cataylts 

dosage at pH 4, 25 mg catalyst dosage (10%-NCdots/TiO2 and TiO2), 100 mL of 20 mg/L dye 

solution, for 80 minutes. 
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S6.1.2 Supplementary Equations 

The percentage degradation of MO was calculated using equation (S6.1). Where C0 and Ct are 

initial MO concentration and its concentration at a particular time (t), respectively.278  

% 𝐷𝑒𝑔 =  
𝐶0 −  𝐶𝑡

𝐶0
× 100 % … … … (𝑆6.1) 
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