Zero-Dimensional Carbon Nanomaterials:
Synthesis, Characterisations and
Applications

Thesis submitted to
the University of Calicut in partial fulfilment of
the requirements for the degree of

DOCTOR OF PHILOSOPHY IN CHEMISTRY

in the Faculty of Science

By
SREEJA K.

Under the guidance of
Dr. Resmi M.R.

Research and Post Graduate Department of Chemistry

Sree Neelakanta Government Sanskrit College, Pattambi
(Affiliated to the University of Calicut, Kerala, India)
December 2022






Sree Neelakanta Govt. Sanskrit College
Pattambi, Palakkad Dt, Kerala - 679 306
(Accredited by NAAC with A* Grade)

Ph: 0466-2212223

e-mail: sngscollege@gmail.com
website: www.sngscollege.org

Date: 30. 12. 2022

CERTIFICATE

Certified that the thesis entitled “Zero-dimensional Carbon
Nanomaterials: Synthesis, Characterisations and Applications”, is
an authentic record of research work carried out by Ms. Sreeja K.
under my supervision at the Research and Post Graduate Department
of Chemistry, SNGS College, Pattambi in partial fulfillment of the
requirements for the award of the degree of Doctor of Philosophy in
Chemistry of the University of Calicut, and has not been included in

any other thesis submitted previously for the award of any other

degree.
Pattambi Dr. Resmi M.R
(Supervising Guide)
Professor

Research and Post Graduate
Department of Chemistry
S. N. G. S. College, Pattambi


mailto:sngscollege@gmail.com
http://www.sngscollege.org/




Sree Neelakanta Govt. Sanskrit College
Pattambi, Palakkad Dt, Kerala - 679 306
(Accredited by NAAC with A* Grade)

Ph: 0466-2212223

e-mail: sngscollege@gmail.com
website: www.sngscollege.org

Date: 20. 09. 2023

CERTIFICATE

This is to certify that the thesis entitled “Zero-Dimensional Carbon
Nanomaterials: Synthesis, Characterisations and Applications”,
bound herewith is a bonafide research work done by Ms. Sreeja K.
under my supervision at the Research and Post Graduate Department
of Chemistry, SNGS College, Pattambi in partial fulfilment of the
requirements for the award of the degree of Doctor of Philosophy in
Chemistry of the University of Calicut. | also certify that the
corrections/suggestions from the adjudicators have been incorporated
into the revised thesis and the contents in the thesis and the soft copy

are one and the same.

Pattambi Dr. Resmi M.R.
(Supervising Guide)

Professor

Research and Post Graduate

Department of Chemistry

SNGS College, Pattambi


mailto:sngscollege@gmail.com
http://www.sngscollege.org/




DECLARATION

| hereby declare that the present work entitled “Zero-
Dimensional Carbon Nanomaterials: Synthesis, Characterisations
and Applications” is an authentic record of the original work done by
me under the supervision of Dr. Resmi M. R., Professor, Research and
Post Graduate Department of Chemistry, SNGS College, Pattambi in
partial fulfilment of the requirement for the award of the degree of
Doctor of Philosophy in Chemistry of the University of Calicut, and
has not been included in any other thesis submitted previously for the

award of any other degree.

Pattambi Sreeja. K
30. 12. 2022






Dedicated to

My Family & My Teachers






ACKNOWLEDGEMENTS

Each endeavour we make in the course of our life is
accomplished successfully only if we are inspired and supported by

our teachers, family and friends.

First and foremost, | wish to record my deep sense of gratitude
and sincere thanks to my research guide, my beloved teacher, Dr.
Resmi M. R. for the scholarly advice, unstinting support and
inspiration extended to me throughout my research work. 1 am much
indebted to her for the fruitful suggestions, meticulous instructions and
valuable guidance without which it would have been difficult to
complete my work. | reserve my gratitude to her.

| owe my sincere gratitude to my teachers Dr. Femina K. S. and
Dr. Binitha N. N. who encouraged me to enter the fascinating field of

research.

| would like to thank Dr. P. Raveendran, Professor,
Department of Chemistry, for his valuable advice during the
communication of articles. | extend my heartfelt gratitude to doctoral
committee members Prof. Dr.V. Anilkumar, Prof. Dr. P. Raveendran,
Dr. H. K. Santhosh. 1 also acknowledge Prof. Dr. V. V.

Radhakrishnan, Dean of the Faculty of Science, University of Calicut.

I thankfully acknowledge the Council of Scientific & Industrial
Research New Delhi, India for the CSIR-JRF & SRF. | should thank

Sree Neelakanta Government Sanskrit College, Pattambi, and the



University of Calicut for providing all the facilities for carrying out the

research.

| am forever indebted to all my beloved teachers- Dr.
Raveendran, Dr. Jacob Jose, Dr. P. Venugopalan, Dr. Manoj T. P.,
Dr. Anjaly Mathew, Mrs. Usha M, Dr. Remani K. C., Dr. Vinod
Raphael, Dr. Jincy E. M., who through their immense knowledge and

teaching opened the door to the fascinating world of Chemistry.

| extend my gratitude to all teachers in the Chemistry
Department- Dr. Surendran P., Mr. Roy K. B., Mrs. Ramlath K. T. and
all non-teaching staff- Surettan, Raghuvettan, Vijayalakshmi Chechi,

Pramodettan, Usha Chechi for their huge support and affection.

It is a pleasure to acknowledge my sincere thanks to the
Principal, of SNGS College, Pattambi. | thank all the administrative
staff, and all the teaching & non-teaching staff of SNGS college,
Pattambi.

| extend my profound gratitude to SAIF Kochi, IIT Kanpur, 1T
Madras, IISER Trivandrum, PSG Coimbatore, CSIF- Calicut
university, SAIF -MG University for analysis. | also thank Dr. Vimala.
K, Women scientist, Periyar University, for her support in biological

studies.

| owe a great deal to my friends and seniors who have
supported me in this venture. | take this opportunity to convey my
gratitude to Dr. Rajeena, Dr. Sudha, Dr. Sowmya, Dr. Divya, Dr.
Vijayasree, Dr. Silija, Dr. Vinu, Dr. Deepthi, Dr. Shaniba, Akbar,



Shameena, Suvarna, Haritha, Suchitra miss, Chandini, Vidya. My

deepest and heartiest thanks to all.

Last but not least, I express my love and affection towards my
family. I am always grateful to my parents and my husband, my
daughter, my brother, and my sister-in-law for their unconditional love
and diligent support which led to the completion of my research.
Thank you, Pappa, Amma, Unni and Chinnu for always being there for

me. Love you all.

Words are not enough to express my gratitude and endless
love towards my husband and my daughter. | thank my better half,
Sandeep for his constant support, care and encouragement. My little
angel, Ameya, my world, I thank her for perking up my weary spirit

with her innocent smile and bundle of love.

Above all, it has never been on my merit but on the grace and
benevolence of God Almighty that my endeavour has become a reality.
Thank you, God, for Everything.

Sreeja K.






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 TiO,
semiconductor photocatalyst. The material characterisation is carried
out by FTIR, XRD and UV-DRS spectroscopy. Employing the
developed hybrid TiO,/NGQD catalyst, a photocatalytic water-splitting
reaction is carried out. The NGQD-sensitized TiO, 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 (CNQOs) 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 (FGQDSs)
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?
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.
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CHAPTER1

INTRODUCTION AND
LITERATURE SURVEY






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

Sree Neelakanta Government Sanskrit College, Pattambi



Introduction

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.

Carbon quantum dots

Graphene quantum dots

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?-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
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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? 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 n-x * transition of core graphitic structure, while
the peak at 320-370 nm belongs to the n-n * 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 (TiOy)

Among wide gap semiconductors, TiO; 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].TiO, 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. TiO; is an n-type semiconductor, the valence band (VB)
is O, hybridised with Tizq, and the conduction band (CB) is Tizg and
Tiss [61].0n 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 TiO,, 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 TiO;
which constitute 80% anatase and 20% rutile phase [62—65].

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

guantum dot nanocomposites

The main drawbacks of TiO, 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 TiO, 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 TiO,, 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
TiO,/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 TiO, 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 TiO,/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), [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-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?
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? hybridised carbon. The structure of CNOs is constituted by
hexagonal and pentagonal rings of carbon atoms with delocalized -
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
lijima [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 H, evolution could be observed on a TiO, 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?/SO3 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.

Sree Neelakanta Government Sanskrit College, Pattambi 11



Introduction

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].

Crosslink
enhanced
emission

AN
/

/
N

Dynamic
quenching

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 H,O, 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 H,O and is used as a weapon to extract the nutrients
from the adjacent fibroblast. Therefore, for cancer cells, H,O, 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].

.........
.......

......

Defect rich Graphite
Quantum dots(GQDs)

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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Materials and Methods

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

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
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 Nice Chemicals
sulphate, zinc acetate, potassium
chloride
18 Manganese chloride, cobalt Loba Chemie
nitrate, calcium chloride, and
nickel nitrate
19 Lead nitrate Sd Fine Chemicals
20  Mercuric chloride Fischer Scientific
21  Magnesium sulphate, sodium Merck
chloride
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-  Sigma Aldrich
diphenyltetrazolium bromide
(MTT)
35 Dulbecco’s modified eagles’ Sigma Aldrich
medium (DMEM)
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 KMnO, 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% H,0, and stirring was continued for another 2 h, followed by
filtration and washing with 10% HCI, 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% H,O, 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 °C 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 TiO,.
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 TiO,/GQD and TiO,/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
TiO,/GQD or TiO2/N-GQD nanocomposite was calcined at 250 °C.

2.2.4.2 Preparation of P25 TiO,/NGQD nanocomposites

The nanocomposites of P25 TiO,/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 TiO,. 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?* 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 pL of CNO solution was added to 2 mL of double
distilled water taken in the cuvette. To this, 20 pL 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”",
different concentrations of Fe* were added to the aqueous solution of
CNO, incubated and recorded the PL spectrum.

2.4.2. Detection of Fe**ions

In a typical assay, 200 pL 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 pL 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 uM 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 I-glutamine and
balanced salt solution (BSS). The BSS was altered to contain 1.5 g/L
Na,CO3, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 2
mM I-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 1U/100 g) were changed to 1 mL/L. The cells were kept
in a humidified CO, incubator at 37 °C with 5% CO,.

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 (ICs)
value was calculated. In a 96-well plate with 100 pL of Dulbecco's
modified eagles’ medium, cancer cells were cultured for 48 h to reach
75% confluence (1x10* 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 pL 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 pL
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.

OD value of experimental sample

% of viability = x 100
% of viability OD value of experimental control

2.5.3. Morphological analysis

MCF-7 cells grown in DMEM media were exposed to
GQDs/CNOs at their ICys, ICsg, and 1C7s 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 pg/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%
CO; at 37 °C, was used to sustain the cells. Cells were planted in 96-
well plates at an initial cell density of 1x10* cells per mL prior to
measurements. The mixture of a polybrene solution (8 mg mL™, 0.1
mL) and a concentrated aqueous GQDs solution (10x, 3.6 mg/mL-1,
0.9 mL) was then equilibrated at 37 °C for 30 min. Each well received
an aliquot (100 pL) 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
TiO,/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™ to 400 cm™.

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
guantitative 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 26
from 0 to 90° and CuKa of A = 0.154 nm as a radiation source was
used for the XRD analyses of TiO,/NGQD and P25TiO,/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, nA=2dsinf where A is the wavelength
of X-ray used, n is the order, d is the atomic plane spacing, and 6 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-Ko (1486.6 eV) radiations (15 kV; 250 W,
A=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 Kkinetic
energies of these ejected electrons are measured, from which the
binding energy of the core electron can be calculated using Egg=
Ephoton - (Eke + ¢). 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 © 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° to 107 s. Both radiative and
non-radiative transitions are included in the decaying process. Hence
lifetime 7 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 vyield 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 (nZ/anef)( 1/ et )(Aref/ A)

Where, 1 = Refractive Index of the solvent used, n = 1.33 for water,
Nret = 1.33 for 0.1 M H,SO, solution, Qs = 0.54 (Quantum vyield of
quinine sulfate), 1 = Integrated fluorescence intensity of the sample,
I e = Integrate fluorescence intensity of the reference, A = Absorbance
at the excitation wavelength of the sample, Ars = 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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Photocatalytic Water Splitting Using TiO,-NGQD Nanocomposites

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. TiO; 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 TiO, are the
major challenges in TiO, 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 TiO, 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 TiO;
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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/
TiO, nanocomposites for photocatalytic water splitting. The
TiO,/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 TiO, [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/ TiO, hybrid prepared via in-situ photo-
assisted strategy [16]. Sui et al. reported that CQDs/ TiO, nanosheets
with majority of (001) facets showed photocatalytic activity due to
synergetic effect of TiO,-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 TiO, nanofibres [18]. Xie
et al. reported that S, N co-doped GQDs/TiO, 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 TiO, hybrid system
under both UV and visible illumination [20].
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In the present chapter, we prepared sol-gel TiO,, GQDs by an
oxidative etching process of nanosheets of graphene oxide (GO)
employing hydrogen peroxide and their nanocomposite with the
prepared sol-gel titania (TiO,-GQDs), nitrogen doped GQDs (NGQDs)
as well as their nanocomposites with sol-gel titania (TiO,-NGQDs),
NGQDs from oxidised debris attached to GO without the use of
hydrogen peroxide in the hydrothermal treatment and their
nanocomposites (P25TiO,-NGQDs) with commercial Degussa P25
titania (P25Ti0O,). The effect of GQDs/NGQDs on the photocatalytic
performance of TiO, 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 TiO, and the composites of TiO, 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 TiO,/GQDs and TiO,/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 TiO,/NGQDs) with
P25 TiO, 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 TiO,-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 TiO, 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, TiO,-GQDs
nanocomposite and (b, d & f) their corresponding SAED patterns.
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Figure 3.3.1(ii) (@) & (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 H,O, 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( i)
(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 H,0, (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 H,O,, 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,
(i) (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 NH; 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 H,0, was used here [23].

3.3.2 PL spectral analysis
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Figure 3.3.2: () Emission spectrum of GQDs showing a Amax 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 Amax 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 Amax 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 z* 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 Amax 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
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Figure 3.3.3: XRD patterns of (a) TiO, &TiO,-NGQDs (b) P25 TiO,
& P25TiO,-NGQDs

Figure 3.3.3 shows the XRD pattern of the photocatalysts
investigated (TiO, &TiO,-NGQDs and P25 TiO, & P25TiO,-NGQDs).
In both TiO, &TiO,-NGQDs, anatase phase of TiO, 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 TiO,-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
TiO, using NGQDs has, by and large, not altered the crystal structure

and phase morphology of TiO,,

3.3.4 FTIR spectral analysis
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Figure 3.3.4: FTIR spectra of (a) TiO, &TiO,-NGQDs (b)P25 TiO, &
P25Ti0,-NGQDs

FTIR spectra of the sol-gel TiO, & its nanocomposite TiO,-
NGQDs and the commercial P25TiO, & its nanocomposite P25TiO,-
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™ 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™. This points to the fact that the composite
formation involved the adsorption of NGQDs on the surface of TiO, or
P25 TiO, 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 TiO,-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™), C=0 stretching (1635 cm"
1), C-N bending (1330 cm™), C-O bending (1236 cm™), vibrational
frequencies are visible in the FTIR analysis which confirm the
incorporation of N-GQDs with sol -gel TiO; [20], [32]. The formation
of P25TiO,-NGQDs nanocomposite revealed by the presence of Ti-O
(broad band from 450-800 cm™), C=0 stretching (1621cm™), O-H and
N-H stretching (broad band at 3200-3500 cm™), 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 TiO,-NGQD is red shifted to the visible region compared to
bare titania, making it more suitable for visible light harvesting [32],
[34].
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Figure 3.3.5: UV-DRS spectra of (a) TiO, &TiO,-NGQDs (b) P25
TiO, & P25TiO,-NGQDs
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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
TiO, and TiO,-NGQDs composite were 2.52 eV, and 2.8 eV
respectively. Thus, the better photocatalytic performance of the TiO,-
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 P25TiO; and P25TiO,-NGQD are
presented in figure 3.3.5 (b). As shown, the band gap of P25TiO,
calculated from Kubelka-Munk plot was 3.2 eV and the composite
P25TiO,-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.
40 40 N
—Ti0,-NGQD a —— (P, TIO,/NGQD) b
%4 ——TiO, 354 —— (P, TiO)
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Figure 3.3.6: Kubelka —Munk plots for (a) TiO, & TiO, -NGQDs (b)
P25 TiO, & P25TiO;, -NGQDs
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3.3.7 PL spectral analysis
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Figure 3.3.7: Photoluminescence spectra of TiO,and TiO,-NGQDs

The PL spectra of TiO, and TiO,-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 TiO,-
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 TiO, and the
drainage of hole from the TiO, 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
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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 TiO,, 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 TiO, was found to exhibit better performance
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than P25TiO, based nanocomposite. When compared to TiO,-GQDs,
hydrogen production was found to be higher for TiO,-NGQDs.
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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 TiO,-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 TiO,-
GQDs and TiO,-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 TiO,-GQD
composite. In GQDs sensitized TiO, photocatalyst, the formation of
Ti-O-C bond introduces additional energy states between the
conduction band and valence band of TiO, 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 TiO,-
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 H, generation rate Reference
TiO,/ GQD 60.4 umol/h/g [15]
GQDs/{001}TiO, 79.3 umol/h/g [36]
CNQDs/TiO, NF 112.4 pmol/h/g [18]
S,N-GQD/P25 5.7 umol/h [19]
TiO/NGQD 458.6 umol/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 TiO, photocatalysts in two different methods.
The performance of the TiO,-GQDs, TiO,-NGQDs and P25TiO,-
NGQDs hybrid catalysts were evaluated using hydrogen generation via
photocatalytic water-splitting and compared with that of pristine titania
photocatalysts. The NGQD-sensitized TiO, 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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Preparation, Characterisations and Biological Applications of GQDs

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 H,O; in
the presence of MnO, was carried out by Tian et al. [8]. H,O, 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 =-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 s

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 m-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
H,0,. 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
guantum 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 H,O, for a time
of one and half hour at 180 °C, 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.

Sree Neelakanta Government Sanskrit College, Pattambi 84



Preparation, Characterisations and Biological Applications of GQDs

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, H,O, 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™ (O-H stretching
vibration), 1716 cm™ (C=0 stretching vibration), 1638 cm™ (C=C
stretching vibration),1403 cm™(O-H bending vibrations), 1091 cm™

(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™) and G band (1601 cm™) in figure 4.3.3. The
relative intensity ratio, Ip/lg 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 pg/mL, the cancerous cell activity
was found to be decreased, and cell death was 80% with an ICs, value
of 9 ug/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 100pg/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 H,O; 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 H,O, 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 H,O, to extract the nutrients from
the nearby fibroblast. Outschoorn et al. studied the H,O, 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
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Figure 4.3.6. Percentage inhibition of H,O, 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 H,O, radical scavenging activity

Sree Neelakanta Government Sanskrit College, Pattambi 90



Preparation, Characterisations and Biological Applications of GQDs

was displayed by GQDs on increasing concentration from 0 to 50
pg/mL. The ICs is calculated for GQDs based on % inhibition and is
found to be 30.9 pg/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 IC,5 concentration and ICs 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
H,O, 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 ICso value of GQDs calculated is 9
pHg/mL. The anti-oxidant property of GQDs was confirmed from the
H,0, scavenging assay. GQDs also exhibited cell penetration into the

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

Sree Neelakanta Government Sanskrit College, Pattambi 93



Preparation, Characterisations and Biological Applications of GQDs

References

[1] D. Pan, J. Zhang, Z. Li, and M. Wu, “Hydrothermal Route for
Cutting Graphene Sheets into Blue-Luminescent Graphene Quantum
Dots,” Adv. Mater., vol. 22, no. 6, pp. 734-738, Feb. 2010, doi:
10.1002/adma.200902825.

[2] M. R. Younis, G. He, J. Lin, and P. Huang, “Recent Advances on
Graphene Quantum Dots for Bioimaging Applications,” Front.
Chem., vol. 8, p. 424, Jun. 2020, doi: 10.3389/fchem.2020.00424.

[3] J. Lin, X. Chen, and P. Huang, “Graphene-based nanomaterials for
bioimaging,” Adv. Drug Deliv. Rev., vol. 105, no. Pt B, pp. 242-254,
Oct. 2016, doi: 10.1016/j.addr.2016.05.013.

[4] “A facile and high-efficient approach to yellow emissive graphene
quantum dots from graphene oxide | Request PDF.”
https://www.researchgate.net/publication/319486342_A_facile_and_
high-
efficient_approach_to_yellow_emissive_graphene_quantum_dots_fr
om_graphene_oxide.

[5] “Synthesis of graphene quantum dots from natural polymer starch for
cell imaging - Green Chemistry (RSC  Publishing).”
https://pubs.rsc.org/en/content/articlelanding/2018/gc/c8gc02106f.

[6] J. GU, M. Hu, C. Guo, Z. Ding, X. Sun, and J. Yang, “High-yield
Synthesis of Graphene Quantum Dots with Strong Green
Photoluminescence,” RSC Adv, vol. 4, Oct. 2014, doi:
10.1039/C4RA10011E.

[7] A. Halder, M. Godoy-Gallardo, J. Ashley, X. Feng, T. Zhou, L.
Hosta-Rigau, Y. Sun, “One-Pot Green Synthesis of Biocompatible
Graphene Quantum Dots and Their Cell Uptake Studies,” ACS Appl.
Bio Mater.,, vol. 1, no. 2, pp. 452-461, Aug. 2018, doi:
10.1021/acsabm.8b00170.

[8] R. Tian, S. Zhong, J. Wu, W. Jiang, and T. Wang, “Facile
hydrothermal method to prepare graphene quantum dots from
graphene oxide with different photoluminescences,” RSC Adv., vol.
6, no. 46, pp. 40422-40426, 2016, doi: 10.1039/C6RA00780E.

Sree Neelakanta Government Sanskrit College, Pattambi 94



Preparation, Characterisations and Biological Applications of GQDs

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

K. E. Sapsford, W.R. Algar, L. Berti, K.B. Gemmill, B.J. Casey, E.
Oh, M. H. Stewart, I. L Medintz, “Functionalizing Nanoparticles
with Biological Molecules: Developing Chemistries that Facilitate
Nanotechnology,” Chem. Rev., vol. 113, no. 3, pp. 1904-2074, Mar.
2013, doi: 10.1021/cr300143v.

Y. Xie, B. Wan, Y. Yang, X. Cui, Y. Xin, and L.-H. Guo,
“Cytotoxicity and autophagy induction by graphene quantum dots
with different functional groups,” J. Environ. Sci., vol. 77, pp. 198—
209, Mar. 2019, doi: 10.1016/j.jes.2018.07.014.

D. lannazzo, A. Pistone, M. Salamo, S. Galvagno, R. Romeo, S. V.
Giofré, C. Branca, G. Visalli, A. Di Pietro, “Graphene quantum dots
for cancer targeted drug delivery,” Int. J. Pharm., vol. 518, no. 1, pp.
185-192, Feb. 2017, doi: 10.1016/j.ijpharm.2016.12.060.

F. Khodadadei, S. Safarian, and N. Ghanbari, “Methotrexate-loaded
nitrogen-doped graphene quantum dots nanocarriers as an efficient
anticancer drug delivery system,” Mater. Sci. Eng. C Mater. Biol.
Appl., vol. 79, pp. 280-285, Oct. 2017, doi:
10.1016/j.msec.2017.05.049.

X.Wang, X.Sun,J.Lao, H. He, T. Cheng, M. Wang, S. Wang, F.
Huang, “Multifunctional graphene quantum dots for simultaneous
targeted cellular imaging and drug delivery,” Colloids Surf. B
Biointerfaces, wvol. 122, pp. 638-644, Oct. 2014, doi:
10.1016/j.colsurfb.2014.07.043.

C. Wang, C. Wu, X. Zhou, T. Han, X. Xin, J. Wu, J. Zhang, S. Guo,
Enhancing Cell Nucleus Accumulation and DNA Cleavage Activity
of Anti-Cancer Drug via Graphene Quantum Dots,” Sci. Rep., vol. 3,
no. 1, Art. no. 1, Oct. 2013, doi: 10.1038/srep02852.

Z. M. Markovic, B. Z. Ristic, K. M. Arsikin, D. G. Klisic, L. M.
Harhaji-Trajkovic, B. M. Todorovic-Markovic, D. P. Kepic, T. K
Kravic-Stevovic, S. P. Jovanovic, M. M. Milenkovic, D. D.
Milivojevic, V. Z. Bumbasirevic, M. D. Dramicanin, V. S. Trajkovic,
“Graphene quantum dots as autophagy-inducing photodynamic
agents,” Biomaterials, vol. 33, no. 29, pp. 7084-7092, Oct. 2012,
doi: 10.1016/j.biomaterials.2012.06.060.

J. Ge, M. Lan, B. Zhou, W. Liu, L. Guo, H. Wang, Q. Jia, G. Niu,
X. Huang, H. Zhou, X. Meng, P. Wang, C. S. Lee, W. Zhang, X.
Han, “A graphene quantum dot photodynamic therapy agent with

Sree Neelakanta Government Sanskrit College, Pattambi 95



Preparation, Characterisations and Biological Applications of GQDs

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

high singlet oxygen generation,” Nat. Commun., vol. 5, no. 1, p.
4596, Dec. 2014, doi: 10.1038/ncomms5596.

“Modification of Structural and Luminescence Properties of
Graphene Quantum Dots by Gamma Irradiation and Their
Application in a Photodynamic Therapy | ACS Applied Materials &
Interfaces.” https://pubs.acs.org/doi/10.1021/acsami.5b08226

L. J. Fidler and G. Poste, “The ‘seed and soil’ hypothesis revisited,”
Lancet Oncol., vol. 9, no. 8, p. 808, Aug. 2008, doi: 10.1016/S1470-
2045(08)70201-8.

M. P. Lisanti, U. E. Martinez-Outschoorn, Z. Lin, S. Pavlides, D.
Whitaker-Menezes, R. G. Pestell, A. Howell, F. Sotgia, ‘“Hydrogen
peroxide fuels aging, inflammation, cancer metabolism and
metastasis,” Cell Cycle, vol. 10, no. 15, pp. 2440-2449, Aug. 2011,
doi: 10.4161/cc.10.15.16870.

Y. Chong, C. Ge, G. Fang, X. Tian, X. Ma, T Wen, W. G. Wamer, C.
Chen, Z. Chai, J. J,Yin, “Crossover between Anti- and Pro-oxidant
Activities of Graphene Quantum Dots in the Absence or Presence of
Light,” ACS Nano, vol. 10, no. 9, pp. 8690-8699, Sep. 2016, doi:
10.1021/acsnano.6b04061.

X. Hu, X.-Y. Ma, J. Tian, and Z. Huang, “Rapid and facile synthesis
of graphene quantum dots with high antioxidant activity,” Inorg.
Chem. Commun., vol. 122, p. 108288, Dec. 2020, doi:
10.1016/j.inoche.2020.108288.

Y. Wang, W. Kong, L. Wang, J. Z. Zhang, Y. Li, X. Liu, Y. Li,
“Optimizing oxygen functional groups in graphene quantum dots for
improved antioxidant mechanism,” Phys. Chem. Chem. Phys., vol.
21, no. 3, pp. 1336-1343, Jan. 2019, doi: 10.1039/C8CP06768F.

L. Zhao, Y. Wang, and Y. Li, “Antioxidant Activity of Graphene
Quantum Dots Prepared in Different Electrolyte Environments,”
Nanomaterials, vol. 9, no. 12, p. 1708, Nov. 2019, doi:
10.3390/nan09121708.

L. Nilewski, K. Mendoza, A.S Jalilov, V. Berka, G. Wu, W. K. A.
Sikkema, A. Metzger, R. Ye, R. Zhang, D. X. Luong, T. Wang, E.
McHugh, P. J. Derry, E. L. Samuel, T. A. Kent, A. L. Tsai, J. M.
Tour, “Highly Oxidized Graphene Quantum Dots from Coal as

Sree Neelakanta Government Sanskrit College, Pattambi 96



Preparation, Characterisations and Biological Applications of GQDs

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Efficient Antioxidants,” ACS Appl. Mater. Interfaces, vol. 11, no. 18,
pp. 16815-16821, May 2019, doi: 10.1021/acsami.9b01082.

“Graphene Quantum Dots for Cell Proliferation, Nucleus Imaging,
and Photoluminescent Sensing Applications | Scientific Reports.”
https://www.nature.com/articles/s41598-017-16025-w.

“Multifunctional Conjugates To Prepare Nucleolar-Targeting CdS
Quantum Dots | Journal of the American Chemical Society.”
https://pubs.acs.org/doi/10.1021/ja1002668 .

“A Europium Complex That Selectively Stains Nucleoli of Cells |
Journal of the American Chemical Society.”
https://pubs.acs.org/doi/10.1021/ja056303g

H. Ding, S.-B. Yu, J.-S. Wei, and H.-M. Xiong, “Full-Color Light-
Emitting Carbon Dots with a Surface-State-Controlled Luminescence
Mechanism,” ACS Nano, vol. 10, no. 1, pp. 484-491, Jan. 2016, doi:
10.1021/acshano.5b05406.

P. Zheng and N. Wu, “Fluorescence and Sensing Applications of
Graphene Oxide and Graphene Quantum Dots: A Review,” Chem. —
Asian J., vol. 12, no. 18, pp. 2343-2353, Sep. 2017, doi:
10.1002/asia.201700814.

“Engineering surface states of carbon dots to achieve controllable
luminescence for solid-luminescent composites and sensitive Be2+
detection | Scientific Reports.”
https://www.nature.com/articles/srep04976

“Controlled enzymatic production of astrocytic hydrogen peroxide
protects neurons from oxidative stress via an Nrf2-independent
pathway | PNAS.”
https://www.pnas.org/doi/abs/10.1073/pnas.1003996107

E. W. Miller, O. Tulyathan, E. Y. lsacoff, and C. J. Chang,
“Molecular imaging of hydrogen peroxide produced for cell
signaling,” Nat. Chem. Biol., vol. 3, no. 5, Art. no. 5, May 2007, doi:
10.1038/nchembio871.

M. P. Murphy, A. Holmgren, N. G. Larsson, B. Halliwell, C. J.
Chang, B. Kalyanaraman, S. G. Rhee, P. J. Thornalley, L. Partridge,
D. Gems, T. Nystrom, V. Belousov, P.T. Schumacker, C. C.
Winterbourn, “Unraveling the Biological Roles of Reactive Oxygen

Sree Neelakanta Government Sanskrit College, Pattambi 97



Preparation, Characterisations and Biological Applications of GQDs

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Species,” Cell Metab., vol. 13, no. 4, pp. 361-366, Apr. 2011, doi:
10.1016/j.cmet.2011.03.010.

B. C. Dickinson and C. J. Chang, “Chemistry and biology of reactive
oxygen species in signaling or stress responses,” Nat. Chem. Biol.,
vol. 7, no. 8, Art. no. 8, Aug. 2011, doi: 10.1038/nchembio.607.

“A tissue-scale gradient of hydrogen peroxide mediates rapid wound
detection in zebrafish | Nature.”
https://www.nature.com/articles/nature08119

“Role of hydrogen peroxide and oxidative stress in healing responses
| SpringerLink.”
https://link.springer.com/article/10.1007/PL00012511.

“H,0,, a Necessary Evil for Cell Signaling | Science.”
https://www.science.org/doi/full/10.1126/science.1130481

T. Finkel, M. Serrano, and M. A. Blasco, “The common biology of
cancer and ageing,” Nature, vol. 448, no. 7155, Art. no. 7155, Aug.
2007, doi: 10.1038/nature05985.

R. G. Cutler, “Oxidative Stress and Aging: Catalase Is a Longevity
Determinant Enzyme,” Rejuvenation Res., vol. 8, no. 3, pp. 138-140,
Sep. 2005, doi: 10.1089/rej.2005.8.138.

T. Finkel and N. J. Holbrook, “Oxidants, oxidative stress and the
biology of ageing,” Nature, vol. 408, no. 6809, Art. no. 6809, Nov.
2000, doi: 10.1038/35041687.

“Reactive Oxygen Species as a Signal in Glucose-Stimulated Insulin
Secretion | Diabetes | American Diabetes Association.”
https://diabetesjournals.org/diabetes/article/56/7/1783/12577/Reactiv
e-Oxygen-Species-as-a-Signal-in-Glucose

“Neurodegenerative diseases and oxidative stress | Nature Reviews
Drug Discovery.” https://www.nature.com/articles/nrd1330

“Role of Oxidative Stress and Antioxidants in Neurodegenerative
Diseases:  Nutritional  Neuroscience: Vol 5, No 5.7
https://www.tandfonline.com/doi/abs/10.1080/102841502100003376
7

U. E. Martinez-Outschoorn, R. M. Balliet, D. B. Rivadeneira, B.
Chiavarina, S. Pavlides, C. Wang, D. Whitaker-Menezes, K. M.
Daumer, Z. Lin, A. K. Witkiewicz, N. Flomenberg, A. Howell, R.

Sree Neelakanta Government Sanskrit College, Pattambi 93



Preparation, Characterisations and Biological Applications of GQDs

[45]

[46]

[47]

[48]

G. Pestell, E. S. Knudsen, F. Sotgia, M. P. Lisanti, “Oxidative stress
in cancer associated fibroblasts drives tumor-stroma co-evolution: A
new paradigm for understanding tumor metabolism, the field effect
and genomic instability in cancer cells,” Cell Cycle Georget. Tex,
vol. 9, no. 16, pp. 3256-3276, Aug. 2010, doi:
10.4161/cc.9.16.12553.

M. Thakur, M. K. Kumawat, and R. Srivastava, ‘“Multifunctional
graphene quantum dots for combined photothermal and
photodynamic therapy coupled with cancer cell tracking
applications,” RSC Adv., vol. 7, no. 9, pp. 5251-5261, 2017, doi:
10.1039/C6RA25976F.

J. Pardo, Z. Peng, and R. M. Leblanc, “Cancer Targeting and Drug
Delivery Using Carbon-Based Quantum Dots and Nanotubes,” Mol.
Basel Switz., wvol. 23, no. 2, p. 378, Feb. 2018, doi:
10.3390/molecules23020378.

C. Wu, C. Wang, T. Han, X. Zhou, S. Guo, and J. Zhang, “Insight
into the Cellular Internalization and Cytotoxicity of Graphene
Quantum Dots,” Adv. Healthc. Mater., vol. 2, no. 12, pp. 1613-1619,
Dec. 2013, doi: 10.1002/adhm.201300066.

“Cellular distribution and cytotoxicity of graphene quantum dots
with different functional groups | Nanoscale Research Letters, vol 9,
p.108, 2014, doi:10.1186/1556-276X-9-108.

Sree Neelakanta Government Sanskrit College, Pattambi 9






CHAPTER 5

FLUORINE-RICH GRAPHENE
QUANTUM DOTS FROM HYDROXY
FLUOROGRAPHENE AND THEIR
APPLICATION FOR SENSING OF Fe (ITI)
IONS

1.Aq & alc.NaQH
60°C,24 h
2. ultrasonication







Fluorine-Rich Graphene Quantum Dots

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** 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** ions in water bodies is of vital
importance. There are several recent reports on Fe®" 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 °C 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™ (semi-ionic C-F), 1212 cm™(covalent C-F), 1589cm™(C=C),
and 1640 cm™ (C=0) respectively are found in the spectrum of HFG
[28], [39], [40]. The strong intense peaks at 1384 cm™ and 3458 cm™
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™ (semi-ionic C-
F) and 1212 cm™(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°C, which results in fluorine-rich
GQDs with more covalent C-F character [28], [39]- [44]. Also, the
intensity of the peak at 1653 cm™ (C=0) 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™, while the
G-bands or ordered band (which arise from the in-plane stretching
vibration of sp? domains) of HFG is at 1577 cm™, and in FGQDs it is
red-shifted to 1611 cm™. The 2D bands of HFG and FGQDs at ~ 2710

cm™* are strongly suppressed. The relative D band to G band intensity
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ratio, Ip/lg is 0.15 for HFG and 0.99 for FGQDs. The increase in the
Io/lg ratio of FGQDs may be attributed due to the presence of more
fluorine content and increased edge defects due to the hydrothermal
treatment [39].

0 .
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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-0), 287.4 (C=0), 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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0), 287.1 eV (C=0), 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

FG HFG FGQDs

C—F covalent
C—F semi—ionic 5.82 0.71 0.96
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Figure 5.3.5: (a & b) survey XPS spectra, (¢ & d) Cls 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

Fluorine rich graphene quantum
dots

Hydroxy fluorographene

Semi-ionic C-F

30% H,0,

“Adsorbed fluorine
Covalent C-F

Figure 5.3.6: Schematic representation of oxidative cutting of HFG
into FGQDs with H,0,.

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 vyield of

FGQDs is estimated which is found to be 2.9 % (ESI).

—

PL Intensity

400 450 500 550 600
Wavelength(nm)

335nm 450 nm

PL Intensity( a.u)
PL intensity(a.u)

375 400 425 450 475 500 E25 650 260 300 350 400 450 500 550 600
Wavelength(nm) Wavelength(nm)

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®*

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 pL of 0.1mM solutions of metal ions (Cd**, Hg**, Ni*,
Mn2+, Mg2+, Cu2+, Pb2+, Fez+’ I:e3+’ AI3+, Ca2+, Zn2+, Na*, K+, C02+,
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/Fo)
of FGQDs has lowered on the addition of Cu?*, Pb**, and Fe’* and only
in the case of Fe** 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** 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*" ion concentrations varying from 0 to 90 uM. From
the Stern-Volmer plot, shown in figure 5.3.8 (c), the FL intensity ratio
(Fo/F) shows a good linear response with Fe** over the concentration
range 0 to 90 uM with a correlation coefficient (R?) of 0.9993. The
limit of detection (LOD) of Fe** was calculated to be 73.7 nM based
on 36/m where o is the standard deviation of the blank signal and m is
the slope of the linear calibration plot. A comparison of other GQDs-
Fe®* sensor system are provided in Table 2 and Fe®* 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"™]=100uM) (b)
Fluorescence quenching of FGQDs in the presence of a different
concentration of Fe** (0-90 pM) (c) Stern- Volmer plot for the
fluorescence quenching of FGQDs by Fe**ions.

Table 2: Comparison of GQDs-based fluorescent sensor for
Fe**detection

Types of GQDs Linear range (UM) hﬁ/l[; 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** sensing using different analytical
methods

Method Linear LOD Ref
range
Colorimetric sensing 0-70 uM 9.5 uM 55
Atomic absorption spectrometry 0-100 po/L 1.8 pg/L 56
Voltammetry 0.01-1 nM 1.2nM 57
ICP-MS - 0.085 nM 58
Fluorescent sensing 0-90 uM 73.7nM  This work

5.3.9 Mechanism for fluorescence quenching

To understand the mechanism for fluorescence quenching, we
have calculated the quenching constant (Ks,) from the slope of the
linear fit of the Stern —\Volmer plot given by equation Fo/F=1+K[Q]
where Fy and F are FL intensities of FGQDs in the presence and
absence of Fe*" ion at an excitation wavelength of 335 nm respectively
and [Q] is the concentration of quencher. The quenching constant (Ks,)
which denotes the binding affinity between the fluorescence molecule
and quenching molecule is found to be 64.7 *10° M™. The good
linearity of the Stern-Volmer plot over the measured concentration
range and also the higher value of K, indicate a static quenching
between FGQDs and Fe* [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**, the zeta
potential measurement is decreased to -30.8 mV which suggests the
quenching mechanism involves the complexation of Fe**ions with the

surface hydroxy/carboxy groups.

—Fceap] o a

——FGQD + Fe™

-30.8

Intensity(a.u)

-200 100 0 100 200
Zeta potential(mV)

Figure 5.3.9(a) Zeta potential measurement of FGQDs and
FGQDs + Fe**

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**, the fluorescence lifetime for FGQDs remains
almost constant (7.8 ns) indicating a static quenching mechanism
(Figure 5.3.9.b).

b - FGaD
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Figure 5.3.9. (b) fluorescence decay curve of FGQDs and
FGQDs + Fe**

Based on the above results, we suggest that the addition of Fe*
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** ions through a
static quenching mechanism is further explored here. The sensitive
response of FGQDS with Fe** concentration is found to follow a linear
relationship over the range of 0-90 uM 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?, 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 lijima [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.
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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 °C
with hydrogen peroxide by varying the GO - H,0, 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.

EHT= 2004V Signal A= Intens Date :1 Jun 2018 ZE18S
WD= 56mm Mag= 101.15K X Time :12:46.07

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™ (C-O stretching vibration),
1435 cm™ (O-H bending vibration) 1633 cm'(symmetric COO
stretching vibration), 2927 cm™ (C-H stretching vibration), 3420 cm™
(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™ for disordered carbon and G band
at ~ 1596 cm™ corresponding to graphitic carbon along with second
order peaks with a 2D band at ~2692 cm™ and G+D band at ~ 2945 cm’
1156]. The Ip/lg 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™ 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™ and G band at 1604 cm™ with
an Ip/lg value of 1.2, (figure 6.3.2( ii )(b) which again points towards

heavy surface functionalization.
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Figure 6.3.2 (i):(a) FTIR spectrum (b) Raman spectrum of
Spherical CNOs
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Figure 6.3.2 (i ):(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.

Carbon Nano Onion

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
Amax 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.

523 nm

Intensity(a.u)
Intensity(a.u)

400 400 600 700

500 600 500
Wavelength(nm) Wavelength(nm)

Figure 6.3.4: (a) Emission spectrum of (a) spherical CNOs showing a
Amax at 512 nm (b) hollow CNOs showing Amax 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 puM) was
estimated and is shown in figure 6.3.5(c)

(b) (c)

e ——

03
330 hm 466 nm

PL

PL intensity (a.u)

PLE

600 0 10 20 30 40 50

550 300 400 500
Wavelength(nm) Concentration of NaCl(uM)

Wavelength (nm)
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?" ions

PL intensity(a.u)

¥ 2424335344453
H *EPES5ETS 0 400 450 500 550 600 650 20 40 60 8 100 120

i 2
Wavelength(nm) Concentration of Fe** (M)

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®* ijons (0-250 pL) (c) Relative
fluorescence response of CNOs as a function of Fe?* concentration.

Sree Neelakanta Government Sanskrit College, Pattambi 138



Carbon Nano Onions for Metal Sensing and Biological Applications

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?*, Ca**, Hg**, Fe**, K*, Fe**, Mg*",
Zn®*, cu®, AP, cr**, cd*, Co*, Ni*, Pb*, Ag") the relative
fluorescence intensity of aqueous solution of CNOs was almost
completely quenched in the presence Fe?* 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?*. It was found that the fluorescence intensity of
the CNOs decreased apparently with an increase in the concentration
of Fe®". Figure 6.3.6 (b) depicts the gradual decrease in fluorescence
intensity upon addition ferrous ion solution from 0 to 250 pL.

The fluorescence quenching mechanism of CNO- Fe** sensor
system follows the Stern-Volmer equation, Fo/F= 1+K4[Q], where Fq
and F are fluorescence intensities in the absence and presence of Fe**,
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** over 0 to 111 pM concentration range with a correlation
coefficient (R?) of 0.9995. The limit of detection calculated from the
standard deviation (c) and the slope (m) of S-V plot using equation
3o6/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,
Ke (6.81 *10* M™) 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.

(a) (b)

cell viability (%)
5 8 8 g
B B

cell viability (%)

8
B

0 1 2 4 6 ] 10 i+ u o 10 0 0 “© 50 L o L] 0 100

concentration of CNOs (ng/mL) concentration of CNOs (pg/mL)

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
ug/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
pg/mL, cell death was almost 90%. The half maximal inhibitory
concentration (ICsp) value of CNOs against MCF-7 cells was found to

be 6 pg/ml.

The high specificity of CNOs towards the cancerous cell over
normal cell is related to the overexpression of H,O, in cancerous cells
[60], [61]. H.O, 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 H,0,. Glutathione
peroxidase and catalase are the three main antioxidant enzymes
responsible for the elimination of H,O, [62]-[64]. Since the intrinsic
level of antioxidant enzymes are low in most malignancy cells, the
concentration of H,O, in malignant tumour cells may reach up to 100
UM [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 IC,5 concentration, (¢ & g) CNOs at I1Cs
concentration and (d & h) CNOs at IC5 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 pg/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 uM to
111 uM Fe*" 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 (ICsp) value of 6 pg/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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Summary and Conclusions

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 gquantum
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 TiO;
photocatalysts in two different methods. The formation of GQDs and
NGQDs was inferred from the TEM analysis and the incorporation of
NGQDs over TiO, was further confirmed from the XRD, FTIR, and
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UV-DRS analysis. The performance of the TiO,-GQDs, TiO,-NGQDs
and P25TiO,-NGQDs hybrid catalysts was evaluated using hydrogen
generation via photocatalytic water-splitting and compared with that of
pristine titania photocatalysts. The NGQD-sensitized TiO;
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 H,0, 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 ICsq value of GQDs calculated was 9 pg/mL. Further,
the anti-oxidant property of GQDs was evaluated and confirmed from
the H,0O, 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 (FGQDSs)
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** ions in an aqueous solution. Thus, FGQDs could act as fluorescent
turn-off sensors for the detection of Fe** ions. A good linear response
was obtained for Fe** concentrations over a range of 0-90 pM 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 uM Fe®* 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 (ICsp) value of 6 pg/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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Future Outlook

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 z-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 *°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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