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PREFACE 

 

In the current era, nanomaterial-based technology has turned 

out to be an inevitable part of life. Reduction of the size of materials 

through confinement in all three dimensions to nanoscale results in 

zero-dimensional nanomaterials which exhibit novel and tunable 

properties. 0-D nanomaterials, considered next-generation materials, 

are generally spherical or quasi-spherical nanoparticles with a diameter 

of less than 100 nm with exciting properties such as high surface-to-

volume ratio, tunable band gap, optical stability, strong and excitation-

dependent photoluminescence and cell permeability. 

 Among various classes of nanomaterials, carbon-based 

nanomaterial synthesis and applications is a hot topic in research 

mainly owing to their low toxicity and unique properties. 0-D carbon 

nanomaterials include mainly graphene quantum dots (GQDs), carbon 

dots (CDs), fullerene, carbon nano onions (CNOs) and nano horns.  

 This Ph.D. dissertation focus on the synthesis of zero-

dimensional nanomaterials – GQDs (graphene quantum dots), NGQDs 

(nitrogen-doped graphene quantum dots), FGQDs (fluorine-rich 

graphene quantum dots) and CNOs (carbon nano onions). The facile 

and cost-effective hydrothermal synthesis of these fascinating 

nanomaterials, their characterisations using various analytical 

techniques are demonstrated. Further their potential applications in the 

field of photocatalysis, fluorescent sensing of metal ions, and 



biological applications including anti-cancer, anti-oxidant and cell 

imaging are explored. 

 The thesis is structured into eight chapters.  

Chapter 1: Chapter 1 provides a brief introduction to the 0-D 

nanomaterials under investigation, their properties, applications and 

finally the specific objectives of the present work. 

Chapter 2: In chapter 2, the chemicals used, and methodologies 

adopted for the synthesis of nanomaterials are discussed in detail. The 

various analytical techniques employed for the characterisation of the 

prepared 0-D nanomaterials and for their applications investigated are 

also provided in the chapter. 

Chapter 3: Chapter 3 presents the exciting future of GQDs and N-

GQDs as green sensitizers in various semiconductor-based catalytic 

systems. Here, GQDs and NGQDs are prepared using the 

hydrothermal method and are successfully loaded onto the TiO2 

semiconductor photocatalyst. The material characterisation is carried 

out by FTIR, XRD and UV-DRS spectroscopy. Employing the 

developed hybrid TiO2/NGQD catalyst, a photocatalytic water-splitting 

reaction is carried out. The NGQD-sensitized TiO2 photocatalyst was 

found to be superior to the bare sol-gel titania catalyst in its 

performance.  

Chapter 4: In chapter 4, the synthesis of small-sized GQDs by 

increasing the hydrothermal reaction time is reported. The prepared 

GQDs are characterised using TEM, FTIR, Raman and PL analysis. 



Anti-cancer, anti-oxidant and cell imaging using the synthesised GQDs 

having excellent water-solubility, small size, and strong and excitation-

dependent fluorescence are also discussed here. 

Chapter 5: In chapter 5, an alternative route for the Hummers method 

for the synthesis of fluorine-rich graphene quantum dots is discussed. 

The nucleophilic substitution with less reductive defluorination in 

fluorographite is investigated and the mechanism for the formation of 

FGQDs from the precursor hydroxy fluorographene is also provided in 

detail. FGQDs as fluorescent turn-off metal sensor is also highlighted.  

Chapter 6: Chapter 6 includes the synthesis of both spherical and 

hollow carbon nano onions (CNOs) from graphene oxide by varying 

the reaction time and temperature. The morphology and 

functionalisation of highly water-soluble CNOs using TEM, SEM, 

FTIR, Raman and PL analysis are also discussed. An investigation of 

highly fluorescent hollow CNOs towards metal sensing and biological 

applications such as anti-cancer and antioxidant activities are also 

discussed. 

Chapter 7: The entire work done for this PhD project is summarised 

in Chapter 7.  

Chapter 8: Chapter 8 provides a note on the future outlook of the 

research carried out. 
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ABSTRACT 

 

 Reduction in the size of materials in all three dimensions to 

nanoscale results in zero-dimensional (0-D) nanomaterials which 

exhibit novel and tunable properties. 0-D carbon nanomaterials include 

many interesting materials such as fullerenes, graphene quantum dots, 

carbon dots, carbon nano onions and nanodiamonds.    

Graphene quantum dots (GQDs) are nanometre-sized 

fragments of graphene which have attracted considerable interest 

recently because of their band gap tunability, strong 

photoluminescence, higher water solubility, better chemical stability, 

low toxicity, excellent biocompatibility. The doping of nitrogen into 

GQDs (NGQDs) gives rise to much more attractive properties, such as 

electrocatalytic activity, photocatalytic activity, broad tunable 

photoluminescence. The exciting future of GQDs and N-GQDs as 

green sensitizers in various titanium dioxide based photocatalytic 

systems are investigated here by means of an important reaction, the 

photocatalytic generation of hydrogen via water splitting. The splitting 

water using solar energy for hydrogen generation have attracted much 

attention because of its cost-effectiveness, simplicity and the massive 

potential for further development.  

In addition, the hydrothermal synthesis, characterisation and 

biological applications of small-sized GQDs including anti-cancer, 

anti-oxidant, cell imaging are also presented here.  The prepared GQDs 

exhibited concentration-dependent cytotoxicity towards MCF-7 cells. 

On the other hand, negligible toxicity was shown towards normal 



breast cells. The unique excitation-dependent emission property of 

GQDs was utilised in cellular labelling. 

Fluorination is an efficient method to modify the properties of 

carbon materials. F doping can intensively modulate the chemical, 

structural, and electronic features of GQDs due to the electronegativity 

difference between carbon and fluorine. The investigations leading to 

the development of fluorine-rich graphene quantum dots (FGQDs) 

from hydroxy fluorographene and its application for fluorescence 

sensing of ferric ions are discussed here.  

Carbon nano onions (CNOs) or multi-layered fullerenes are 

fascinating carbon nano-allotropes consisting of multiple shells of sp
2 

hybridised carbon with spherical or polyhedral shape, possessing high 

surface to volume ratio, thermal stability and electrical conductivity. 

This Ph.D dissertation focus on the facile and cost-effective synthesis 

of spherical and dense CNOs as well as hollow, polyhedral CNOs. The 

biological applications of hollow, polyhedral CNOs are demonstrated 

here - including anti-cancer, anti-oxidant, cell imaging applications.   

  



ഷംഗ്രസം 

 
നാനനാ ഷ്കെമിറിനറക്ക് ത്രിഭാന ഩദാർത്ഥങ്ങളുകെ ഴറിപ്പം 

കുരക്കുന്നത്  പൂജ്യം-ഭാനം (0-D)ഉള്ള നാനനാ കഭറ്റീയിമലുെൾക്ക്‌ 
ൊയണഭാകുന്നു, അത് പുതിമതം െൂൺ കെയ്യാവുന്നതഭാമ ഗുണങ്ങൾ 
പ്രദർവിപ്പിക്കുന്നു. 0-D ൊർഫൺ നാനനാ കഭറ്റീയിമലുെലിൽ ഫുള്ളരീനുെൾ, 
ഗ്രാപീൻ െൃാണ്ടം ന ാട്ടുെൾ, ൊർഫൺ ന ാട്ടുെൾ, ൊർഫൺ നാനനാ 
ഉള്ളി, നാനനാ മഭണ്ട്ഷ് തെങ്ങിമ യഷെയഭാമ നിയഴധി ഴസ്തുക്കൾ 
ഉൾകപ്പടുന്നു. 

ഗ്രാപീൻ െൃാണ്ടം ന ാട്ടുെൾ (GQDs) ഗ്രാപീനികെ നാനനാഭീറ്റർ 
ഴറിപ്പമുള്ള വെറങ്ങലാണ്. അഴയുകെ ഫാൻ ് ഗ്യാപ്പ് െൂണഫിറിറ്റി, 
വക്തഭാമ നപാനടാലൂഭികനകഷൻഷ്,  ജ്റത്തിൽ റമിക്കാനുള്ള ഉമർന്ന 
െളിഴ് , ഭിെച്ച യാഷ സ്ഥിയത, കുരഞ്ഞ ഴിശാംവം, ഭിെച്ച ജജ്ഴ 
അനുനമാജ്യത,  എന്നിഴ ൊയണം അടുത്തികെ ഗ്ണയഭാമ താൽപ്പയയം 
ആെർശിച്ചു. ജനട്രജ്കന GQD-െലിനറക്ക് (NGQDs) ന ാപ്പിംഗ്് 
കെയ്യുന്നത് ഇറനരാൊറ്ററിറ്റിെ് ആക്റ്റിഴിറ്റി, നപാനടാൊറ്ററിറ്റിെ് 
ആക്റ്റിഴിറ്റി, നരാ ് െൂണഫിൾ നപാനടാലൂഭികനകഷൻഷ് എന്നിങ്ങകനയുള്ള 
കൂടുതൽ ആെർശെഭാമ ഗുണങ്ങൾക്ക് ൊയണഭാകുന്നു. ഴിഴിധ ജെറ്റാനിമം 
 നമാെ്ജഷ ് അധിശ്ഠിത നപാനടാൊറ്ററിറ്റിെ് ഷിസ്റ്റങ്ങലികറ ഗ്രീൻ 
കഷൻഷിജറ്റഷറുെലാമി ജ്ിെു ിെളുകെയും എൻ-ജ്ിെു ിെളുകെയും 
ആനഴവെയഭാമ ബാഴി, ജ്റഴിബജ്നത്തിലൂകെ ജസഡ്രജ്കെ 
നപാനടാൊറ്ററിറ്റിെ് ഉൽഩാദനം ഩഠിച്ചുകൊണ്ട് ഈ ഩഠനത്തിൽ 
അനനൃശിക്കകപ്പടുന്നു. ജസഡ്രജ്ൻ ഉൽഩാദനത്തിനാമി ഷൗനയാർജ്ജം 
ഉഩനമാഗ്ിച്ച് ജ്റം ഴിബജ്ിക്കുന്നത്, അതികെ ചുരുങ്ങിമ കെറഴ്, റാലിതയം, 
കൂടുതൽ ഴിെഷനത്തിനുള്ള ഴൻ ഷാധയത എന്നിഴ ൊയണം ഴലകയമധിെം 
ശ്രദ്ധ ആെർശിക്കുന്നുണ്ട്. 

കൂൊകത, കെരിമ ഴറിപ്പത്തിലുള്ള GQD-െളുകെ ജസനഡ്രാകതർഭൽ 
ഷിന്തഷിഷ്, ഷൃബാഴഩഠനം, ആെി ൊൻഷർ , ആെി ഓെ്ഷി െ് 
ഷൃബാഴഗുണങ്ങൾ , കഷൽ ഇനഭജ്ിംഗ്് എന്നിഴയുൾകപ്പകെയുള്ള ജജ്ഴിെ 
ഉഩനമാഗ്ങ്ങൾ എന്നിഴയും ഇഴികെ അഴതയിപ്പിക്കുന്നു. തയ്യാരാക്കിമ GQD-
െൾ MCF-7 എന്ന സ്തനാർബുദ കഷല്ലുെലിനറക്ക് ഗ്ാ ത -ആശ്രിത 
ജഷനറ്റാനൊക്സിഷിറ്റി പ്രദർവിപ്പിച്ചു. ഭറുഴവത്ത്, ഷാധായണ കരസ്റ്റ് 



നൊവങ്ങനലാെ് നിസ്സായഭാമ ഴിശാംവം ൊണിക്കുന്നു. കഷല്ലുറാർ 
നറഫറിംഗ്ിനാമി, GQD-െളുകെ തനതാമ എക്സ്‌ഐറ്റശൻ ആശ്രമിച്ചുള്ള 
എഭിശൻ നപ്രാപ്പർടി ഉഩനമാഗ്ിച്ചിയിക്കുന്നു. 

ൊർഫൺ ഴസ്തുക്കളുകെ ഗുണങ്ങൾ ഩയിഷ്കയിക്കുന്നതിനുള്ള 
ൊയയക്ഷഭഭാമ ഭാർഗ്ഗഭാണ് ഫ്ലൂരിനനശൻ. ൊർഫണം ഫ്ലൂരിനും തമ്മിലുള്ള 
ഇറനരാകനഗ്റ്റിഴിറ്റി ഴയതയാഷം ൊയണം F ന ാപ്പിംഗ്ിന് GQD-െളുകെ 
യാഷ, ഘെനാഩയഭാമ, ഇറനരാണിെ് ഷഴിനവശതെൾ തീവ്രഭാമി 
നഭാഡുനററ്റ് കെയ്യാൻ െളിയും. ജസനഡ്രാക്സി ഫ്ലൂനരാഗ്രാപീനിൽ നിന്നുള്ള 
ഫ്ലൂരിൻ ഷമ്പുഷ്ടഭാമ ഗ്രാപീൻ െൃാണ്ടം ന ാട്ടുെൾ (എഫ്ജ്ിെു ി) 
ഴിെഷിപ്പിക്കുന്നതിനറക്ക് നമിക്കുന്ന അനനൃശണങ്ങളും കപരിെ് 
അനമാണെളുകെ ഫ്ലൂരകഷൻഷ് കഷൻഷിംഗ്ിനായുള്ള അതികെ പ്രനമാഗ്വും 
ഇഴികെ െർച്ചകെയ്യുന്നു. 

ൊർഫൺ നാനനാ ഉള്ളി (CNOs) അകെങ്കിൽ ഭൾടി-നറനമർ ് 
ഫുകള്ളരിനുെൾ ഷ്കപരിക്കൽ അകെങ്കിൽ നഩാലികസഡ്രൽ ആകൃതിമിലുള്ള 
sp2 ജസരിജ സ് ് ൊർഫണികെ ഒന്നിറധിെം കശല്ലുെൾ അെങ്ങുന്ന 
ആെർശെഭാമ ൊർഫൺ നാനനാ-അനറാനട്രാപ്പുെലാണ്. ഉമർന്ന പ്രതറ 
/ഴയാപ്ത അനുഩാതം, താഩ സ്ഥിയത, ജഴദുത ൊറെത എന്നിഴ ഇഴയുകെ 
പ്രനതെതെലാണ്. ഈ ഩിഎച്ച്. ി പ്രഫന്ധം നഗ്ാലാകൃതിമിലുള്ളതം 
ഇെതൂർന്നതഭാമ ഷിഎൻഒെളുകെയും കഩാള്ളമാമ, നഩാലികസഡ്രൽ 
ഷിഎൻഒെളുകെയും റലിതവും കെറഴ് കുരഞ്ഞതഭാമ ഉത്ഩദാനത്തിൽ ശ്രദ്ധ 
നെന്ദ്രീെയിക്കുന്നു. കഩാള്ളമാമ, നഩാലികസഡ്രൽ CNO-െളുകെ ജജ്ഴ 
ഉഩനമാഗ്ങ്ങൾ - ൊൻഷർ ഴിരുദ്ധ, ആെി ഓെ്ഷി െ്, കഷൽ ഇനഭജ്ിംഗ്് 
ആപ്ലിനക്കശനുെൾ ഉൾകപ്പകെ ഇഴികെ ഩഠനഴിനധമഭാക്കിമിയിക്കുന്നു. 
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1.1. Zero-dimensional carbon nanomaterials 

Materials with at least one dimension in nano-scale (1-100 nm) 

are called nanomaterials. In this size regime, size determines the 

material properties. The idea of nanotechnology formally  started with 

the historical talk entitled “There‟s plenty of room at the bottom” by 

Richard P. Feynman [1], who is regarded as the father of 

nanotechnology. According to Siegel, nanomaterials are classified as 

zero-dimensional (0-D), one-dimensional (1-D), two-dimensional (2-

D), and three-dimensional (3-D). 0-D  nanomaterials possess nano-

dimensions in all three directions which include metal nanoparticles 

and quantum dots [2]. In 1-D nanomaterials, the dimensions in two 

directions are within the nanoscale, and nanowires, nanorods, and 

nanotubes can be included in this category. The dimension in only one 

direction is within the nanoscale for 2-D nanomaterials.  Nanofilms 

and nanosheets comes in this category. In 3-D nanomaterials, none of 

the three dimensions comes within nanoscale, however the material 

will be nano-structured [3] . 

Carbon, one of the most abundant elements on the earth, plays 

a vital role in our lives as it is the base element of all organic materials. 

Due to its unique ability to form allotropes, it exists in different 

crystalline forms - diamond, graphite, and many nanocarbon forms like 

fullerenes and carbon nanotubes. It also exists in an amorphous state in 

charcoal, amorphous carbon, soot and glassy carbon. The nature of 

hybridization of carbon in its allotropic form determines its physical 

and chemical properties. Among carbon nanomaterials, graphene 

quantum dots (GQDs), carbon dots (CDs), fullerene, carbon nano 
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onions (CNOs), and nanodiamond are 0-D, while single-walled carbon 

nanotube (SWCNT), multi-walled carbon nanotube (MWCNT), carbon 

nanohorns are 1-D nano forms. On the other hand, graphene is a 2-D 

nanomaterial. 

 

Figure 1.1 Various zero-dimensional carbon nanomaterials. 

1.2. From graphene to graphene quantum dots 

Among carbon nanomaterials, graphene is a zero- band -gap, 

2D sheet of 1-10 layers of sp
2
-hybridised carbons arranged in a 

honeycomb lattice with excellent thermal, mechanical, electrical, and 

optical properties, and also with high specific surface area and high 

carrier mobility [4]–[6]. Historically, R.Wallace was the person who 

first investigated the properties of graphene in 1947 [7], followed by 

Mcclure in 1956 [8], and Semenoff in 1984 [9]. However, the initial 

discoveries on graphene
 
were mostly unnoticed until the Nobel prize 

Zero dimensional 
carbon nanomaterials

Fullerene

Carbon nano onion

Nanodiamond

Graphene quantum dots

Carbon quantum dots
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for Physics in 2010 was awarded to Andre Geim and Kostya 

Novoselov for the ground breaking experiment – the exfoliation of 

graphite using a scotch tape method resulting in graphene [4]. Since 

then, this wonder material has been ruling the field of material 

chemistry with its unique physical and chemical properties. But the 

zero-band gap of graphene limits its application as a semiconductor in 

the field of optoelectronics.  The research to overcome this challenge 

led to the cutting of graphene into nanosized fragments called 

graphene quantum dots (GQDs). 

1.3. Graphene Quantum Dots (GQDs) 

  Graphene quantum dots (GQDs), a new rising carbon 

nanomaterial, are nanometer-sized sp
2 

fragments of graphene with 

exciton confinement and a quantum size effect [10]. The average size 

of GQDs is below 20 nm. The characteristic quantum confinement and 

edge effect offer noble and novel properties to GQDs, such as non-zero 

and tunable band gap, strong photoluminescence (PL), excellent water 

solubility and ease of functionalization [11]–[18]. In addition to this, 

GQDs also possess excellent biocompatibility, lower toxicity, have 

molecular characters which make them easier to handle than colloidal 

semiconductor QDs [10], [19], [20]. Because of these interesting, 

unique properties, GQDs find potential applications in many fields, 

such as bioimaging [21], drug delivery  [22], sensing [23]–[32], 

photodetectors [33], [34],
 
LEDs [27, 28], solar cells [35] and so on. 

The spectroscopic properties of GQDs vary depending on the 

preparation method and edge functional groups [13], [36], [37]. The 
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absorption spectra of GQDs in the UV region show a prominent peak 

at 230-270 nm due to π-π * transition of core graphitic structure, while 

the peak at 320-370 nm belongs to the n-π * transition of functional 

groups. i.e. functional groups on GQDs can host absorption features 

and mark the fluorescence emission [15], [38]. Thus, in general, the PL 

emission of GQDs is determined by its size, edge structure (zig-zag or 

armchair) and surface chemical functionalities. GQDs exhibit emission 

peaks varying from blue to red region of visible light when excited 

with UV radiation. Furthermore, GQDs exhibit excitation-dependent 

PL emission as poly-dispersed GQDs with different energy levels can 

be photo-selected by excitation photon energy. Thus, controlled 

synthesis of GQDs with energetically uniform PL is highly desirable to 

advance its applications.  

GQDs were first fabricated by Ponomarenko et al.[39]. The 

synthesis methods for GQDs can be classified as top-down and 

bottom-up approaches. The top-down methods include cleavage or 

exfoliation of bulk graphene-based material under harsh conditions 

like hydrothermal/solvothermal cutting, microwave-assisted cutting, 

electrochemical cutting and nanolithography [13], [15], [40], [19], 

[39]. Even though top-down methods are of low cost, they require 

harsh conditions, involve multi-steps and lack morphological control. 

In the bottom-up method, GQDs are prepared from polycyclic 

aromatic compounds by pyrolysis or cage opening of fullerenes [41], 

[42]. Precise control of morphology, size and shape are the advantages 

of bottom-up. However, the need for expensive precursors, complex 
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synthesis steps and strong tendency of aggregation of formed GQDs 

are the limitations involved.  

1.4. Nitrogen-doped graphene quantum dots (N-GQDs) 

Chemical modification of GQDs with heteroatom doping is an 

effective way by which one can tune the intrinsic structural properties 

and manipulate the electronic state [43]–[49].
 
Among elemental doped 

GQDs, the nitrogen-doped graphene quantum dots (N-GQDs) have 

received significant attention due to their electronic structure 

manipulation, which enhances their opto-electronic properties, 

electrocatalytic and photocatalytic activities [44, 47, 50–54]. Different 

chemically bonded N atoms (graphitic, pyridinic, pyrrolic) introduce  

new energy levels in NGQDs, altering their HOMO-LUMO structure 

and offering new sites for chemical reactivity [55]. The introduction of 

nitrogen into the defective sites by annealing and hydrothermal 

treatment of GQDs in the presence of nitrogen-containing compounds 

can simultaneously overhaul the graphitic structure. Oxidised carbon 

also can be replaced with nitrogen dopants via electrochemical 

oxidation and reduction in the presence of nitrogen moieties. 

1.5. Titanium dioxide (TiO2) 

Among wide gap semiconductors, TiO2 is regarded as one of 

the most pertinent material capable of harvesting solar energy and 

driving chemical reactions simultaneously because of its high 

efficiency, non-toxicity,  photo- and chemical stability, water 

insolubility under most conditions [56–60].TiO2 exists in the anatase, 
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rutile and brookite phases with a band gap of 3.2, 3.02, and 2.96 eV, 

respectively.  TiO2 is an n-type semiconductor, the valence band (VB) 

is O2p  hybridised with Ti3d, and the conduction band (CB) is Ti3d  and 

Ti4s [61].On irradiation with near- UV light, electrons in the VB are 

excited to CB leaving behind holes in VB. For a good semiconductor 

photocatalyst, the probability for e
-
/h

+
 recombination should be 

reduced, making the e
- 
and h

+ 
available for surface redox reactions.   In 

anatase TiO2, the surface hole trapping dominates due to spatial charge 

separation and is regarded as more active photocatalytic component 

than the rutile form. P25 Degussa is the commercially  available TiO2 

which constitute 80% anatase and 20% rutile phase [62–65]. 

1.6. Titania/graphene quantum dot & titania/N-doped graphene 

quantum dot nanocomposites 

The main drawbacks of TiO2 photocatalyst are the rapid 

recombination of photogenerated electrons & holes and its inability to 

absorb visible light, which is the major portion of sunlight. Hence 

enormous amount of research work in recent years have been devoted 

to improve the photocatalytic activity of TiO2 by modifying it in 

various ways, for example, with noble metal deposition and sensitizing 

with organic dyes  [66–73]. Photocatalysts doped with carbon 

nanomaterials have demonstrated a significant enhancement in the 

photocatalytic activity compared to metal co-doped TiO2, owing to the 

tunability of their properties [74]. GQDs are known to exhibit band 

gap tunability based on their size and are expected to enhance light 

absorption, including UV and visible radiations [75]. The use of GQDs 
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as sensitizers in photocatalysis is an attractive alternate due to their 

non-toxic nature and strong photoabsorption in UV–visible regions 

depending on their size and doping elements [76–78]. Thus, in 

TiO2/GQD nanocomposites, the photocatalytic enhancement is usually 

attributed to electron capture by the carbon material and subsequent 

reduction in the surface recombination rate. Apart from being a sink 

for photoexcited electrons, doping of GQD-based materials can modify 

the band gap, extending the optical absorption of TiO2 to the visible 

region. Thus, GQDs can provide enhanced photocatalytic activity 

making the system better suited for solar energy harvesting [79].
 

Further, N-doping in GQDs creates less interfacial resistance and 

favorable band alignment, which significantly improves the potential 

use of N-doped GQDs as a green sensitizer
 

in TiO2/NGQD 

photocatalytic systems [80–82].  

1.7. Fluorine-rich graphene quantum dots 

Effective chemical functionalization of graphene under mild 

conditions is still a significant challenge. The search for a two-

dimensional graphene-based precursor material with suitable 

properties and which can be easily cut into graphene quantum dots 

leads to fluorographite-derived materials. Fluorination is an efficient 

method to modify the properties of carbon materials, and the high level 

of fluorination of graphite results in graphite fluoride or fluorographite, 

(CF)n [83 –86]. Fluorographite has a graphite-like layered structure 

with fluorine atoms attached alternately above and below the hexagon 

layers
 

of carbon atoms [83]. In partially fluorinated systems, 
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interaction between carbon and fluorine can be rather complex and 

encompasses covalent, semi-ionic, ionic, and van der Waals 

interactions [84]. However, with less extreme conditions, a lower 

fluorine content can be introduced that causes significant alterations to 

the electronic, mechanical, and electrochemical properties without 

disrupting the planar sp
2
-carbon network, and different ratios of 

carbon-to-fluorine in fluorinated graphite can then be obtained by 

employing different preparation conditions.  

Fluorographene (FG), initially thought as a 2D analogue of 

Teflon, turned out as a material with high chemical reactivity owing to 

the strained geometry of F adatoms in the graphene network [85]. It is 

reported that the highly labile F atoms in FG are susceptible to 

reductive defluorination [86] and nucleophilic substitution reactions 

[87]. Thus, fluorographene can be considered a promising precursor 

material for preparing versatile graphene derivatives such as hydroxy 

graphene, cyanographene, graphene acid, alkylated, arylated and 

alkynylated graphene [88–92].  Modification with F has endowed 

graphene with unique electronic [93], [94], magnetic [95, 96],  

electrochemical [97, 98], exotic fluorescence [88, 99] and biological 

properties [100, 101]. There are several recent reports on GQDs doped 

with N, F, S, and P [44-45, 47–49, 102- 103]. F doping can intensively 

modulate the chemical, structural, and electronic features of GQDs due 

to the electronegativity difference between carbon and fluorine. 

Significant changes in PL properties are observed on cutting 

fluorographene to fluorinated graphene quantum dots (FGQDs). Red-
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shifted  PL emission is observed in FGQDs when compared to GQDs 

[104]. FGQDs exhibit strong upconversion PL, excited by visible light, 

unlike GQDs, which use IR light for optimal excitation. Hence, 

FGQDs can be used as suitable energy transfer components in 

photocatalysis [105]. Unlike GQDs, fluorescent graphene fluorooxide 

quantum dots prepared by Gong et al. can resist pH effects without any 

surface passivation [106]. The generation of localised spin magnetic 

moments due to the point defects induced by fluorine atoms in FGQDs 

increases the paramagnetism five times higher than nonfluorinated 

ones and finds its potential as a novel contrasting agent for magnetic 

resonance imaging [107]. 

1.8. Carbon nano onions 

  Carbon nano-onion (CNO) or Onion like Carbon (OLC) can be 

considered as a new member of the carbon nanomaterial family 

consisting of quasi-spherical and polyhedral-shaped concentric 

graphitic shells [108]. CNOs basically consist of multiple shells of sp
2 

hybridised carbon with shapes varying from spherical to polyhedral, 

sometimes with hollow core and size between 5-10 nm with varying 

degrees of carbon ordering within the shell and also the presence of 

non-sp
2
 hybridised carbon. The structure of CNOs is constituted by 

hexagonal and pentagonal rings of carbon atoms with delocalized π-

electrons. The interlayer spacing in CNO is generally 0.335 nm, 

approximately equal to basal planes of graphite [109]. The graphitic 

layers with holes, defects and pentagonal carbon rings lead to the 

appearance of curvature, resulting in amorphous or crystalline quasi-

spherical CNOs [110], [111]. Despite its accidental discovery in 1980, 
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this material was overshadowed by the popular and thoroughly 

investigated carbon nanomaterials such as fullerene (1985), CNT 

(1991), and graphene (2004). CNOs were first observed in 1980 by 

Iijima [112]. Nevertheless, this discovery remained unnoticed until 

1992, when Daniel Ugarte synthesized carbon nano-onions with a 

diameter of around 45 nm by irradiating carbon soot with a high-

energy electron beam [111]. Since then, a variety of methods have 

been reported for the synthesis of CNOs, which include thermal 

annealing of ultra-dispersed nanodiamonds (NDs), [113] arc-discharge, 

[114] pyrolysis, [115] ion implantation, [116] chemical vapour 

deposition [117]  and electron-beam irradiation, [118] laser irradiation 

[119] and ball-milling [120]. Soft chemical methods, including 

solvothermal reduction and hydrothermal treatment with mild 

conditions, are also reported to synthesise CNOs [121]. Depending on 

the synthesis condition and precursor, big or small sized, spherical or 

polyhedral shaped, dense or hollow cored CNOs are obtained [110]. 

CNOs with small sizes and high surface strain displayed high chemical 

reactivity [122]. Due to unique physiochemical properties such as high 

surface-to-volume ratio, wide absorption spectra, high thermal stability 

and electrical conductivity [122–125], CNOs find applications in the 

field of supercapacitors, gas and energy storage, catalysis, hyper 

lubricants, electromagnetic shielding, biological imaging, sensing and 

water treatment [126]–[142]. 

1.9. Photocatalytic water splitting 

Hydrogen is predicted to be good secondary energy resource 

and a valuable product of water splitting [143]. Among the various 

methods utilized for splitting water using solar energy for hydrogen 
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generation, much attention has been focused on photoelectrochemical 

(PEC) or photocatalytic reactions because they are cost-effective, 

simple and convenient and have massive potential for further 

development. In 1972, Honda and Fujishima were the first who 

reported that H2 evolution could be observed on a TiO2 electrode under 

UV-light irradiation in a PEC cell with Pt as a counter electrode [144].  

The principle of PEC hydrogen production was successfully extended 

using heterogeneous photocatalysis by Allen J. Bard [145]. The first 

step in heterogeneous photocatalysis is the interaction of 

semiconductors with light energy equal to or greater than band-gap 

energy, resulting in the generation of electron-hole pairs in the 

dispersed semiconductor particles. For photocatalytic hydrogen 

generation via water splitting, the semiconductor should have a band 

gap larger than 1.23 eV, and in order to suppress the recombination of 

photogenerated electrons and holes, sacrificial reagents such as 

methanol, ethanol and S
2-

/SO3
2- 

are generally used [146].  The whole 

process of photocatalytic water splitting with a semiconductor 

photocatalyst involves the following steps. 

1.  Photon absorption by the photocatalyst and generation of 

electrons and holes with sufficient potential for water splitting. 

2.  Charge separation and migration of charge carriers to surface 

reaction sites of the photocatalyst. 

3.  Hydrogen evolution via the reduction of water by 

photogenerated electrons and the oxidation of sacrificial agents 

by the holes at the surface reaction sites of the photocatalyst.  
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1.10. Fluorescent sensing of metal ions 

 A clean and hygienic source of water is essential for a healthy 

life. But increasing industrialisation and improper waste management 

mainly pollute the water bodies. Water pollution caused by heavy 

metal ions is a serious concern and has to be handled properly.  Metals 

such as  Fe, Na, K, Zn, Cu, Mn, Co, Ni, Mo, and W play crucial roles 

in biological process like osmotic regulation, catalysis, metabolism, 

biomineralization and signalling [147]. Even though metal cations 

have significant role in biological, environmental and chemical 

systems, if their concentration in water bodies exceeds the threshold 

level, will pose serious adverse effect on life and hence has to be 

monitored. Instrumental techniques generally used for metal ion 

detection include atomic absorption spectrometry [148, 149], UV-Vis 

spectrophotometry [150-152], voltammetry [153- 156], and inductively 

coupled plasma - mass spectrometry [157, 158]. Even though these 

techniques are highly sensitive and selective, they require tedious 

sample preparation, also expensive and are inconvenient for real-time 

and onsite detection. On the other hand, optical methods find more 

advantages in the detection of toxic metal ions, mainly because they 

are low cost, simple, fast, efficient, and highly sensitive and selective. 

Commonly used optical methods include fluorescent, 

electrochemiluminescence (ECL), photoluminescence (PL), 

colorimetry, and surface plasmon resonance (SPR) sensing [159]. Our 

studies are focussed on fluorescent sensing which is an easy, 

economical and effective way for detecting metal ions. 

Fluorescent sensing is based on interaction of metal ions with 

the surface functionalised groups on QDs thereby affecting the surface 
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states and consequently the physiochemical properties of fluorophores 

such as fluorescence intensity, life time and charge transfer or energy 

transfer processes, which can be monitored for the quantitative and 

qualitative determination of the metal ions. The major mechanisms 

involved in the fluorescence quenching or enhancement are, 

photoelectron transfer (PET), fluorescence resonance energy transfer 

(FRET), inner filter effect (IFE), static or dynamic quenching, Dexter 

energy transfer (DET), crosslink-enhanced emission (CEE), or 

aggregation-induced emission enhancement (AIEE) [160]. 

 

Figure 1.2 Schematic illustration of different mechanisms involved in 

the quenching and enhancement of fluorescence.                                                                                                                                               
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1.11 Anti-cancer and anti-oxidant properties 

Zero-dimensional carbon nanomaterials find immense potential 

applications in biomedical field. These small sized nanomaterials 

possessing high surface to volume ratio, cell permeability, 

biocompatibility, optical stability. Strong and excitation dependent 

photoluminescence enable them to be suitable for biological 

applications. The biomedical utilities of 0-D carbon nanomaterials 

include drug delivery, bioimaging, cancer therapy, tissue engineering 

and biosensing [161], [162].  

 Cancer is perceived as one of the most lethal diseases, and can 

be the leading cause of death worldwide, according to WHO.  Cancer 

is actually a group of diseases in which the abnormal growth of cells 

happens as a consequence of mutation caused by several factors. Since 

cancer cells have the potential to invade or spread to other parts of 

body, its early detection and diagnosis is essential for the survival of 

the patient. Nanomaterials can play an important role in early cancer 

diagnosis.  

There are over 100 cancer types affecting human population 

and among them, most common are lung, breast, colon, prostrate and 

rectum cancers. Most of the cancers can be almost completely cured if 

diagnosed and treated at the initial stage itself, especially breast cancer. 

Even though the survivors from breast cancer have increased over 

time, even today it remains one of the leading causes of death among 

women. 

MCF-7 (Michigan Cancer Foundation -7) cell line is a human 

breast cancer cell line which is commonly used in breast cancer 

research with estrogen, progesterone and glucocorticoid receptors. It is 
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an epithelial cell line isolated from the breast tissue of a patient with 

metastatic adenocarcinoma [163]. HBL-100 is a normal human breast 

epithelial cell line extracted from the milk secretion of a nursing 

mother [164].  

Most of the cancer cells lack the anti-oxidant enzymes such as 

peroxidase, catalase and superoxidase, which results in an increase in 

concentration of ROS species like H2O2 within the cells resulting in 

oxidative stress. Hydrogen peroxide, in normal case, serve as a 

secondary messenger to control several cellular events. But the 

biologically abnormal cancer cells respond differently to the high 

concentration of H2O2 and is used as a weapon to extract the nutrients 

from the adjacent fibroblast. Therefore, for cancer cells, H2O2 is a fuel 

for their rapid cell proliferation and growth. Thus, a nanomaterial with 

good radical scavenging ability may also exhibit anti- cancer property 

[165]. 

 

Figure 1.3 Schematic representation of multi-target therapeutic 

mechanism of graphene quantum dots (GQDs) [166].  
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1.12. Objectives of the thesis 

The aim and objectives of the present research are 

1.  The synthesis of 0-D carbon nanomaterials – graphene 

quantum dots, nitrogen doped graphene quantum dots, fluorine 

rich graphene quantum dots and carbon nano onions by simple 

and facile hydrothermal methods.  

2.  To characterise the prepared nanomaterials using various 

spectroscopic and microscopic techniques such as TEM, SEM, 

AFM, FTIR, Raman, XPS, and Photoluminescence. 

 3.  To explore the application of the as-synthesised nanomaterials 

in various fields such as photocatalysis and fluorescent turn-off 

sensing for the detection of metal ions.  

4.  To investigate the biological applications such as anti- cancer 

and anti-oxidant properties, and cell imaging, of the 0-D 

dimensional nanomaterials prepared.  
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2.1 Experimental Procedures  

This chapter describes the experimental methods used for the 

preparation of graphene quantum dots, nitrogen-doped graphene 

quantum dots, titania and composites of titania with graphene quantum 

dots, carbon nano onions and fluorine-rich graphene quantum dots. 

The various techniques used for the characterisations of synthesised 

nanomaterial are discussed here. The experimental procedure used for 

the investigation of photocatalytic water splitting, fluorescent sensing 

of metal ions, anti-cancer and radical scavenging properties, and 

fluorescent cell imaging using the prepared zero-dimensional 

nanomaterials are also described in this chapter. The various chemicals 

used for the preparation and application studies are given in Table 2.1  

Table 2.1 List of Chemicals used in the works 

SI 

No. 
Chemicals utilised Manufacturer 

1 Graphite Sigma Aldrich 

2 Fluorographite Sigma 

3 Sulphuric acid Loba Chemie 

4 Potassium permanganate Merck 

5 Sodium nitrate Loba Chemie 

6 Hydrogen peroxide Merck 

7 Ethanol Changshu Hongsheng 

Fine Chemicals 

8 Acetone Loba Chemie 

9 Hydrochloric acid Nice Chemicals 

10 Titanium dioxide Degussa P25 

11 Nitric acid Nice Chemicals 
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SI 

No. 
Chemicals utilised Manufacturer 

12 Titanium isopropoxide Merck 

13 Methanol Merck 

14 Ferric chloride Sigma Aldrich 

15 Ferrous sulphate Merck 

16 Aluminium nitrate, cadmium 

sulphate, zinc acetate, potassium 

chloride  

Nice Chemicals 

18 Manganese chloride, cobalt 

nitrate, calcium chloride, and 

nickel nitrate  

Loba Chemie 

19 Lead nitrate  Sd Fine Chemicals 

20 Mercuric chloride Fischer Scientific 

21 Magnesium sulphate, sodium 

chloride 

Merck 

32 Silver nitrate SRL Pvt Ltd 

33  MCF-7 & HBL-100 cell lines National Center for Cell 

Sciences (NCCS), Pune 

34 3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide 

(MTT) 

Sigma Aldrich 

35 Dulbecco‟s modified eagles‟ 

medium (DMEM) 

Sigma Aldrich 

36 Foetal bovine serum Sigma Aldrich 

 

 2.2. Experimental section 

2.2.1 Preparation of Graphene oxide 

Graphene oxide was used as the precursor in the preparation of 

GQDs and CNOs. Modified Hummer‟s method was used to prepare 

graphite oxide from graphite [1]. In this method, 2 g of graphite flakes 
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and 1 g of sodium nitrate were thoroughly mixed and slowly added 

into 96 ml of conc. sulphuric acid taken in a 500 ml beaker, which was 

kept in an ice bath with continuous stirring. 6 g of KMnO4 was added 

to this mixture, keeping the temperature of the ice bath below 20 °C.  

Removing the ice bath, the mixture was stirred for another 18 h at 

room temperature, followed by a very slow addition of 150 ml of 

distilled water, maintaining the temperature below 50 °C. The mixture 

was further diluted with 240 ml water, followed by adding 5 ml of 

30% H2O2 and stirring was continued for another 2 h, followed by 

filtration and washing with 10% HCl, distilled water and acetone and 

then dried at 60 °C to obtain graphite oxide. The ultrasonication (6.5 L 

bath sonicator 200 W) of graphite oxide in water for 30 min produced 

a stable graphene oxide dispersion. 

2.2.2. Preparation of Graphene quantum dots 

 2.2.2.1. Preparation of GQDs of sizes (10-20 nm) used in 

photocatalytic water splitting studies 

Graphene oxide was used as the precursor for the synthesis of 

graphene quantum dots via hydrothermal method. Graphite oxide was 

prepared from graphite by Modified Hummer‟s method as per the 

procedure detailed in 2.2.1.  

0.2 g of as prepared graphite oxide was dissolved in 200 ml of 

distilled water and sonicated for 30 min (6.5 L bath sonicator 200 W) 

to obtain graphene oxide dispersion. Graphene quantum dots were 

prepared hydrothermally by treating 200 ml of graphene oxide with 20 
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ml of 30% hydrogen peroxide in a Teflon lined stainless steel 

autoclave kept in an oven at 180 °C for 1 h. The obtained stable 

aqueous dispersion of graphene quantum dots were stored at 4 °C for 

further use.  

2.2.2.2. Preparation of GQDs of sizes (1-3 nm) used in biological 

studies 

The synthesis of small sized (1- 3 nm) graphene quantum dots 

were achieved by increasing the reaction time of hydrothermal 

treatment. 

Briefly, Graphite oxide was prepared from graphite powder 

using Modified Hummer‟s method as described in 2.2.1. The 

ultrasonication (6.5 L bath sonicator 200 W) of 0.2 g of as-synthesised 

graphite oxide in 200 ml of distilled water for 30 min resulted in 

graphene oxide dispersion. The hydrothermal treatment of obtained 

200 ml of graphene oxide dispersion with 20 ml of 30% H2O2 was 

performed in a Teflon-lined stainless-steel autoclave, kept in an oven 

at 180 °C for 1.5 h. The obtained small sized GQDs were centrifuged 

at 10000 rpm for 20 min and stored at 4 °C for further use. 

2.2.3. Preparation of nitrogen-doped graphene quantum dots  

(NGQDs) 

Facile hydrothermal method was used for the preparation of 

nitrogen doped graphene quantum dots (NGQDs). Modified Hummer‟s 

method, detailed in 2.2.1, was used for the preparation of graphite 
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oxide. From the prepared graphite oxide 0.6 g was dispersed in 600 ml 

of distilled water by ultrasonication for 30 min to obtain graphene 

oxide. N-GQD was prepared by the hydrothermal treatment of 600 ml 

graphene oxide dispersion with 60 ml of 30% hydrogen peroxide and 

120 ml of ammonia, in a Teflon lined stainless steel autoclave kept in 

an oven at 180 °C for 12 h. The solution and solid part were separated. 

The solution containing N-GQDs was used for further studies.  

In another method, mono-dispersed N-GQDs were synthesised from 

the oxidised debris attached to graphene oxide. In this method, N-

GQDs were prepared via hydrothermal method of treating 600 ml of 

graphene oxide dispersion with 120 ml of ammonia, taken in a Teflon 

lined stainless steel autoclave and kept in an oven at 180 ºC for 12 h. 

In the absence of hydrogen peroxide, during the hydrothermal 

treatment of graphene oxide in alkaline medium, the oxidised debris 

attached to graphene oxide was converted to crystalline small-sized N-

GQDs. [2]  

2.2.4. Preparation of titania  

The sol-gel method was employed for the preparation of TiO2. 

To a solution of 234.8 ml water and 2.2 ml nitric acid, 19.4 ml of 

titanium isopropoxide was added. The resulting mixture was stirred at 

around 1490 rpm for 24 h with a mechanical stirrer to obtain the sol 

and dried at 80 °C to obtain the gel. The obtained gel of titania was 

then calcined at 250 °C. 
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2.2.4.1 Preparation of TiO2/GQD and TiO2/N-GQD 

nanocomposites 

To prepare these nanocomposites, a similar procedure was 

adapted. In a typical procedure, 19.4 ml of titanium isopropoxide was 

added to 234.8 ml water and 2.2 ml nitric acid solution, stirred at 1490 

rpm for 24 h. To the obtained sol, a 10 ml of GQD/N-GQD solution 

was added, which was dried at 80 °C, and the obtained gel of 

TiO2/GQD or TiO2/N-GQD nanocomposite was calcined at 250 °C. 

2.2.4.2 Preparation of P25 TiO2/NGQD nanocomposites 

The nanocomposites of P25 TiO2/NGQD were synthesised by 

adding 10 ml of NGQDs, prepared from the oxidised debris attached to 

graphene oxide to 0.1 g commercial Degussa P25 TiO2. Then, the 

reaction mixture was ultrasonicated for 2 h (6.5 L bath sonicator 200 

W), dried and calcined at 250 °C.  

2.2.5. Preparation of CNOs 

Graphite oxide was prepared from graphite flake using the 

modified Hummer‟s method as detailed in 2.2.1. 

 0.6 g of obtained graphite oxide was dispersed in 600 ml 

distilled water, ultrasonicated for 2 h to obtain graphene oxide 

dispersion (GO). The as-prepared graphene oxide was hydrothermally 

treated with 30% hydrogen peroxide in two different reaction 

conditions.  
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In one method, the hydrothermal treatment of 500 ml of 

prepared graphene oxide dispersion with 30 ml of 30% hydrogen 

peroxide was carried out in a stainless-steel autoclave, kept in an oven 

at a temperature of 180 °C for 1 h. This resulted in a clear dispersion of 

spherical dense core CNOs and was stored at 4 °C. 

 In another procedure, 100 ml of prepared graphene oxide 

dispersion was hydrothermally treated with 10 ml of 30% hydrogen 

peroxide in a Teflon- lined stainless-steel autoclave, kept in an oven at 

180 °C for just 30 min. The resulting clear solution of faceted hollow 

core CNOs was centrifuged at 10000 rpm for 20 min and stored at 4 °C 

for further studies. 

2.2.6. Preparation of FGQDs 

To 100 mg of fluorographite, 10 ml of sodium hydroxide 

solution (10 g NaOH dissolved in 90:10 ethanol-water mixture) was 

added, and the reaction mixture was refluxed at 100 °C for 24 h. The 

resulting black-coloured dispersion was centrifuged and washed with 

distilled water and ethanol. The material was finally dried in an oven at 

60 °C. From the obtained product,10 mg was re-dispersed in 100 ml 

distilled water by ultrasonication for 3 h (1.5 L bath sonicator 100 W), 

resulted in hydroxy fluorographene (HFG) dispersion.  

For the synthesis of fluorine rich graphene quantum dots 

(FGQDs), 80 ml of HFG dispersion was hydrothermally treated with 8 

ml of 30% hydrogen peroxide in a 100 ml Teflon-lined stainless-steel 

autoclave and kept in an oven at 180 °C for 1 h. The obtained FGQDs 
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were then centrifuged at 10000 rpm for 15 min and stored at 4 °C for 

further use.  

2.3. Hydrogen production by photocatalytic water splitting 

The photocatalytic water splitting experiments were carried out 

in a fabricated 316 stainless steel photoreactor with a sapphire window 

and a septum. The hydrogen production was evaluated using a gas 

chromatograph (GC-2010 Plus Shimadzu) equipped with a 5A 

molecular sieve column, using argon as career gas and a TCD detector.   

In a typical photocatalytic hydrogen production experiment, 20 mg of 

the photocatalyst was suspended in 50 ml of water containing 10 ml 

methanol as the sacrificial agent, taken in the photoreactor and kept 

under continuous magnetic stirring. The visible light from a 450 W 

high-pressure mercury lamp (placed 5 cm away from the photoreactor) 

was used to illuminate the chamber through the sapphire window.  

Degassing was made before irradiation by passing nitrogen gas into the 

reaction mixture before sealing. The experiment was performed for a 

total of 5 h period. At every 1 h interval, 1 ml of gaseous product 

formed within the photoreactor was taken out through the septum and 

injected into a gas chromatograph, thus, monitoring the amount of 

produced hydrogen. 

2.4. Fluorescent sensing of metal ions 

2.4.1. Detection of Fe
2+

 ions 

 Standard solutions of different metal ions (ferric chloride 

hexahydrate, ferrous sulphate, sodium hydroxide, manganese chloride, 
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cobalt nitrate, calcium chloride, nickel nitrate, aluminium nitrate, 

cadmium sulphate, zinc acetate, potassium chloride, lead nitrate, 

mercuric chloride, magnesium sulphate, sodium chloride, silver 

nitrate.) were prepared, and the fluorescent sensing of metal ions by 

CNOs was performed at room temperature.  To evaluate the 

selectivity, 200 µL of CNO solution was added to 2 mL of double 

distilled water taken in the cuvette. To this, 20 µL of prepared metal 

ion solution was added and incubated for 1 min, and each time, the 

corresponding PL spectrum was recorded at 330 nm excitation 

wavelength using FL 6500 Perkin Elmer fluorescence 

spectrofluorometer. To evaluate the sensitivity of CNO towards Fe
2+

, 

different concentrations of Fe
2+ 

were added to the aqueous solution of 

CNO, incubated and recorded the PL spectrum.  

2.4.2. Detection of Fe
3+ 

ions 

In a typical assay, 200 µL of FGQDs dispersion was added to 2 

mL of double distilled water in a cuvette. The fluorescence spectrum 

was recorded at room temperature at an excitation wavelength of 335 

nm. The selectivity of FGQDs was confirmed by adding 20 µL of 0.01 

M standard solutions of different metal ions (ferric chloride 

hexahydrate, ferrous sulphate, sodium hydroxide, manganese chloride, 

cobalt nitrate, calcium chloride, nickel nitrate, aluminium nitrate, 

cadmium sulphate, zinc acetate, potassium chloride, lead nitrate, 

mercuric chloride, magnesium sulphate, sodium chloride, silver 

nitrate) into the sensor system. After every 2 min of incubation, the PL 

spectrum was recorded in each case. For the sensitivity studies, ferric 
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ions of varying concentrations ranging from 0 to 90 µM were added to 

the system. The fluorescence intensity changes were consequently 

measured at 335 nm excitation wavelength. 

2.5. Biological applications 

2.5.1. Cell culture 

 The cancer cells were maintained in Dulbecco‟s modified 

eagles‟ medium (DMEM) supplemented with 2 mM l-glutamine and 

balanced salt solution (BSS). The BSS was altered to contain 1.5 g/L 

Na2CO3, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 2 

mM l-glutamine, 1.5 g/L glucose, 10 mM (4-(2-hydroxyethyl)-1-

piperazineethane sulfonic acid) (HEPES), and 10% foetal bovine 

serum in order to maintain the cancer cells. Streptomycin and 

penicillin (100 IU/100 g) were changed to 1 mL/L. The cells were kept 

in a humidified CO2 incubator at 37 ℃ with 5%  CO2.  

2.5.2. Evaluation of cytotoxicity (MTT Assay) 

Through the use of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay, the inhibitory concentration (IC50) 

value was calculated. In a 96-well plate with 100 µL of Dulbecco's 

modified eagles‟ medium, cancer cells were cultured for 48 h to reach 

75% confluence (1x10
4
 cells/well). The medium was changed, and the 

cells were given 48 h of incubation in fresh medium of serially diluted 

as-synthesized GQDs/CNOs. Following the removal of the culture 

media, 100 µL of the MTT solution (3-(4,5-dimethylthiozol-2-yl)-3,5-

diphenyltetrazolium bromide) was added to each well before being 
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incubated for 4 hours at 37 °C. After the removal of supernatant 50 µL 

of DMSO was added to each well, which was then incubated for 10 

min to solubilize the formazan crystals before the absorbance 

measurements were taken. The percentage of viability of cells were 

calculated from the optical density (OD) values using the following 

formula. 

               
                               

                                 
     

2.5.3. Morphological analysis 

MCF-7 cells grown in DMEM media were exposed to 

GQDs/CNOs at their IC25, IC50, and IC75 concentrations for 48 h 

before being fixed in a 3:1 combination of methanol and acetic acid. 

Inverted phase contrast microscopy was used to examine the cell 

morphology after the precipitated cells had been washed three times 

with PBS. To examine the nuclear morphology, cells washed with PBS 

were then stained with 1 mg/mL DAPI (4, 6-diamidino-2-

phenylindole, dihydrochloride) for 20 min in the dark. Images of the 

stained objects were captured using a fluorescence microscope. 

 2.5.4 In vitro antioxidant assays 

Using the DPPH radical (1,1-diphenyl-2-picryl hydrazyl 

radicals), hydroxyl radicals, and hydrogen peroxide, the in vitro 

antioxidant experiments can be conducted to assess the free radical 

scavenging capacity [3]–[5]. 
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2.5.4.1. Hydrogen peroxide scavenging assay 

By using the technique described by Shimada et al. [6], using a 

hydrogen peroxide solution, the hydrogen peroxide scavenging activity 

of GQDs at concentrations of 10–50 g/mL was calculated. In 

phosphate buffer, a solution of hydrogen peroxide (2 mmol/L) was 

created (pH 7.4). The hydrogen peroxide solution received the GQDs 

(10, 20, 3, 40, and 50 µg/mL) as an addition (0.6 mL). The blank was 

made up of phosphate buffer (3.3 mL) and GQDs. After 10 min, the 

hydrogen peroxide absorbance at 230 nm was measured in comparison 

to a blank solution made of phosphate buffer without hydrogen 

peroxide. 

2.5.5. Cell incubation and Bio-imaging 

DMEM supplemented with FBS (10%), antibiotic-antimycotic 

(1%), L-glutamine (2 mM), and non-essential amino acids (1%), in 5% 

CO2 at 37 ºC, was used to sustain the cells. Cells were planted in 96-

well plates at an initial cell density of 1x10
4
 cells per mL prior to 

measurements. The mixture of a polybrene solution (8 mg mL
-1

, 0.1 

mL) and a concentrated aqueous GQDs solution (10x, 3.6 mg/mL-1, 

0.9 mL) was then equilibrated at 37 ºC for 30 min. Each well received 

an aliquot (100 µL) of the GQDs and polybrene combination, which 

was then incubated for 24 h. The Trypan Blue exclusion method and 

the Alamar Blue method were then used to calculate the number of 

cells and viability of the cells in each well, respectively. Before being 

employed for bright field and PL imaging measurements with a 
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fluorescent microscope (Nikon Eclipse, Inc., Japan) at 40X 

magnification, the precipitated cells were washed three times with 

PBS. The excitation wavelengths were set in the ranges of 510-590 

nm, 460-480 nm, and 360-380 nm due to the limitations of the 

microscopic system. 

2.6. Characterisation techniques 

The prepared zero-dimensional nanomaterials are characterised 

using various techniques such as Transmission electron microscopy 

(TEM), Scanning electron microscopy (SEM), Fourier Transform 

Infrared (FTIR) spectroscopy, Raman spectroscopy, X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), Photoluminescence 

spectroscopy (PL), UV-Vis diffused reflectance spectroscopy (DRS), 

Zeta potential and Fluorescence decay (Lifetime measurement) 

analysis. A brief description on these analytical techniques is 

summarised in this section.  

2.6.1. Transmission Electron microscopy (TEM) 

TEM is an electron microscopic technique for determining the 

morphology, particle size and shape of the nanomaterials. In a TEM 

instrument, an accelerated high-energy electron beam passes through 

the ultra-thin sample and due to interaction with the atoms in the 

specimen, the electron beam may get transmitted or scattered. The 

transmitted beam of electrons is focussed and hits on the fluorescent 

screen to produce the image. The scattered beam of electrons from the 

same direction gives the selected area diffraction pattern, which 
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provide information on crystalline/amorphous nature of the sample [7], 

[8]. The TEM images of the prepared zero-dimensional nanomaterials 

(GQDs, N-GQDs, CNOs, FGQDs) were obtained from JEOL/JEM 

2100 TEM by drop casting an aqueous solution of the sample on the 

carbon-coated copper grid and mounting it on the sample probe.  

2.6.2. Scanning electron microscopy (SEM) 

SEM provides topographical and elemental information about 

the material with a large depth of field by scanning the specimen 

surface with a focussed beam of electrons in a raster pattern. The 

electron beam interaction across the sample surface generates 

secondary electrons, backscattered electrons and characteristic X-rays, 

which are collected by the detectors to form the images. The secondary 

signal originating from the sample surface provides the topographical 

information, while the imaging of backscattered electrons originating 

from the bulk provides spatial distribution of elements [9], [10]. SEM 

images of the samples prepared were obtained on a ZEISS Gemini 

SEM 300 with EDAX model Octane Plus instrument. 

2.6.3. FTIR (Fourier Transform Infra-Red) Spectroscopy 

FTIR spectroscopy is a powerful analytical tool concerned with 

the vibration of the molecule and is used for the chemical identification 

of the material. When IR radiation passes through the sample, certain 

specific frequency radiation is absorbed, and rest is transmitted. The 

interaction of IR radiation causes a change in the dipole moment of the 

molecule corresponding to the vibrational energy [11].  
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In this investigation, the surface oxygen group functionalisation 

in GQDs and CNOs, the presence of covalent and semi-ionic C-F 

bonds in FGQDs, N-doping in N-GQDs and also the formation of 

TiO2/N-GQDs are confirmed by FTIR analysis. FTIR measurements 

were carried out using a Perkin Elmer Spectrum two L1600300 Fourier 

Transformation Infra-Red (FTIR) spectrophotometer in the range 4000 

cm
-1

 to 400 cm
-1

.  

2.6.4. Raman spectroscopy 

Raman spectroscopy is a non-destructive, vibrational 

spectroscopic technique that relies on light's inelastic scattering. When 

the sample is irradiated with a laser beam, scattering occurs, and most 

of the scattered light has the same frequency (Rayleigh scattering), 

while some photons are scattered with a frequency higher (Stokes line) 

or lower (anti-Stokes) than incident photons because of the absorption 

by the vibrating molecules. The energy absorbed will be equivalent to 

the vibrational energies of the molecules present in the sample and the 

technique is called Raman spectroscopy [12]. Information regarding 

the material's molecular structure and surface characteristics are 

obtained from Raman spectroscopy. In this work, the surface defects in 

the prepared zero-dimensional nanomaterials are confirmed by Raman 

spectroscopy which was recorded using WITec alpha control 300RA 

with a 532 nm Argon laser.  

2.6.5. X-ray diffraction (XRD) 

XRD is a powerful technique for the qualitative and 

quantitative determination of crystalline material. XRD analyses reveal 
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crystal size, crystal purity, crystal structure and phase identification 

information. In this work, Rigaku MiniFlex 600 diffractometer with 2θ 

from 0 to 90° and CuKα of λ = 0.154 nm as a radiation source was 

used for the XRD analyses of TiO2/NGQD and P25TiO2/NGQD 

nanocomposite.  

X-ray diffraction is based on the constructive interference of 

monochromatic X-rays and the atomic planes of the crystal, which is 

obtained from Bragg‟s equation, nλ=2dsinθ where λ is the wavelength 

of X-ray used, n is the order, d is the atomic plane spacing, and θ is the 

diffraction angle [13]. 

2.6.6. X-ray photoelectron spectroscopy (XPS) 

XPS, or electron spectroscopy for chemical analysis, is a 

surface-sensitive technique used to measure the elemental composition 

and its chemical state by measuring the binding energy. X-ray 

photoelectron spectra are recorded using (Kratos Analytical) 

monochromated Al-Kα (1486.6 eV) radiations (15 kV; 250 W, 

λ=1.5418).  

XPS is based on the photoelectric effect. When a sample is 

irradiated with a beam of x-rays, electrons are ejected, and the kinetic 

energies of these ejected electrons are measured, from which the 

binding energy of the core electron can be calculated using EB.E= 

Ephoton - (Ek.E + υ). From the binding energy and peak intensity, 

identification and quantification of surface elements are possible [14] .  
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2.6.7. Ultraviolet-Visible absorption spectroscopy. 

UV -Visible spectroscopy is an absorption analytical technique 

used to determine the optical properties of materials. In UV-Visible 

spectroscopy, when a sample is irradiated with UV-Visible light (200-

800 nm), absorption occurs if the incident light energy is equal to the 

energy difference between the ground and excited electronic energy 

states of the molecule. The absorption of UV-Visible light by 

molecules containing π and non-bonding electrons results in the 

excitation of electrons to higher anti-bonding orbitals, while in 

semiconductor materials, the electronic transition occurs from the 

valence band to the conduction band. The UV-Vis DRS spectra 

provide both an indication of absorption of UV-Vis light by 

semiconductor and a method for evaluating the band gap energy using 

the Kubelka-Munk plot [15]. The UV-Visible DRS measurement of 

prepared titania-based photocatalysts was carried out using a Varian, 

Cary 5000 instrument with a spectral range of 175 – 3300 nm. 

2.6.8. Fluorescence spectroscopy  

Fluorescence or photoluminescence spectroscopy is a light 

emission spectroscopic technique which analyses the fluorescence 

properties exhibited by a fluorescent material. In this work, the 

quantum dots and CNOs investigated exhibited strong fluorescence.  

Their fluorescent properties are thoroughly analysed using FL 6500 

Perkin Elmer fluorescence spectrofluorometer. 

The basic principle of fluorescence spectroscopy is the 

processes called photo-excitation and subsequent emission. When a 

monochromatic light source is directed through a sample, the photons 
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cause the excitation of the molecule to a singlet excited state. When the 

excited molecule returns to its ground state, it emits photons of lower 

energy, (in the form of visible light) than the absorbed photon, 

resulting in fluorescence [16]. 

2.6.9. Lifetime (Fluorescence decay) measurement 

Lifetime measurement is a decisive method to distinguish 

between static and dynamic fluorescence quenching. The fluorescence 

lifetime of FGQDs was monitored using a Horiba Fluorolog 

fluorescence spectrometer with TCSPC at an excitation wavelength of 

330 nm.  

Fluorescence lifetime is the average time a fluorophore stays in 

an excited state before returning to the ground state via photon 

emission. Fluorescence lifetime is an intrinsic property of a 

fluorophore and typically ranges from 10
-9

 to 10
-7 

s. Both radiative and 

non-radiative transitions are included in the decaying process. Hence 

lifetime τ is the time taken for the number of excited molecules to 

decay to 1/e of the original population via fluorescence or non-

radiative processes. Time-correlated single photon counting (TCSPC) 

enables quantitative photon counting since, after an exciting pulse, the 

probability of a single photon detection will be proportional to the 

fluorescence intensity at that time [17]. 

2.6.10. Quantum yield measurements 

The fluorescence quantum yield of the prepared FGQDs was 

determined with quinine sulfate as the standard. The calculation was 

carried out according to the following equation. 
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Q = Qref (η
2
/η

2
ref )( I/ Iref )(Aref/ A) 

Where, η = Refractive Index of the solvent used, η = 1.33 for water,   

ηref = 1.33 for 0.1 M H2SO4 solution, Qref = 0.54 (Quantum yield of 

quinine sulfate),    I    = Integrated fluorescence intensity of the sample, 

Iref = Integrate fluorescence intensity of the reference, A = Absorbance 

at the excitation wavelength of the sample, Aref = Absorbance at the 

excitation wavelength of the reference [16] 

2.6.11. Zeta potential analyser 

Zeta potential is the characterisation technique used to 

determine the surface charge of nanoparticles to have an idea about the 

stability of the dispersion. A high positive or negative value (-30 mV 

to 30 mV) of the Zeta potential of nanocrystals indicates good stability 

of nanosuspensions, and in this work, Zeta potential measurements are 

made using Horiba SZ-100 instrument. The solution of charged 

particles is surrounded by a thin layer of oppositely charged ions called 

the Stern layer and a diffused layer of loosely attached ions. Due to the 

movement of these layers, a boundary is formed, and the electrostatic 

potential at the interfacial double layer is referred as zeta potential 

[18]. 
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3.1 Introduction  

As a part of the universal urge for renewable and clean energy, 

the conversion of solar energy into “solar fuels” is an area where there 

has been a considerable research focus in recent years. Hydrogen is 

considered a highly efficient clean solar fuel [1]. Among the various 

methods currently in use for splitting of water using solar energy for 

hydrogen generation, much attention has been focused on 

photocatalytic reactions because they are cost-effective, simple, 

sustainable and convenient. TiO2 is the most investigated photocatalyst 

mainly because of its high efficiency, low cost, non-toxicity, and 

photostability [2]–[4]. The fast recombination of photogenerated 

electrons and holes and the large bandgap (3.2 eV) of TiO2 are the 

major challenges in TiO2 photocatalysis [5], [6]. Various strategies 

have been adopted to overcome its limitations, such as doping with 

noble metals [7], [8] and sensitizing with organic dyes [9], [10]. The 

combination of TiO2 with metal-free carbon materials has attracted 

special attention since it could efficiently enhance photocatalytic 

activity due to their superior charge transport properties and thereby 

reduce the recombination rate of photogenerated charge carriers [11]–

[14]. 

Graphene quantum dots (GQDs), nanometer-sized graphene 

fragments, have attracted considerable interest recently, mainly 

because of their high water-solubility, better chemical stability, low 

toxicity, excellent biocompatibility and unique photoelectrical 

properties. GQDs are also known to exhibit band gap tunability based 

on their size and can be an efficient photosensitizer [7]. The elemental 

doping of GQDs can further enhance the performance of TiO2 
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photocatalysts by improving their visible light harvesting capability 

[8]. Nitrogen-doped graphene quantum dots (NGQDs) have received 

considerable attention due to their ready manipulation of the electronic 

structure compared to pristine GQDs, which may be exploited for 

diverse applications. N-doping in GQDs creates less interfacial 

resistance and improves band alignment, significantly improving its 

sensitizer properties. 

There are several reports for using doped and undoped GQDs/ 

TiO2 nanocomposites for photocatalytic water splitting. The 

TiO2/GQDs hybrid system with intimate interface developed by Jia et 

al. displayed excellent photocatalytic water splitting under infrared 

light due to efficient transfer of photo-generated electrons from GQDs 

to TiO2 [15]. According to Xao et al., GQDs can act as an electron 

reservoir as well as a photosensitizer for the efficient photocatalytic 

hydrogen evolution in GQDs/ TiO2 hybrid prepared via in-situ photo-

assisted strategy [16]. Sui et al. reported that CQDs/ TiO2 nanosheets 

with majority of (001) facets showed photocatalytic activity due to 

synergetic effect of TiO2-001 and CQDs [17]. The carbon nitrogen 

quantum dots developed by Chen et al. act as a co-catalyst and enhance 

the photocatalytic hydrogen productivity of TiO2 nanofibres [18]. Xie 

et al. reported that S, N co-doped GQDs/TiO2 nanocomposite, 

prepared via hydrothermal method exhibited excellent photocatalytic 

hydrogen generation with extended light absorption range [19]. 

According to Shi et al., controlled nitrogen doping enhanced the 

photocatalytic hydrogen evolution of NCDs/ P25 TiO2 hybrid system 

under both UV and visible illumination [20].  
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In the present chapter, we prepared sol-gel TiO2, GQDs by an 

oxidative etching process of nanosheets of graphene oxide (GO) 

employing hydrogen peroxide and their nanocomposite with the 

prepared sol-gel titania (TiO2-GQDs), nitrogen doped GQDs (NGQDs) 

as well as their nanocomposites with sol-gel titania (TiO2-NGQDs), 

NGQDs from oxidised debris attached to GO without the use  of 

hydrogen peroxide in the hydrothermal treatment and their 

nanocomposites (P25TiO2-NGQDs) with commercial Degussa P25 

titania (P25TiO2). The effect of GQDs/NGQDs on the photocatalytic 

performance of TiO2 was studied by comparing its performance with 

that of the bare titania prepared. The performance of the prepared 

photocatalytic systems was evaluated using the hydrogen generation 

via photocatalytic water-splitting reaction. 

3.2 Experimental methods 

 The chemicals used and the procedure adopted for the synthesis 

of GQDs, NGQDs, sol gel TiO2 and the composites of TiO2 are 

detailed in chapter 2. 

The synthesis of graphene oxide using Modified Hummer‟s method are 

detailed in 2.2.1. Graphene quantum dots was prepared by the 

hydrothermal oxidative cleavage of graphene oxide in presence of 

hydrogen peroxide which is detailed in 2.2.2.1. NGQDs are prepared 

by the hydrothermal treatment of graphene oxide dispersion with 

ammonia and hydrogen peroxide, discussed in 2.2.3. The sol-gel 

method of titania synthesis is discussed in 2.2.4. The in-situ sol-gel 

synthesis of TiO2/GQDs and TiO2/NGQDs are explained in 2.2.4.1. 

Mono-dispersed NGQDs prepared from oxidised debris are discussed 
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in 2.2.3. and the preparation of its composite (P25 TiO2/NGQDs) with 

P25 TiO2 using ultrasonication method is discussed in 2.2.4.2. 

3.3 Results and Discussion 

3.3.1 TEM analysis 

The morphology of the prepared graphene oxide was examined 

using high-resolution transmission electron microscopy. The HR TEM 

images obtained are presented in figure 3.3.1.(i). Figure 3.3.1(i) (a) 

shows thin exfoliated graphene oxide nanosheets which indicate good 

exfoliation of crystalline graphite oxide by means of ultrasonication. 

Figure 3.3.1(i) (b) is its corresponding selected area electron 

diffraction (SAED) pattern pointing towards slight turbostratic nature 

of the graphene layers present. The TEM images of GQDs reveal that 

the formed GQDs are of 10 to 20 nm size range and found to be quite 

crystalline, as evident from the SAED pattern. The SAED pattern of 

crystalline graphene quantum dots can be indexed to lattice spacings of 

0.32 nm and 0.21 nm, corresponding to (002) and (100) planes of 

graphene respectively, consistent with the reported values [21], [22]. 

The morphological properties of the TiO2-GQDs nanocomposites 

prepared were also investigated by analysing the lattice fringes present 

in the HR-TEM image, which also reveals their crystalline nature with 

lattice spacing of 0.35 nm, 0.28 nm and 0.32 nm, indicating the (101) 

and (004) planes of anatase TiO2 and (002) of graphitic plane 

respectively. The SAED pattern obtained also was in consistent with 

this observation.[14] 
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Figure 3.3.1(ⅰ): (a, c & e) TEM images of GO, GQDs, TiO2-GQDs 

nanocomposite and (b, d & f) their corresponding SAED patterns. 
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Figure 3.3.1(ⅱ) (a) & (b) show the high-resolution TEM 

images and the size distributions of NGQDs. It is found that NGQDs 

are in the size range of 10-20 nm in size and of irregular shapes. As a 

result of H2O2 etching, a cleavage of the GO sheet into small fragments 

have occurred, as evident by the TEM analysis. In Figure 3.3.1(ii) (b), 

the lattice fringes are clearly visible with a lattice spacing of 0.24 nm, 

consistent with the in-plane lattice constant of graphite. The SAED 

pattern shows the crystalline nature of the NGQDs (Figure 3.3.1(ⅱ) 

(c) and the diffraction patterns corresponding to (100) and (002) planes 

of graphene are observed.   

 

Figure 3.3.1. (ⅱ): TEM images of (a, b) NGQDs prepared using NH3 

and H2O2, (c) corresponding SAED pattern, (d, e) NGQDs obtained 

from oxidised debris   and (f) the corresponding SAED pattern. 
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For the NGQDs prepared without using H2O2, the quantum 

dots obtained are much smaller, in the size range 1-5 nm, as observed 

from the high-resolution TEM micrographs presented in Figure 3.3.2. 

(ⅱ) (d) & (e). In a similar study by Hu et. al., the authors suggested 

that NGQDs might have originated by the detachment of amorphous 

oxidation debris adsorbed to GO sheets in the presence of NH3, which 

eventually get converted to crystalline NGQDs in hydrothermal 

conditions.  In our study as well, the origin of the NGQDs must be 

from the attached oxidation debris because no oxidative cleaving agent 

like H2O2 was used here [23]. 

3.3.2 PL spectral analysis 

 

Figure 3.3.2: (a) Emission spectrum of GQDs showing a max at 420 

nm when excited at 325 nm (inset shows the photograph of GQDs 

illuminated with visible light and with UV light) (b) Emission 

spectrum of NGQDs showing a max at 452 nm when excited 365 nm 

(inset shows the photograph of NGQDs with visible light and UV light  

illumination) (c) Emission spectrum of NGQDs obtained from 

oxidized debris showing a max at 432 nm when excited with 365 nm 

radiation (inset shows the photograph of NGQDs with visible light and 

UV light illumination). 
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One of the most fascinating features of GQDs is their 

photoluminescence, and depending on size, and functionalisation, 

GQDs exhibit different PL colors. It is assumed that the factors such as 

quantum confinement effect, emissive traps, free zigzag sites and edge 

defects intensively contribute to the origin of fluorescence, Even now, 

the exact mechanism for the PL of GQDs are not yet fully understood 

[24]–[26]. The PL might have originated from intrinsic state emission 

(induced by either quantum size effect, recombination of localized 

electron–hole pairs or edge effects) as well as defect state emission 

(arises from energy traps). In several studies, authors have pointed out 

that doping with heteroatoms enhance the fluorescence emission of 

GQDs due to modulation of its electronic structure [27]-[29]. In 

nitrogen doped GQDs, the fluorescence is thought to be dominated by 

the n to π* transition between N atom and the core graphitic structure. 

Figure 3.3.2 depicts the emission peaks of GQDs and NGQDs obtained 

from oxidative cutting and from oxidized debris. GQDs exhibited a 

strong bluish green fluorescence with an emission maximum at 420 nm 

when excited with 325 nm. NGQDs prepared via oxidative cutting 

showed an emission spectrum with a max at 452 nm when excited at 

365 nm and NGQDs obtained from oxidised debris exhibited strong 

fluoresecence with a emission maximum at 432 nm on excitation with 

365 nm. 
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3.3.3 XRD analysis 

 

Figure 3.3.3: XRD patterns of (a) TiO2 &TiO2-NGQDs (b) P25 TiO2 

& P25TiO2-NGQDs  

Figure 3.3.3 shows the XRD pattern of the photocatalysts 

investigated (TiO2 &TiO2-NGQDs and P25 TiO2 & P25TiO2-NGQDs). 

In both TiO2 &TiO2-NGQDs, anatase phase of TiO2 is found to be the 

major component. Titania prepared by sol-gel method shows the 

diffraction peaks at  25.2°, 36.1°, 37.8°, 48.1°, 54.2°, 62.7°, 68.9°, 

75.3° corresponding to (101), (101), (004), (200), (105), (204), (301), 

(215) planes respectively [30] as shown in figure 3.3.3 (a). In the XRD 

pattern of TiO2-NGQDs nanocomposite, the peaks are much sharper 

indicating the attainment of much more crystallinity and a small 

graphene peak corresponding to the (002) plane is visible in between 

the characteristic peaks of anatase. The diffraction peak of P25 titania 

is centered at 25.2° (101), 27.4° (110), 37.7° (004), 48.1° (200), 53.9° 

(105), 56° (211), 62.6° (204), 68.8° (301), 70.2° (220), 75.6° (215) and 
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no peak corresponding to the graphitic plane is visible in this 

nanocomposite (figure 3.3.3 (b)). Thus, the XRD analysis of the as-

synthesised nanocomposites have revealed that the modification of 

TiO2 using NGQDs has, by and large, not altered the crystal structure 

and phase morphology of TiO2.  

3.3.4 FTIR spectral analysis 

 

Figure 3.3.4: FTIR spectra of (a) TiO2 &TiO2-NGQDs (b)P25 TiO2 & 

P25TiO2-NGQDs  

FTIR spectra of the sol-gel TiO2 & its nanocomposite TiO2-

NGQDs and the commercial P25TiO2 & its nanocomposite P25TiO2-

NGQDs are presented in Figure 3.3.4. The broad IR absorption band 

present in all the spectra in the region of 450-800 cm
-1

 can be 

attributed to Ti-O stretching vibrations [30]. In bare titania, this band is 

centred around 500-800 which after the nanocomposite formation, is 

red shifted to 450-800 cm
-1

. This points to the fact that the composite 

formation involved the adsorption of NGQDs on the surface of TiO2 or 

P25 TiO2 and no evidence of Ti-C chemical bond is found in the 

spectra of the nanocomposites. It is reported that an improved visible 
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light absorption of  TiO2-GQDs composite is enabled by the formation 

of Ti-O-C bond [31].  As shown in figure 3.3.4 (a), N-H and O-H 

stretching (broad band at 3100-3500 cm
-1

), C=O stretching (1635 cm
-

1
), C-N bending (1330 cm

-1
), C-O bending (1236 cm

-1
), vibrational 

frequencies are visible in the FTIR analysis which confirm the 

incorporation of N-GQDs with sol -gel TiO2 [20], [32].  The formation 

of P25TiO2-NGQDs nanocomposite revealed by the presence of Ti-O 

(broad band from 450-800 cm
-1

), C=O stretching (1621cm
-1

), O-H and 

N-H stretching (broad band at 3200-3500 cm
-1

), as presented in figure 

3.3.4 (b) [23], [33]. 

3.3.5 UV-Visible diffuse reflectance spectroscopy      

From UV-visible diffuse reflectance spectral measurements, it 

can be observed that the band gaps of titania had been modified for the 

prepared nanocomposite samples. In figure 3.3.5 (a), the absorption 

edge of TiO2-NGQD is red shifted to the visible region compared to 

bare titania, making it more suitable for visible light harvesting [32], 

[34].   

 

Figure 3.3.5: UV-DRS spectra of (a) TiO2 &TiO2-NGQDs (b) P25 

TiO2 & P25TiO2-NGQDs  



70 

3.3.6 Kubelka- Munk plot 

The optical band gaps were calculated using Kubelka-Munk 

plots. In figure 3.3.6 (a) & (b), the plots of Kubelka-Munk function 

with light energy are presented. The band gap obtained for sol-gel 

TiO2 and TiO2-NGQDs composite were 2.52 eV, and 2.8 eV 

respectively. Thus, the better photocatalytic performance of the TiO2-

NGQDs nanocomposite catalyst in visible light assisted photocatalytic 

water splitting can be attributed to the decrease in the band gap as a 

result of nitrogen doping as well as the improved photosensitization by 

NGQDs.  

The UV-Visible spectra of P25TiO2 and P25TiO2-NGQD are 

presented in figure 3.3.5 (b). As shown, the band gap of P25TiO2 

calculated from Kubelka-Munk plot was 3.2 eV and the composite 

P25TiO2-NGQD shows a decrease in the band gap to a value of 3.04 

eV in the Kubelka–Munk plot. This substantial improvement in band 

gap reduction enhances the photocatalytic performance of the 

composite. 

 

Figure 3.3.6: Kubelka –Munk plots for (a) TiO2  & TiO2 -NGQDs (b) 

P25 TiO2 & P25TiO2 -NGQDs    
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3.3.7 PL spectral analysis 

 

Figure 3.3.7: Photoluminescence spectra of TiO2 and TiO2-NGQDs 

 

The PL spectra of TiO2 and TiO2-NGQDs are presented in 

figure 3.3.7. The electron hole recombination is the main factor that 

contributes to PL intensity which is found to be reduced in TiO2-

NGQDs composite compared to bare titania. Thus, in addition to the 

role as a photosensitizer, NGQDs can also act as an electron transfer 

reagent by the injection of electron from NGQDs to TiO2 and the 

drainage of hole from the TiO2 to NGQDs. Thus an efficient electron- 

hole separation is achieved due to the formation of Ti-O-C bond [16], 

[31].  
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3.3.8 Photocatalytic water splitting studies 

 

Figure 3.3.8.1: Comparison of Hydrogen evolution 

The hydrogen production via water splitting was carried out 

with the prepared photocatalyst in a fabricated photoreactor using 450 

W high pressure mercury lamp as the radiation source and methanol as 

a sacrificial agent. The plots of the photocatalytic hydrogen production 

against time are provided in Figure 3.3.8.1. In all samples studied 

except in the case of sol-gel TiO2, it was observed that hydrogen 

production kept on increasing with increase in irradiation time. The 

initial hydrogen production rate was found to be slow in all the cases. 

When the nanocomposites were used as photocatalysts, an increase in 

the rate could be observed. Among the prepared samples, the 

composites of sol-gel TiO2 was found to exhibit better performance 



73 

than P25TiO2 based nanocomposite. When compared to TiO2-GQDs, 

hydrogen production was found to be higher for TiO2-NGQDs. 

Figure 3.3.8.2: Comparison of maximum rate of hydrogen evolution 

using prepared photocatalyst 

Figure 3.3.8.2. presents the maximum rate of hydrogen 

production observed with the prepared photocatalysts. A comparison 

of investigations on TiO2-GQDs nanocomposites employed for 

photocatalytic water-splitting from the existing literature are presented 

in Table 1 and it can be observed that the developed nanocomposites 

exhibit excellent performance as visible light photocatalysts in the 

hydrogen generation by photocatalytic water splitting. 

The increase in maximum rate of hydrogen generation by TiO2-

GQDs and TiO2-NGQDs can be explained on the basis of band gap 
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narrowing mechanism. According to Wang et al. [31], besides the 

formation of Ti-O-C bond, the band gap narrowing can also 

significantly improve the visible light harvesting of TiO2-GQD 

composite. In GQDs sensitized TiO2 photocatalyst, the formation of 

Ti-O-C bond introduces additional energy states between the 

conduction band and valence band of TiO2 and GQDs and the position 

of these energy states are highly quantum confined. Hence larger the 

size of GQDs, narrow will be the band gap of the composite and hence 

absorption edge could be extended more to the visible region [16], 

[31], [35]. In our work, NGQDs and GQDs prepared via oxidative 

cutting were larger in size compared to NGQDs prepared from 

oxidized debris. Hence the enhanced hydrogen production in TiO2-

NGQDs nanocomposite may be attributed to nitrogen doping and 

narrow band gap mechanism.    

Table 1: Rate of hydrogen production by different titania and graphene 

quantum dot based photocatalysts.    

Photocatalyst H2 generation rate Reference 

TiO2/ GQD 60.4 µmol/h/g [15] 

GQDs/{001}TiO2 79.3 µmol/h/g [36] 

CNQDs/TiO2 NF 112.4 µmol/h/g [18] 

S,N-GQD/P25 5.7 µmol/h [19] 

TiO2/NGQD 458.6 µmol/h/g This work 

 

3.4 Conclusions 

In summary, GQDs and two different types of Nitrogen-doped 

GQDs were prepared following hydrothermal strategies and were 
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successfully loaded onto TiO2 photocatalysts in two different methods. 

The performance of the TiO2-GQDs, TiO2-NGQDs and P25TiO2-

NGQDs hybrid catalysts were evaluated using hydrogen generation via 

photocatalytic water-splitting and compared with that of pristine titania 

photocatalysts. The NGQD-sensitized TiO2 photocatalysts were found 

to be superior to the bare sol-gel titania catalysts in their photocatalytic 

performances. GQDs and NGQDs are anticipated to have an exciting 

future as green sensitizers in various semiconductor-based catalytic 

systems for their performance enhancement in visible light harvesting. 

The unique optical and physical properties of NGQDs can be attributed 

to be the high performance of NGQDs-sensitized photocatalysts, 

enabling them a promising material for commercial photocatalytic 

applications in the near future.  
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4.1 Introduction 

After the first successful synthesis of  GQDs [1] with 

fascinating fluorescent properties, innumerable experimental studies 

have been come out in this field of research. Being a zero-dimensional 

carbon nanomaterial with small size, non-toxicity, biocompatibility, 

strong fluorescence, ease of functionalisation, high water solubility and 

photo-stability, GQDs find potential applications in the field of bio-

imaging, bio-sensing, drug-delivery and cancer theragnostics [2], [3]. 

So far, several methods have been reported for synthesising 

graphene quantum dots, and the hydro/solvothermal processes are 

particularly noteworthy. This simplified approach to the preparation of 

blue luminescent GQDs by the hydrothermal exfoliation of graphene 

oxide was first reported by Pan et al. in 2010. Zhao et al. reported a 

highly efficient hydrothermal approach for fabricating GQDs using 

potassium superoxide [4]. In another method, Chen et al. reported a 

green and eco-friendly preparation of GQDs by one-pot hydrothermal 

exfoliation of starch [5]. Gu et al. prepared GQDs via the hydrothermal 

method using glucose [6]. A greener method for the hydrothermal 

synthesis of GQDs by the exfoliation of graphene oxide in the presence 

of hydrogen peroxide was reported by  Halder et al. [7]. The 

hydrothermal cutting of graphene oxide sheets with the aid of H2O2 in 

the presence of MnO2 was carried out by Tian et al. [8]. H2O2  can 

effectively drive the scissoring of GO  sheets and does not require 

dialysis for further purification of GQDs [2], [7]. 

The GQDs overcome the major limitation of inorganic 

quantum dots via., their intrinsic non-toxicity. Several biomedical 
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applications using differently functionalised GQDs have been reported 

to date [2]. Apart from providing high solubility to GQDs, these 

chemical modifications such as edge-functionalised carboxyl, 

carbonyl, hydroxyl and epoxy groups are also capable of interacting 

with proteins, enzymes and antibodies [9]. A comparitive study on the 

cytotoxicity and autophagy induction of COOH-GQDs, OH-GQDs and 

NH2-GQDs was performed by Xi et al. [10]. The high surface area to 

volume ratio of GQDs and π-conjugation enables efficient drug 

loading [11]–[13]. The inherent photoluminescence properties of 

GQDs help in the in-vivo tracking of drug delivery. The therapeutic 

applications of GQDs are mainly focused on cancer research [11], 

[13], [14]. Besides imaging probes, GQDs also find application as a 

potential photosensitiser in photodynamic therapy. The ROS 

production-induced cytotoxicity is dealt by the irradiation of 

GQDs.This novel strategy spreads a new light in the field of cancer 

therapy [15]–[17]. 

According to the “seed and soil” hypothesis by Dr Stephen 

Paget, cancer can grow, spread and metastasize in the proper 

microenvironment [18]. Studies have shown that excessive hydrogen 

peroxide production offers the necessary fertilizer for cancer 

metabolism in most cancer cells and associated fibroblasts. The cancer 

cells and fibroblasts mimic the behavior of immune cells through the 

secretion of hydrogen peroxide. Thus, to prevent tumour-stroma co-

evolution and metastasis, synthesising catalase or antioxidants to 

neutralise cancer-associated hydrogen peroxide production is 

significant [19]. Several studies have shown that GQDs exhibit anti-
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oxidant properties and protect cells against oxidative stress by 

effectively scavenging free radicals. The presence of surface defects 

and π-conjugated structure indicates the potential of GQDs for 

quenching reactive ROS [20]–[24]. 

Studies have shown that biocompatible GQDs with small sizes, 

robust and stable photoluminescence can be successfully used for live 

cell nucleus imaging [25]. Cellular or sub-cellular labelling, especially 

nucleus labelling, is very crucial in cancer therapeutics for the selective 

targeting of drug delivery [25]–[27]. Conventionally used organic and 

peptide-based nuclear staining dyes suffer from photobleaching. But 

GQDs- based nuclear staining is a better alternative, merited with non-

photobleaching, multi-photon emission, and good cellular distribution 

[16], [28]  

This chapter discusses small-sized, highly fluorescent and 

water-soluble graphene quantum dots prepared by a simple 

hydrothermal cutting of graphene oxide with mild oxidising agent 

H2O2. We could successfully synthesise mono-dispersed graphene 

quantum dots within less time than earlier reports and also the prepared 

graphene quantum dots did not require further purification. TEM, 

FTIR, Raman and PL analysis were used to characterise graphene 

quantum dots. The anti-cancer activity of GQDs was evaluated. The 

prepared GQDs exhibited concentration-dependent cytotoxicity 

towards MCF-7 cells. On the other hand, negligible toxicity was 

shown towards normal cells. The unique excitation-dependent 

emission property of GQDs was utilised in cellular labelling.  
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4.2 Experimental methods 

The chemicals used and the synthesis procedure of small sized 

graphene dots are discussed in chapter 2. Graphene oxide prepared via 

Modified Hummer‟s method was used as the precursor for the 

synthesis of small sized GQDs, detailed in 2.2.1. Small sized GQDs 

was prepared by the hydrothermal treatment of graphene oxide 

dispersion in the presence of oxidative cleaving agent H2O2 for a time 

of one and half hour at 180
 ℃, as discussed in 2.2.2.2.  

4.3 Results and discussion 

4.3.1 TEM analysis 

 

Figure 4.3.1(a-c) TEM images of GQDs (d)SAED pattern. 
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In Figure 4.3.1, the transmission microscopy images of the 

prepared GQDs having a relatively narrow size distribution between 1 

and 3 nm are shown. Different hydrothermal temperatures and time 

can significantly affect the particle size distribution of GQDs. Since we 

have increased the hydrothermal treatment time to one and half hour, 

GQDs of even small sizes were formed compared to the GQDs 

discussed in the previous chapter. In figure 4.3.1(d), the corresponding 

SAED pattern is given, which can be atributed to the polycrystalline 

nature of the material. According to the mechanism proposed by Tian 

et al., at a higher temperature, H2O2  dissociate into ·OH radicals which 

drive the fragmentation of graphene sheets. 

4.3.2 FTIR analysis 

FTIR spectrum confirm the oxygen-rich functionalisation in 

GQDs, which imparts its solubility and strong fluorescence. The 

analysed peak position corresponds to 3262 cm
-1

 (O-H stretching 

vibration), 1716 cm
-1

 (C=O stretching vibration), 1638 cm
-1

 (C=C  

stretching vibration),1403 cm
-1

(O-H bending vibrations), 1091 cm
-1

 

(C-O stretching vibrations) as shown in figure 4.3.2. 
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Figure 4.3.2 FTIR spectrum of GQDs 

4.3.3 Raman spectroscopic analysis 

Raman spectroscopic analysis of GQDs reveals the presence of 

the D band  (1351 cm
-1

) and G band (1601 cm
-1

) in figure 4.3.3. The 

relative intensity ratio, ID/IG is found to be 1.2, which is an indication 

of the surface defects in GQDs due to the incorporation of oxygen 

functional groups, as hinted by FTIR data. 
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Figure 4.3.3. Raman spectrum of GQDs 

4.3.4 Fluorescence spectral analysis 

The optical properties of GQDs were investigated, and as 

depicted in figure 4.3.4. GQDs exhibited intense blue-coloured 

fluorescence with an emission peak at 485 nm when illuminated with 

365 nm wavelength. The fluorescence band overlap of different 

oxygen functional groups results in the broadness of the peak [7]. The 

UV-Visible spectrum showed strong absorption in the UV region 

which decreased gradually and extended into the visible region. 

Consistent with earlier reports, prepared GQDs also displayed an 

excitation-dependent emission violating Kasha‟s rule [29] (shown in 

figure 4.3.4(b)). The presence of the edge-functional groups and the 

emissive surface traps contribute towards the multi-colour emission 

property of GQDs [30], [25] 
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Figure 4.3.4(a): Fluorescence spectrum  of GQDs at 365 nm excitation 

(inset is the photographs of GQDs  when illuminated under visible 

light and 365 nm UV light) and (b) Excitation-dependent emission 

spectra of GQDs. 

4.3.5 Anti-cancer activity of GQDs 

4.3.5.1 Cell viability analysis  

MTT assay was performed to evaluate the cytotoxicity of 

GQDs towards MCF-7 cell and HBL-100 and the results are presented 

in figure 4.2.5.1. The results demonstrated the in-vitro cytotoxic effect 

of GQDs on breast cancer MCF-7 cells. On increasing the 

concentration of GQDs from 0 to 21 µg/mL, the cancerous cell activity 

was found to be decreased, and cell death was 80% with an IC50 value 

of 9 µg/mL. While a concentration-dependent inhibition of cell 

proliferation was observed in MCF-7 cells, GQDs were found to be 

biocompatible to HBL-100 cells up to a concentration of 100µg/mL, 

ensuring its therapeutic applicability as an anti-cancer agent. 
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Figure 4.3.5.1:Cell viability analysis using different concentrations of 

GQDs towards  (a) MCF-7 cells and (b) HBL-100 cells. 

4.3.5.2 Possible mechanism for  anti-cancer activity of GQDs 

The specific toxicity of GQDs towards MCF-7 can be 

attributed to the overproduction of H2O2 in these cells compared to 

normal cells. Hydrogen peroxide is a second messenger, regulating 

fundamental biological processes [31]–[34] and is involved in wound 

healing, anti-bacterial defence, and stem-cell proliferation [33], [35]–

[37]. But the over-expression of H2O2 within cells leads to severe 

issues like cancer, ageing, diabetes and neurodegenerative diseases 

[38]–[43]. Several studies have shown that the progressive 

mitochondrial defects in mutated cells lead to increased hydrogen 

peroxide production and result in a tumour microenvironment. The 

cancer cells use excess production of H2O2 to extract the nutrients from 

the nearby fibroblast. Outschoorn et al. studied the H2O2 metabolism in 

the tumour microenvironment using co-culturing MCF-7 breast cancer 

cells with immortalized fibroblasts [44]. They observed that cancer 

cells initially secrete hydrogen peroxide, which triggers oxidative 
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stress in neighbouring fibroblasts, driving stromal inflammation, 

aerobic glycolysis, and autophagy.  These autophagy, mitophagy and 

aerobic glycolysis in cancer-associated fibroblasts provide high-energy 

nutrients to “feed” cancer cells and further promote mitochondrial 

biogenesis and oxidative mitochondrial metabolism in cancer cells 

driving tumour growth. Since the anti-oxidant property of GQDs (rich 

in carboxyl and hydroxyl functional groups) are already established. 

The prepared GQDs might be capable of acting as excellent anti-

oxidant and radical scavengers which might have resulted in growth 

inhibition and apoptosis in MCF-7 cells.  

4.3.6 Anti-Oxidant property of GQDs 

 
Figure 4.3.6. Percentage inhibition of H2O2 radicals with increasing 

concentration of GQDs 

The hydrogen peroxide scavenging assay further confirmed the 

anti-oxidant property of GQDs prepared. Therefore, the anti-cancer 

activity of GQDs can be attributed to their radical scavenging ability. 

As shown in figure 4.3.6, an efficient H2O2 radical scavenging activity 



91 

was displayed by GQDs on increasing concentration from 0 to 50 

µg/mL. The IC50 is calculated for GQDs based on % inhibition and is 

found to be 30.9 µg/mL. 

4.3.7 Morphology study of GQDs treated MCF-7 cells 

The morphology of the MCF-7 in the presence and absence of 

GQDs was analysed with an inverted phase contrast microscopy. As 

shown in figure 4.3.7, the spindle-shaped MCF-7 cells, after treatment 

with GQDs, show an irregular cell membrane with more signs of 

blebbing, which confirms that GQDs could induce cell apoptosis in 

breast cancer MCF-7 cells. 

 

Figure 4.3.7. Morphologies of MCF-7 cell lines under control, treated 

with GQDs at IC25  concentration and IC50 concentration respectively. 

4.3.8 Cell imaging of HBL-100 cells 

Figure 4.3.8. shows the fluorescence microscopic images of 

HBL-100 cells treated with GQDs under different excitation 
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wavelengths. The multi-colour emission (blue, green and red) observed 

is because of the excitation-dependent emission property of GQDs 

[45]. Earlier reports confirm that due to lower toxicity and small size, 

GQDs provide better cell uptake ability compared to traditional 

nanoplatforms [46]. Thus, as-synthesised GQDs with excellent 

hydrophilic nature and small size were demonstrated to be capable of 

readily undergo cellular internalization via the endocytosis mechanism 

[47], [48] without hampering the cell activity. 

 

Figure 4.3.8. Fluorescence microscopic images of HBL-100 cells 

under control and treated with GQDs under different excitation 

wavelengths. (a) control (b) under excitation of 360-380 nm, (c) 460-

480 nm, and (d) 510-590 nm wavelength. 

4.4 Conclusions 

In summary, graphene quantum dots with small size, high 

water solubility and strong fluorescence were prepared through a 

simple and rapid hydrothermal method employing graphene oxide and 

H2O2 at a temperature of 180
 

°C for 1.5 h reaction time. The 

synthesised GQDs exhibited anti-cancer properties and were also used 

for cellular imaging. MTT assays reveal the concentration-dependent 

cell growth inhibition of human breast cancer cells treated with GQDs 

in in-vitro conditions. Only negligible cytotoxicity was observed 
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towards normal breast cells. The IC50 value of  GQDs calculated is 9 

µg/mL. The anti-oxidant property of GQDs was confirmed from the 

H2O2 scavenging assay. GQDs also exhibited cell penetration into the 

nucleus and multi-color fluorescence emission in HBL-100 cells. 
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5.1 Introduction 

The zero-bandgap of graphene limits most of its optoelectronic 

applications as a semiconductor and makes it difficult to be directly 

employed as a fluorescent material [1], [2]. To overcome this 

challenge, researchers have developed two main strategies: chemical 

functionalization and cutting graphene into quantum dots in order to 

modulate the band structure of graphene [1]-[8].  But an effective 

chemical functionalization of graphene under mild conditions is still a 

major challenge for chemists. So, the search for a two-dimensional 

graphene based precursor material with suitable properties which can 

be easily cut in to graphene quantum dots leads to fluorographite 

derived materials. Fluorination is an efficient method to modify the 

properties of carbon materials [9]-[12].  

Fluorographene initially thought of as a 2D analogue of Teflon, 

turned out as a material with high chemical reactivity owing to the 

strained geometry of F adatoms in the graphene network [13]. It is 

reported that the highly labile F atoms in FG are susceptible to 

reductive defluorination [14] and nucleophilic substitution reactions 

[15]. Thus, fluorographene can be considered a promising precursor 

material for the preparation of versatile graphene derivatives such as 

hydroxy graphene, cyanographene, graphene acid, alkylated, arylated 

and alkynylated graphene [16]-[20]. Very Recently, Huang et al. [21] 

have reported the covalent modification of FG based on the Suzuki-

Miyauara reaction of the C-F bond.  
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Doping of F into GQDs has gained more attention as a means 

to modulate their electronic and optical properties [22]-[27] essentially 

caused by the large electronegativity difference between carbon and 

fluorine as well as the possibility of covalent, ionic and semi-ionic 

interaction between these two atoms. Even though there are a large 

number of reports coming up on GQDs in the recent past, the facile 

synthetic strategies for fluorinated GQDs, a better understanding of the 

mechanism of their formation from the precursor graphene sheets by 

the oxidative cutting process and so on demand further investigations 

in this direction. Feng et al. [22] have reported the synthesis of 

fluorinated graphene quantum dots. Fluorographite (FG) on 

hydrothermal treatment resulted in fluorinated graphene quantum dots 

with an increase in fluorine content than FG. According to the authors, 

significant changes in PL properties are observed on cutting FG to 

FGQDs. In a work, Gong et al. [24] reported the synthesis of 

luminescent FGQD with tunable fluorine coverage and size from 

fluorinated graphite. In their other work, the authors [26] have adopted 

a fluorine-sacrificing strategy to synthesize FGQD from bulk 

fluorographite.  

A simple and high-yielding method for the preparation of 

hydroxy graphene from fluorographite was previously reported by 

Rajeena et al. [28]. In this study, with ethanolic sodium hydroxide 

reagent, fluorographite (FG) was subjected to nucleophilic substitution 

reactions by hydroxyl groups. Parallel reductive defluorination were 

also observed and subsequent exfoliation resulted in the formation of 
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hydroxy graphene (HG), with essentially no fluorine content. In the 

present study, a subtle modification of this preparation strategy is 

introduced for the preparation of FGQD precursor graphene sheet in 

which fluorine atoms are partially retained because substitution 

reactions dominate over reductive defluorination. The subsequent 

exfoliation will result in more hydroxy fluorographene (HFG) 

nanosheets, suited for the preparation of FGQDs. For the fine-tuning 

of the fluorine content as well as other parameters which are critical 

for their evolution as a functional material, it is essential to have a 

better understanding of the process of defluorination and oxidative 

etching used in FGQD preparation. The present study can be 

considered an attempt in this direction. 

The prepared fluorine-rich graphene quantum dots can act as a 

fluorescent probe for the sensitive detection of Fe
3+ 

ions in an aqueous 

solution. Ferric ions are among the most essential metal ions in 

biological systems and their deficiency as well as excess accumulation 

leads to several diseases including anaemia and even cancer [29], [30].  

There is a high risk of leaching iron into water bodies as it is the 

common constructional material in drinking water pipes, automobiles, 

buildings, and bridges, and also as a coagulant in water treatment. 

Hence the constant monitoring of Fe
3+

 ions in water bodies is of vital 

importance.  There are several recent reports on Fe
3+

 detection using 

GQDs [31], [32], N-GQDs [33]-[35], S-GQDs [36], B-GQDs [37], and 

N, S-GQDs [38]. However, the studies on the use of fluorinated GQDs 

as a turn-off fluorescent probe for the selective detection of ferric ions 

are yet to be explored more. 
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5.2 Experimental methods 

 List of chemicals used and the synthesis process of hydroxy 

fluorographene (HFG) and fluorine-rich graphene quantum dots 

(FGQDs) are detailed in chapter 2. 

 As discussed in 2.2.6, when fluorographite was refluxed with aqueous 

alcoholic NaOH at 100 ℃ for 24 h, nucleophilic substitutions of 

fluorine moieties on fluorographite by hydroxyl groups are carried out, 

in which the parallel reductive defluorinations are minimised. Mild 

sono-chemical exfoliation of the resulting product in water provides an 

aqueous dispersion of hydroxy fluorographene (HFG). Upon 

subsequent hydrothermal treatment with hydrogen peroxide, oxidative 

etching along with additional fluorinations may take place because of 

adsorbed fluoride ions in HFG dispersion which results in the 

formation of fluorescent fluorine-rich small sized graphene quantum 

dots (FGQDs).  

5.3 Result and discussion 

5.3.1 TEM analysis 

Transmission electron microscopic (TEM) images reveal the 

morphology of synthesised HFG and FGQDs. The TEM image of the 

HFG (Figure 5.3.1.a) shows a good degree of exfoliation since the 

nucleophilic substituted hydroxyl groups on HFG are sufficiently 

hydrophilic and hence on sonication water molecules can easily enter 

into the layers resulting in spontaneous exfoliation. The TEM image of 

formed FGQDs and the corresponding histogram are depicted in 
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Figure 5.3.1.b. It is clearly evidenced from the corresponding 

histogram that FGQDs formed are of 1.5 nm-3 nm dimensions  

 

Figure 5.3.1: (a) TEM image of HFG and (b) FGQDs and the 

corresponding histogram (inset) 

5.3.2 FTIR analysis 

FTIR spectroscopy is used to characterize the chemical 

functional groups in HFG and FGQDs (Figure 5.3.2). The peaks at 

1104 cm
-1 

(semi-ionic C-F), 1212 cm
-1

(covalent C-F), 1589cm
-1

(C=C), 

and 1640 cm
-1 

(C=O) respectively are found in the spectrum of HFG 

[28], [39], [40]. The strong intense peaks at 1384 cm
-1

 and 3458 cm
-1 

confirm the introduction of hydroxyl groups into the fluorographene 

framework.  
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Figure 5.3.2: FTIR spectra of HFG and FGQD 

Nucleophilic substitution with less reductive defluorination on 

the scaffold of HFG is thus well confirmed from the FTIR spectrum. In 

FGQDs, the relative intensities of the peak at 1146 cm
-1

 (semi-ionic C-

F) and 1212 cm
-1

(covalent C-F) are undergoing a substantial change 

from that of HFG indicative of more covalent C-F bonds than semi-

ionic C-F in FGQDs compared to HFG. This points towards further 

fluorinations taking place in the presence of fluoride moieties during 

the hydrothermal treatment at 180℃, which results in fluorine-rich 

GQDs with more covalent C-F character [28], [39]- [44]. Also, the 

intensity of the peak at 1653 cm
-1 

(C=O)
 
is increased in FGQDs due to 

the introduction of carbonyl moieties at the edges during the oxidative 

etching process. 
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5.3.3 AFM analysis 

Atomic force microscopy is used to analyse the degree of 

exfoliation to HFG sheets. As shown in Figure 5.3.3, the thickness of 

HFG sheets is about 4 nm, as revealed from the height profile, which 

corresponds to few-layered sheets [40]. 

 

Figure 5.3.3.AFM image of HFG 

5.3.4 Raman analysis 

The Raman spectra of HFG and FGQDs are shown in Figure 

5.3.4. Both HFG and FGQDs samples exhibit their disordered band or 

D- band (associated with the structural defects) at 1357 cm
-1

, while the 

G-bands or ordered band (which arise from the in-plane stretching 

vibration of sp
2
 domains) of HFG is at 1577 cm

-1
, and in FGQDs it is 

red-shifted to 1611 cm
-1

. The 2D bands of HFG and FGQDs at ~ 2710 

cm
-1

 are strongly suppressed. The relative D band to G band intensity 
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ratio, ID/IG is 0.15 for HFG and 0.99 for FGQDs. The increase in the 

ID/IG ratio of FGQDs may be attributed due to the presence of more 

fluorine content and increased edge defects due to the hydrothermal 

treatment [39]. 

                                

Figure 5.3.4: Raman spectra of HFG and FGQDs 

5.3.5 XPS analysis 

The elemental composition and chemical bonds of prepared 

samples were further investigated using XPS analysis. XPS survey 

spectra of the HFG and FGQDs (Figures 4a & b) reveal the presence of 

elements carbon, oxygen and fluorine. The elemental composition in 

HFG is found to be carbon 62.32%, oxygen 30.79%, and fluorine 

6.88%   while the C, O and F content in hydroxy graphene sheets 
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prepared using alcoholic NaOH, reported by Rajeena et.al was 80.18%, 

18.9%, 0.92% respectively. This result suggests that the addition of 

water in alcoholic sodium hydroxide reagents has triggered more 

substitution reactions in HFG with a lesser extent of reductive 

defluorination.  Similarly, the C, O and F contents in FGQDs are found 

to be 65.27%, 16.67%, and 18.06% respectively. The decrease in 

oxygen content as well as an increase in fluorine content observed in 

FGQDs from that of HFG during the hydrothermal treatment throw 

light into the mechanism of oxidative cutting.   In previous studies, 

there are reports about the chemical modifications of oxidised 

graphene nanosheets during the hydrothermal treatment by fluoride 

ions. These fluorinations take place by replacing the oxygen-

containing groups and also the degree of fluorination as well as the 

nature of C-F bond configurations can be controlled by the reaction 

temperature, time and amount of F
-
 ions [39]-[45]. In the present work 

as well, hydrothermal treatment of HFG with adsorbed fluoride ions 

(as evident from F1s XPS spectra), some degree of fluorinations take 

place replacing oxygen-containing groups evident and thereby an 

increase in covalent C-F bonds in the formed FGQDs, as supported 

from the FTIR and XPS analysis.  

 A detailed investigation of the chemical composition of HFG 

and FGQDs by high-resolution C 1s XPS spectra is shown in Figure 

5.3.5. The high-resolution C 1s spectra of HFG and FGQDs can be 

deconvoluted into 6 components. In HFG, the peaks are at 284.6 eV 

(C=C), 285.4 eV (C-C), 286.4 (C-O), 287.4 (C=O), and 288 eV (C-F 

semi-ionic), 289 eV (covalent C-F).  In the corresponding spectrum of 

FGQDs, peaks are at 284.6 eV (C=C), 285.6 eV (C-C), 286.5 eV (C-
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O), 287.1 eV (C=O), 288.8 eV (C-F semi-ionic), 290.6 eV (covalent C-

F) [46]-[48]. The F1s high-resolution spectra of HFG provide 3 peaks 

corresponding to adsorbed F
-
, C-F semi-ionic, and C-F covalent at 

684.2 eV, 687.4 eV, 688.4 eV respectively, while in the spectrum of 

FGQDs, the corresponding values are at 683.7 eV, 687.8 eV and 688.5 

eV respectively [49], [50]. The decrease in adsorbed fluorine content 

(Figure 4f) as well as oxygen-containing functional groups as obtained 

in XPS spectra of FGQDs are consistent with our suggested 

mechanism. 

 A comparison of the C-F covalent to C-F semi-ionic ratio for 

FG, HFG and FGQDs is summarised in Table 1 and it is clear that a 

drastic reduction of covalent C-F bond population is seen in the 

conversion of fluorographite (FG) to hydroxy fluorographene (HFG) 

which emphasize the nucleophilic substitution with less reductive 

fluorination in FG on treatment with aqueous alcoholic NaOH. 

However, when HFG is converted to FGQDs, the ratio is found to be 

slightly increasing, indicating a more covalent C-F bond population in 

FQDs which indicates fluorination taking place in HFG on 

hydrothermal treatment in presence of adsorbed fluoride ions. A 

schematic representation of oxidative cutting of HFG into FGQDs is 

shown in figure 5.3.6 

Table 1: A comparison of the ratio of C-F covalent to C-F semi-ionic 

C F covalent

C F semi ionic



 
 

FG HFG FGQDs 

5.82 0.71 0.96 
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Figure 5.3.5: (a & b) survey XPS spectra, (c & d) C1s spectra and (e 

& f) F1s spectra of HFG and FGQDs respectively.  
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5.3.6 Schematic representation of the formation of FGQDs 

 

Figure 5.3.6: Schematic representation of oxidative cutting of HFG 

into FGQDs with H2O2. 

5.3.7 Analysing optical properties of FGQDs 

FGQDs emit blue fluorescence when irradiated with 365 nm 

UV light, as shown in Figure 5.3.7 (a). To further explore the optical 

properties of FGQDs, photoluminescence spectral measurements are 

carried out. It is observed that the emission wavelength of FGQDs 

depends on the excitation wavelengths used.  As the excitation 

wavelength is changed from 295 to 365 nm, the PL peak also is getting 

shifted to longer wavelengths (Figure 5.3.7 (b)). The excitation-

dependence of PL of FGQDs is thought to be resulting from the non-

uniformity in sizes of the quantum dots and also due to the presence of 

emissive traps present in FGQDs [25]. FGQDs exhibit a strong 

emission peak at about 450nm when excited with 335 nm. The 
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obtained PL and PLE spectra of FGQDs are presented in figure 5.3.7. 

(c).  Using quinine sulphate as the standard, the PL quantum yield of 

FGQDs is estimated which is found to be 2.9 % (ESI).  

 

Figure 5.3.7: (a) PL spectrum of FGQDs with excitation at 365 nm. 

Inset is the photograph of FGQDs taken under visible and 365 nm UV 

light. (b) Fluorescence emission spectra of FGQDs solution at different 

excitation wavelengths. (c) PL and PLE spectra of FGQDs showing the 

maximum excitation and emission wavelengths. 

5.3.8 FGQDs as a turn-off sensor for Fe
3+ 

To explore the possibility of FGQDs as a fluorescent sensor 

towards the detection of metallic ions, the fluorescence intensity 
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measurement of FGQDs in the presence of various metal ions is 

carried out.  The relative fluorescence intensities are measured after the 

addition of 20 µL of 0.1mM solutions of metal ions (Cd
2+

, Hg
2+

, Ni
2+

, 

Mn
2+

, Mg
2+

, Cu
2+

, Pb
2+

, Fe
2+

, Fe
3+

, Al
3+

, Ca
2+

, Zn
2+

, Na
+
, K

+
, Co

2+
, 

Ag
+
) into the FGQDs and the results are presented in figure 5.3.8 (a). 

Out of the 16 metal ions tested, the fluorescence intensity ratio (F/F0) 

of FGQDs has lowered on the addition of Cu
2+

, Pb
2+

, and Fe
2+ 

and only 

in the case of Fe
3+

 ions, an almost complete fluorescence quenching is 

observed. Based on the related literature reports [51]-[54], ferric ions 

may be getting engaged in non-specific interactions with the surface 

functional hydroxy /carboxy groups of FGQDs which leads to FL 

quenching. The sensitivity of FGQDs with different Fe
3+ 

ion 

concentrations is analysed and it is found that the FL intensity of 

FGQDs is decreasing linearly with increased concentration of ferric 

ions. Figure 5.3.8. (b) depicts the fluorescence quenching effect on 

FGQDs with Fe
3+

 ion concentrations varying from 0 to 90 µM. From 

the Stern-Volmer plot, shown in figure 5.3.8 (c), the FL intensity ratio 

(F0/F) shows a good linear response with Fe
3+

 over the concentration 

range 0 to 90 µM with a correlation coefficient (R
2
) of 0.9993. The 

limit of detection (LOD) of Fe
3+

 was calculated to be 73.7 nM based 

on 3σ/m where σ is the standard deviation of the blank signal and m is 

the slope of the linear calibration plot. A comparison of other GQDs-

Fe
3+

 sensor system are provided in Table 2 and Fe
3+

 ion sensing using 

different analytical methods are discussed in Table 3.  
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Figure 5.3.8. (a) PL response of aqueous FGQDs solution towards 

various metal ions. (excitation 320nm, [M
n+

]=100µM) (b) 

Fluorescence quenching of FGQDs in the presence of a different 

concentration of Fe
3+ 

(0-90  µM) (c) Stern- Volmer plot for the 

fluorescence quenching of FGQDs by Fe
3+

ions. 

Table 2: Comparison of GQDs-based fluorescent sensor for 

Fe
3+

detection 

Types of GQDs Linear range (µM) 
LOD 

(µM) 
Ref 

GQDs 0-80 7.22 25 

CQDs 0-300 13.68 26 

N-GQDs 1-500 1 27 

S-GQDs 0-0.7 0.004 28 

B-GQDs 0.01-100 0.005 29 

N, S-GQDs 0.01-3 0.003 30 

FGQDs 0-90  0.073 This work 
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Table 3: Comparison of Fe
3+ 

sensing using different analytical 

methods 

Method Linear 

range 

LOD Ref 

Colorimetric sensing 0-70 µM 9.5 µM 55 

Atomic absorption   spectrometry 0-100 µg/L 1.8 µg/L 56 

Voltammetry 0.01-1 nM 1.2 nM 57 

ICP-MS - 0.085 nM 58 

Fluorescent sensing 0-90 µM 73.7 nM This work 

 

5.3.9 Mechanism for fluorescence quenching 

To understand the mechanism for fluorescence quenching, we 

have calculated the quenching constant (Ksv) from the slope of the 

linear fit of the Stern –Volmer plot given by equation F0/F=1+Ksv[Q] 

where F0 and F are FL intensities of FGQDs in the presence and 

absence of Fe
3+ 

ion at an excitation wavelength of 335 nm respectively 

and [Q] is the concentration of quencher. The quenching constant (Ksv) 

which denotes the binding affinity between the fluorescence molecule 

and quenching molecule is found to be 64.7 *10
3
 M

-1
.  The good 

linearity of the Stern-Volmer plot over the measured concentration 

range and also the higher value of Ksv indicate a static quenching 

between FGQDs and Fe
3+ 

[54], [59].  

5.3.9(a) Zeta potential measurement 

Zeta potential measurements are used to find the surface charge 

of nanoparticles which governs their stability. Studies report that 

nanoparticles with zeta potential in the range of -30 to 30 mV exhibit 
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high colloidal stability [60], [61]. The surface charge measured for 

FGQDs is -36.8 mV due to surface-rich hydroxyl groups which impart 

its high stability (Figure 5.3.9.a).  After the addition of Fe
3+

, the zeta 

potential measurement is decreased to -30.8 mV which suggests the 

quenching mechanism involves the complexation of Fe
3+

ions with the 

surface hydroxy/carboxy groups. 

 

Figure 5.3.9(a) Zeta potential measurement of FGQDs and   

FGQDs + Fe
3+

 

5.3.9 (b) Lifetime measurement 

 Lifetime measurement obtained by measuring the fluorescence 

intensity in the absence and presence of a quencher molecule is a 

useful technique to distinguish static quenching from dynamic 
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quenching [62]. Under the optimal experimental condition, before and 

after the addition of Fe
3+

, the fluorescence lifetime for FGQDs remains 

almost constant (7.8 ns)
 
indicating a static quenching mechanism 

(Figure 5.3.9.b).   

                  

Figure 5.3.9. (b) fluorescence decay curve of FGQDs and   

FGQDs + Fe
3+

 

Based on the above results, we suggest that the addition of Fe
3+ 

into the FGQD solution can result in the formation of a stable complex 

in its ground state which facilitates a non-radiative electron-hole 

recombination annihilation and thus triggers the quenching of 

fluorescence.
 

 5.4 Conclusions  

In this study, a novel method is adopted for the synthesis of 

hydroxylated fluorographene (HFG) from fluorographite, through 

nucleophilic substitution of labile fluorine atoms by hydroxyl groups, 
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minimizing the extent of reductive defluorination in the graphene 

network. The hydrothermal treatment of prepared HFG dispersion with 

adsorbed fluoride ion resulted in additional fluorinations and oxidative 

etching producing fluorine-rich graphene quantum dots (FGQDs). The 

obtained FGQDs exhibit blue fluorescence and good water solubility. 

The feasibility of the prepared FGQDs to function as a label-free 

fluorescent probe for the selective detection of Fe
3+ 

ions through a 

static quenching mechanism is further explored here. The sensitive 

response of FGQDS with Fe
3+ 

concentration is found to follow a linear 

relationship over the range of 0-90 µM with a detection limit of 73.7 

nM. 
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6.1 Introduction 

Carbon-based nanomaterials with fascinating shapes, sizes and 

uniqueness in their properties continued to generate enormous interest 

in recent scientific research. Among them, Carbon nano-onions 

(CNOs) or multi-layered fullerene gained significant attention with 

their exciting properties. CNOs are members of the fullerene family 

consisting of quasi-spherical and polyhedral-shaped concentric 

graphitic layers made up of hexagonal and pentagonal carbon rings 

with delocalized electron clouds [ 1], [2].  The number of carbon atoms 

in each graphitic layer will be 60n
2
, where n is the corresponding layer 

number [3], and the d-spacing in CNOs will be around  0.335 nm, 

similar to graphite [1]. The fascinating properties like high surface to 

volume ratio, thermal stability and electrical conductivity [4]-[7], 

makes CNOs a desirable  candidate in the field of  supercapacitors, gas 

and energy storage, catalysis, hyper lubricants, electromagnetic 

shielding, biological imaging, sensing and water treatment [7]-[23].  

Even after its accidental discovery in 1980 by Iijima [24], the 

promising nanomaterials, CNOs, remained unnoticed until  Daniel 

Ugarte in 1992 marked its synthesis by irradiating carbon soot with 

high energy electron beam [25].   Following this, several methods 

including annealing of ultra-dispersed nanodiamonds (NDs) [26], arc-

discharge [27], pyrolysis [28], ion implantation [29], chemical vapour 

deposition [30], electron-beam irradiation [31], laser irradiation [32], 

ball-milling [33], solvothermal reduction and hydrothermal treatment 

with mild conditions [3] are reported for the synthesis of CNOs. The 
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structural morphology of the formed CNOs (big or small sized, 

spherical or polyhedral shaped, dense or hollow core) depends mostly 

on the reaction condition and precursor used for the synthesis [1]  and 

the chemical reactivity is higher for small sized CNOs with high 

surface strain [34]. 

Since pristine CNOs exhibit poor solubility in polar and non-

polar solvents, their applications are limited or hindered by this fact. 

Hence a facile and easy method for the synthesis of water soluble 

CNOs gains huge research interest. Chemical functionalization on 

CNO surfaces can improve its solubility and physicochemical 

properties. Both covalent and non–covalent functionalization of CNOs 

are reported so far which include oxidation [35], [36], 1,3-dipolar 

cycloaddition [37],    amidation [38], [2+1] cycloaddition [39], 

nucleophilic substitution [40], and radical polymerization [41].   

Recently, researches have explored the possibility of 

chemically modified CNOs containing bioactive molecules and 

fluorophores as an ideal candidates for drug delivery, tissue 

engineering, cellular imaging and cancer therapy [42]-[47]. The 

functionalized CNOs exhibit weak inflammatory and less cytotoxicity 

both in-vivo and in-vitro mode. This opens up the tremendous 

possibility of their potential use as an efficient biosafety theranostic 

agents [48]. The toxicity of CNOs was first investigated by Ding et al. 

on human skin fibroblast and found that compared to multi-walled 

carbon nanotubes, CNOs induced less stress on the cells at low dosage 

[49]. Studies on human umbilical vein endothelial cells by Xu et al. 



131 

revealed that CNOs exhibited a dose-dependent inhibitory 

concentration effect on cell growth and induced apoptosis and DNA 

damage due to reactive oxygen species generation [50]. Water-soluble 

fluorescent CNOs reported by Ghosh et al. were used for the life cycle 

imaging of Drosophila Melanogaster without any toxicity to its the 

normal life activity [51]. According to Kang et al. spherical shape of 

CNOs make them a better drug delivery platform compared to multi-

walled carbon nano tubes [52].  

Herein, we report a novel, easy and quick strategy for the 

preparation of good quality water soluble CNOs from graphene oxide, 

employing facile hydrothermal method. Due to faster detection with 

high selectivity and sensitivity, sensing of metal ions with fluorescent 

sensors received much attention. The optical properties of prepared 

CNOs were investigated and its fluorescent sensing property for the 

selective and sensitive detection of ferrous ion was examined.  

In the present study, the anti-cancer activity of CNOs is 

investigated. Among the widespread reports of cancer deaths, female 

breast cancer remains to be the second cause of cancer deaths even 

though the death rate had declined overtime. Therefore, an attempt to 

discover the ability of synthesized CNOs in the growth inhibition of 

human breast cancer cell line MCF-7 was carried out. The cell viability 

of CNOs against normal breast cell HBL-100 was also studied. The 

morphology of MCF-7 cells treated with CNOs were analysed by an 

inverted light microscopy. DAPI staining was used to study the nuclear 

morphology of treated cell and to assess the apoptosis.  
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6.2 Experimental methods 

 The chemicals used and the synthetic procedure adapted for the 

preparation of spherical as well as hollow CNOs are discussed in 

chapter 2.  

Graphene oxide (GO) dispersion obtained by modified Hummer‟s 

method ( discussed in 2.2.1) when hydrothermally treated at 180 ℃  

with  hydrogen peroxide  by varying the GO - H2O2 ratio as well as  

reaction time resulted in CNOs with different morphology ie spherical 

and hollow CNOs , as detailed in 2.2.5. 

6.3 Results and discussion 

6.3.1 TEM images 

HRTEM images (Figure 6.3.1(ⅰ)(a-b) and 6.3.1(ⅱ)(a-c)) 

reveals the formation of CNOs. When graphene oxide was 

hydrothermally treated with 30% hydrogen peroxide in 16:1 ratio at a 

temperature of 180 °C for 1 h, resulted in solid spherical CNOs with 

concentric graphitic shells. But the hydrothermal treatment of graphene 

oxide with 30% hydrogen peroxide in 10: 1 ratio at 180 °C for 30 min 

produced hollow CNOs with lesser number of graphitic shells. Thus, 

varying the time for the hydrothermal treatment as well as the 

graphene oxide with hydrogen peroxide ratio successful production of 

CNOs with two different morphologies were achieved. This is 

consistent with the earlier reports that depending on reaction 

conditions, formed CNO differs in size, shape and surface area [53].  
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Figure 6.3.1(ⅰ)(a-b) shows the TEM image of solid spherical CNOs 

with concentric graphitic multi-shells architecture, with an average size 

of ~ 20 nm. The interlayer spacing of graphitic shells was found to be 

~ 0.354 nm, slightly greater the d spacing in graphite which is 

consistent with the previous reports [54]. Figure 6.3.1(ⅱ)(a-c) depicts 

the TEM image of CNOs with hollow core and lesser number of 

graphitic shells.    

 

Figure 6.3.1(ⅰ):(a-b) HR-TEM images of spherical CNOs (inset 

is the SAED pattern) and (c) FESEM image of spherical CNOs  
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Figure 6.3.1(ⅱ)(a-c): HR-TEM images of hollow CNOs (inset is 

the SAED pattern) 

6.3.2 FTIR and Raman Analysis 

The functionalization of CNOs were confirmed with FTIR 

analysis. FTIR spectrum of spherical CNOs, as shown in figure 6.3.2(

ⅰ)(a) exhibited sharp bands at 1095 cm
-1 

(C-O stretching vibration), 

1435 cm
-1 

(O-H bending vibration) 1633 cm
1
(symmetric COO

-
 

stretching vibration), 2927 cm
-1 

(C-H stretching vibration), 3420 cm
-1 

(O-H stretching vibration). These results indicate the presence of 

carboxy and hydroxy groups on CNO surface which imparts to its high 

solubility [55]. The Raman spectrum of  spherical CNOs, (figure 6.3.2 (

ⅰ) (b)) exhibit D band at ~1347 cm
-1  

for disordered carbon and G band 

at ~ 1596 cm
-1

 corresponding to graphitic carbon along with second 

order peaks with a  2D band at ~2692 cm
-1 

and G+D band at ~ 2945 cm
-

1 
[56].

 
 The ID/IG ratio is calculated and the obtain value of 1.3 further 

confirms the presence of defects arisen due to surface functionalisation. 

In hollow CNOs, the FTIR spectrum gives peaks at 1096, 1404, 1632, 

1727 cm
-1

 corresponding to C-O, O-H, C=C and C=O vibrations 

respectively which implies the presence of oxygen surface 
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functionalities as depicted in Figure 6.3.2.(ⅱ)(a). The Raman spectrum 

of hollow CNOs show D band 1352 cm
-1 

and G band at 1604 cm
-1

 with 

an ID/IG value of 1.2, (figure 6.3.2(ⅱ)(b) which again points towards 

heavy surface functionalization. 

Figure 6.3.2 (ⅰ):(a) FTIR spectrum (b) Raman spectrum of 

Spherical CNOs 

 

 

Figure 6.3.2 (ⅱ):(a) FTIR spectrum and(b) Raman spectrum of 

hollow CNOs 
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6.3.3. Curling and closure- CNO formation 

The curling and closure of graphitic layers occur in CNOs in 

order to reduce the strain and surface energy due to dangling bonds 

and pentagonal carbon rings, resulting in amorphous or crystalline 

CNOs [1], [25], [57], [58]. Consistent with the above reports, a 

probable mechanism is proposed here on the formation of CNOs from 

GO as shown in figure 6.3.3. In a drastic hydrothermal condition 

assisted by the oxidative etching by hydrogen peroxide, edge defects 

arise in GO sheets, caused by the formation of dangling bonds and 

holes which will act as the driving force for the curling and closure of 

GO nanosheets ultimately resulting in the formation of CNOs.  

 

Figure 6.3.3: proposed mechanism for the formation of carbon 

nano onion from graphene oxide. 
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6.3.4 PL spectroscopic analysis 

When irradiated with 365 nm UV light, a strong greenish 

yellow fluorescence was observed with an emission peak showing a 

max   at 512 nm for spherical CNOs and 523 nm for hollow CNOs as 

shown in figure 6.3.4.(a) & (b) respectively. Photoluminescence is a 

characteristic of zero-dimensional carbon materials such as quantum 

dots, carbon dots, carbon nano onions. Some of the major factors 

which contribute to photoluminescence are the optical selectivity of 

different size (quantum effect), emissive traps on the surface including 

defects, surface groups, and surface states.   

 

Figure 6.3.4: (a) Emission spectrum of (a) spherical CNOs showing a 

max at 512 nm (b) hollow CNOs showing max at 523 nm when excited 

at 365 nm (inset shows the photograph of CNO without and with UV 

illumination at 365 nm) 

6.3.5 Exploring the optical properties of hollow CNOs 

Since strong fluorescence was exhibited by hollow CNOs than 

spherical CNOs, the optical properties of hollow CNOs were further 

explored with fluorescence studies. Figure 6.3.5 (a) shows the 

variation of emission fluorescence intensity of CNOs with different 
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excitation wavelengths ranging from 300 nm to 380 nm and it is found 

that the CNOs exhibited an excitation dependent PL behaviour with 

highest fluorescence intensity on excitation wavelength of 330 nm. 

The fluorescence excitation and emission spectra of CNOs are 

presented in figure 6.3.5(b). The dependence of fluorescence intensity 

of CNOs with different concentration of NaCl solution (0-50 µM) was 

estimated and is shown in figure 6.3.5(c)  

 

Figure 6.3.5: (a) Excitation dependent fluorescence spectra of CNOs 

(b) Fluorescence excitation and emission spectrum of CNOs (c) 

Variation of fluorescence intensity of CNOs with different 

concentration of NaCl   

6.3.6. Fluorescent detection of Fe
2+ 

ions 

 

Figure 6.3.6: (a) Relative fluorescence intensity of CNOs in the 

presence of different metal ions. (b)Fluorescence spectra of CNOs with 

increasing concentration of Fe
2+

 ions (0-250 µL) (c) Relative 

fluorescence response of CNOs as a function of Fe
2+ 

concentration.
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The feasibility of using hollow CNOs as a label–free 

fluorescent probe for the detection of metal ions was examined by 

measuring the fluorescence intensity of CNOs in the presence of 

different metal ions. As shown in figure 6.3.6 (a), among the various 

metal ions (including Na
+
, Mn

2+
, Ca

2+
, Hg

2+
, Fe

3+
, K

+
, Fe

2+
, Mg

2+
, 

Zn
2+

, Cu
2+

, Al
3+

, Cr
3+

, Cd
2+

, Co
2+

, Ni
2+

, Pb
2+

, Ag
+
) the relative 

fluorescence intensity of aqueous solution of CNOs was almost 

completely quenched in the presence Fe
2+ 

ions.  In order to evaluate the 

sensitivity of the prepared system, the fluorescence intensity of the 

CNOs was constantly measured after the addition of different 

concentration of Fe
2+

. It was found that the fluorescence intensity of 

the CNOs decreased apparently with an increase in the concentration 

of Fe
2+

. Figure 6.3.6 (b) depicts the gradual decrease in fluorescence 

intensity upon addition ferrous ion solution from 0 to 250 µL.  

The fluorescence quenching mechanism of CNO- Fe
2+

 sensor 

system follows the Stern-Volmer equation, F0/F= 1+Ksv[Q], where F0 

and F are fluorescence intensities in the absence and presence of Fe
2+

, 

Ksv is the Stern-Volmer quenching constant, [Q] is the analyte 

concentration. The Stern-Volmer plot, shown in figure 6.3.6 (c), 

exhibit a good linear response between the fluorescence intensity ratio 

and Fe
2+ 

over 0  to 111 µM concentration range with a correlation 

coefficient (R
2
) of 0.9995. The limit of detection calculated from the 

standard deviation (σ) and the slope (m) of S-V plot using equation 

3σ/m was found to be 44.8 nM which is lower than the threshold level 

for ferrous ion (1780 nM) in drinking water according to World health 

organisation guideline [59]. The higher value of association constant, 

Ksv (6.81 *10
4
 M

-1
) obtained describes an efficient interaction of 
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ferrous ion with oxygen moieties on CNOs surface resulting in charge 

transfer quenching. This further confirms the fact that the mechanism 

involved here must be static quenching. 

6.3.7 Investigating the anti-cancer activity of CNOs on MCF-7 cell 

line  

6.3.7.1 MTT assay 

The effects of hollow CNOs on the cell response of the human 

breast cancer (MCF-7) cell line as well as normal human breast 

epithelial cell line (HBL-100) were examined by using the MTT assay 

(figure 6.3.7.1.(a & b)) and it was found that CNOs exhibited dose-

dependent in- vitro cytotoxicity towards the MCF-7 cells, while no 

significant cytotoxicity was observed for normal HBL-100 cells even 

after 48 h of exposure, safeguarding the in-vitro usage of as-

synthesized CNOs for anticancer studies.  

 

Figure 6.3.7.1:  Dose- dependent in- vitro cytotoxicity of CNOs 

towards (a) human breast cancer (MCF-7) cells (b) normal human 

breast epithelial (HBL-100) cells  
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Figure 6.3.7.1 (a) shows the dose-reliant in-vitro cytotoxicity 

activity of CNOs at different concentrations (0, 1, 2, 4, 6, 8, 10, 12, 14 

μg/mL) over MCF-7 cell line. The experimental results demonstrate 

that CNOs can inhibit cell proliferation of MCF-7 cells in a dose 

dependent manner. On increasing the dosage of CNOs from 0 to 14 

µg/mL, cell death was almost 90%. The half maximal inhibitory 

concentration (IC50) value of CNOs against MCF-7 cells was found to 

be 6 μg/ml. 

The high specificity of CNOs towards the cancerous cell over 

normal cell is related to the overexpression of H2O2 in cancerous cells 

[60], [61]. H2O2 generally produced by the normal cells (<20 nM 

concentration) play an active role in a series of physiological process. 

Normal cells have metabolic system that remove H2O2. Glutathione 

peroxidase and catalase are the three main antioxidant enzymes 

responsible for the elimination of H2O2 [62]–[64].  Since the intrinsic 

level of antioxidant enzymes are low in most malignancy cells, the 

concentration of H2O2  in malignant tumour cells may reach up to 100 

µM [65]–[67].  Since our prepared CNOs are rich in surface hydroxyl 

and carboxyl groups, they generate reactive oxygen species (ROS) in 

cancerous cells and thereby inhibiting further cell proliferation by cell 

apoptosis. 

6.3.7.2 MCF-7 cell morphology analysis 

The structural morphology of the MCF-7 cell line in the 

presence and absence of CNOs were also studied using inverted phase 
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contrast microscopy. The cells treated with different concentration of 

CNOs are shown in Figure 6.3.7.2 (a-h). Cells in the control were 

tightly packed, multinucleated with spindle shaped as shown in 6.3.7.2 

(a & e). Nevertheless, cell growth appeared  inhibited in cells treated 

with CNOs, and cell membranes were crooked and more blebby in the 

cells, signifying the apoptotic activation [68] as evident from 6.3.7.2 (b 

& f, c & g, d & h). 

 

Figure 6.3.7.2: Morphology of MCF-7 cells treated with (a & e) 

control, (b & f) CNOs at IC25 concentration, (c & g) CNOs at IC50 

concentration and (d & h) CNOs at IC75 concentration. 

6.3.7.3 DAPI staining-to study nuclear morphology 

 Chromatin changes phase from an active network to an 

inactive condensed state during apoptosis. This condensed chromatin is 

digested by the nucleases generating DNA ladders. So, chromatin 

compression and DNA shattering are the hallmarks of  late apoptosis 
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[69]–[71]. DAPI (4, 6-diamidino-2-phenylindole) staining was used to 

visualize the nuclear morphology of the cells as it binds strongly to 

adenine –thymine regions of DNA resulting in the emission of blue 

fluorescence when excited with UV radiation. Apoptotic cells with 

compacted chromatin will be brighter than chromatin from non-

apoptotic cell [71]. As seen from the images in Figure 6.3.7.3 (a), 

spherical nuclei with intact normal morphology and a faint blue 

fluorescence were present in untreated control. Furthermore, CNO-

treated cells (Figure 6.3.7.3 (b–d)) displayed enhanced chromatin 

condensation, smaller nuclei, and nuclear fragmentation in addition to 

their vivid blue colour emission. Hence the present study suggested 

that CNOs could induce cell apoptosis in MCF-7 cells.  

 

Figure 6.3.7.3: Fluorescent images of MCF-7 cells treated with (a) 

control (b) 2 (C) 6 (d) 10 µg/mL of CNOs. Cells are stained with 1 

mg/mL of DAPI.  

6.4 Conclusions 

Thus, in brief, we report a facile, straight forward synthesis of 

spherical dense core as well as polygonal hollow core carbon nano-

onions from graphene oxide employing hydrothermal methods by 

effectively tuning the parameters like the ratio of oxidising agent and 

time of reaction. The obtained CNOs were characterised using TEM, 
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SEM, FTIR and Raman analysis. The optical properties of prepared 

CNOs were investigated and its fluorescent quenching property for the 

selective and sensitive detection of ferrous ion were studied. The 

synthesised hollow polygonal CNOs can act as effective fluorescent 

sensor for the detection of ferrous ion over a linear range of 0 µM to 

111 µM Fe
2+

 concentration with a detection limit of 44.8 nM. 

Furthermore, the cell viability of CNOs against human breast cancer 

(MCF-7) cells and normal HBL-100 cells were investigated and found 

that CNOs can inhibit the cell proliferation of MCF-7 cells in a dose-

dependent manner without affecting the normal cell activity. The half 

maximal inhibitory concentration (IC50) value of 6 µg/mL was 

calculated from the MTT assay. The morphology studies from inverted 

light microscopic images and DAPI staining images of treated cells 

confirms the CNOs-induced cell apoptosis in MCF-7 cells.  The high 

water-solubility, stable photoluminescence, low cytotoxicity with anti- 

cancer activity makes the prepared CNOs a promising fluorescent 

probe and an efficient theragnostic agent.  
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7.1 Overall conclusions  

In the present thesis, investigations on the preparation, 

characterisation and applications of zero-dimensional carbon 

nanomaterials such as graphene quantum dots, two different types of 

nitrogen-doped graphene quantum dots, dense carbon nano onions, 

hollow polygonal carbon nano onions, fluorine-rich carbon quantum 

dots are presented. A brief summary of the major findings in each 

chapter is provided here. 

Chapter 1 consolidates a general introduction and literature 

review of the zero-dimensional nanomaterials included in the present 

research work. The properties and applications of these nanomaterials 

were also briefly summarised.  

In Chapter 2, the experimental methods for the synthesis and 

the analytical techniques adopted for the characterisation of carbon 

nanomaterials as well as applications carried out are included. All the 

zero-dimensional nanomaterials included in this thesis were prepared 

through simple and facile methods. This chapter also provides the 

details of the materials used in the study. 

Chapter 3 summarises investigations on GQDs and two 

different types of nitrogen-doped GQDs prepared by following 

hydrothermal strategies and their nanocomposites with TiO2 

photocatalysts in two different methods. The formation of GQDs and 

NGQDs was inferred from the TEM analysis and the incorporation of 

NGQDs over TiO2 was further confirmed from the XRD, FTIR, and 
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UV-DRS analysis. The performance of the TiO2-GQDs, TiO2-NGQDs 

and P25TiO2-NGQDs hybrid catalysts was evaluated using hydrogen 

generation via photocatalytic water-splitting and compared with that of 

pristine titania photocatalysts. The NGQD-sensitized TiO2 

photocatalysts were found to be superior to the bare sol-gel titania 

catalysts in their photocatalytic performances. GQDs and NGQDs are 

anticipated to have an exciting future as green sensitizers in various 

semiconductor-based catalytic systems for their performance 

enhancement in visible light harvesting. The high performance of 

NGQDs-sensitized photocatalysts can be attributed to the unique 

optical and physical properties of NGQDs which enable them to be a 

promising material for commercial photocatalytic applications in the 

near future. 

 In chapter 4, we reported the successful synthesis of graphene 

quantum dots with small size, high water solubility and strong 

fluorescence through a simple and rapid hydrothermal method 

employing graphene oxide and H2O2 at a temperature of 180
 
°C for 1.5 

h reaction time. The prepared GQDs were characterised with the help 

of TEM, FTIR, Raman and PL analysis. TEM images reveal the 

formation of 1-3 nm-sized GQDs. FTIR and Raman spectroscopic 

studies further confirm the surface oxygen functionalisation in GQDs 

which provides them with excellent water solubility. The strong and 

excitation-dependent fluorescence properties of the prepared GQDs 

were analysed using PL spectroscopy. Since GQDs are non-toxic, 

small-sized, highly water soluble and exhibit strong fluorescence, they 

could find immense potential applications in the biological and 
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medicinal fields. We tried to explore such possibilities. The 

cytotoxicity assay of GQDs was carried out in normal human breast 

cells (HBL-100 cell line) and human breast cancer cells ( MCF-7 cell 

line). The synthesised GQDs exhibited excellent anti-cancer properties 

and MTT assays revealed a concentration-dependent cell growth 

inhibition of human breast cancer cells treated with GQDs in in-vitro 

conditions. Only negligible cytotoxicity was observed towards normal 

breast cells. The IC50 value of  GQDs calculated was 9 µg/mL. Further, 

the anti-oxidant property of GQDs was evaluated and confirmed from 

the H2O2 scavenging assay. GQDs also exhibited cell penetration into 

the nucleus and multi-colour fluorescence emission in HBL-100 cells 

which suggests their application in cell imaging. 

In Chapter 5, nucleophilic substitutions of fluorine moieties on 

fluorographite by hydroxyl groups were carried out by a strategy in 

which the parallel reductive defluorination was minimised. Mild 

sonochemical exfoliation of the resulting product in water provided an 

aqueous dispersion of hydroxylated fluorographene (HFG) in which C-

F bonds are largely semi-ionic in character. Upon subsequent 

hydrothermal treatment with hydrogen peroxide, additional 

fluorinations were taken place because of adsorbed fluoride ions. 

Further, oxidative etching resulted in the formation of blue fluorescent 

fluorine-rich small-sized (1.5-3 nm) graphene quantum dots (FGQDs) 

with excellent solubility and high stability. A schematic representation 

of the suggested mechanism was also included in the chapter. The 

results from the FTIR and XPS analysis also confirmed our findings. 

The size of the prepared FGQDs in the 1.5-3 nm was analysed using 

TEM images and the corresponding histogram. AFM analysis of HFG 
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confirmed good exfoliation. Raman analysis of FGQDs revealed the 

surface defects, the source of its strong fluorescence. The optical 

properties suggested that FGQDs can act as a good sensing platform 

for the detection of metal ions. Detailed analysis showed that the 

fluorescence of FGQDs was completely quenched in the presence of 

Fe
3+ 

ions in an aqueous solution. Thus, FGQDs could act as fluorescent 

turn-off sensors for the detection of Fe
3+ 

ions. A good linear response 

was obtained for Fe
3+

 concentrations over a range of 0-90 µM with a 

limit of detection of 73.7 nM.   

In chapter 6, investigations leading to a simple and 

straightforward synthesis of highly water-soluble, fluorescent carbon 

nano-onions (spherical dense core as well as polygonal hollow core 

carbon nano-onion) from graphene oxide employing hydrothermal 

methods by varying the ratio of oxidising agent and time of reaction 

are presented. The morphology and functionalization of CNOs were 

characterised using TEM, SEM, FTIR, Raman and PL spectral 

analysis. The synthesised hollow polygonal CNOs can act as an 

effective fluorescent sensor for the detection of ferrous ions over a 

linear range of 0 to 111 µM Fe
2+

 concentration with a detection limit of 

44.8 nM. Also, it could inhibit the cell proliferation of human breast 

cancer (MCF-7) cells in a dose-dependent manner with a half maximal 

inhibitory concentration (IC50) value of 6 µg/mL, while providing no 

significant cytotoxicity towards normal breast (HBL-100) cells. The 

morphology studies using inverted light microscopy of treated cells 

and DAPI staining of nucleus confirmed that the CNOs could induce 

cell apoptosis in MCF-7 cells. 
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7.1 Future outlook  

The work presented in this dissertation involves simple, cost-

effective and facile hydrothermal methods which can be performed in 

a short reaction time, for the development of a variety of exciting zero-

dimensional carbon nanomaterials known to possess promising 

applications, as demonstrated here. Since the 0-D nanomaterials are 

considered as next-generation materials, their straightforward 

preparation methods gain special attention.  

As discussed in chapter 3, GQDs and NGQDs are anticipated to 

have an exciting future as green sensitizers in various semiconductor-

based catalytic systems for their performance enhancement in visible 

light harvesting. The high performance of NGQDs-sensitized 

photocatalysts can be attributed to the unique optical and physical 

properties of NGQDs, enabling them to be a promising material for 

commercial photocatalytic applications in the near future. 

The small-sized GQDs developed in this work is demonstrated 

to be highly promising as potential candidates in the field of cancer 

therapy. Its small size, excellent water solubility, strong fluorescence, 

biocompatibility, and ease of functionalisation make these GQDs a 

suitable material for theragnostic applications. The high surface area to 

volume ratio of GQDs and π-conjugation enable efficient drug loading. 

Hence, the research offers promising future directions in this aspect.  

In chapter 5, we have reported a novel reaction method for 

carrying the nucleophilic substitution, minimizing the rate of reductive 
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defluorination. Hydroxy fluorographene (HFG) with a more semi-ionic 

character can find more applications in the field of electrochemical 

sensing. Fluorine-rich GQDs prepared from HFG with more covalent 

character can also find more applications in the field of sensing and as 

a dual-modal agent for MRI and 
19

F MRI. 

Another fascinating 0-D carbon nanomaterial developed is 

carbon nano-onions which are presented in chapter 6. Pristine CNOs 

offer immense potential applications in the field of energy storage and 

their cost-effective synthetic strategies can lead to many investigations 

in future. Lack of water solubility hinders the application of pristine 

CNOs in many other fields. We successfully synthesised highly water-

soluble CNOs with strong fluorescence. The biological applications 

they exhibited are promising and open up the scope for further research 

to be carried out in this direction. 
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