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ABSTRACT

KEYWORDS: Graphene; Graphene oxide; Porous graphene; Reduced graphene
oxide; Thermal reduction; Electrical conductivity; Defects; Ra-
man spectroscopy; rGO/NiO Nanocomposites, Energy storage de-
vices, Graphene quantum dots; Optical nanosensor; Fluorescence

quenching; Toxic heavy metal ions.

Graphene family materials such as, graphene oxide (GO), reduced graphene oxide
(rGO) and graphene quantum dots (GQD) are extensively studied due to their fasci-
nating properties such as larger surface area, surface functionalities, tunable bandgap,
enhanced electrical and optical properties. These facinating properties find many ap-
plications in various fields like energy storage, sensing, water purification, biomedical
and so on. In this thesis work, GO was synthesized by chemical exfoliation of graphite
through modified Hummer’s method. Thermal reduction of GO was carried out to im-
prove the physiochemical characteristics of GO through de-oxygenation and restora-
tion of 7 conjugation. Further, the reduction temperature was optimized to obtain the
porous graphene network (PGN) like structure. The surface morphology and structural
transformation of GO during oxo-reduction stages are analysed. This work highlights
a simple and template free method to synthesize PGN compared to conventional tem-
plate assisted techniques. Further, a simple method to get the conductive rGO film and
a method to analyze the electron transport behaviour is acheived. The gradual and con-
trollable thermal reduction of GO film formed by drop-casting method was carried out.
Here, the role of functional groups on the evolution of electrical conductance during
reduction has been investigated by correlating the IR modes and electrical conductiv-
ity. This method enables one to control the electrical conductance of rGO by simply
controlling the degree of reduction.

Furthermore, the first order Raman scattering has been employed to study the struc-

tural modifications and quantification of defect types in GO and thermally reduced GO.

11



The integrated Raman G and D peak intensities of GO and rGO annealed at different
temperature with the intermixed (0D and 1D) defect density are analyzed with the the-
oretical defect diagram to extract information about the nature of defects and defect
density over the structural evolution. This method provides a new insights to analyse
the Raman scattering to study defects.

The synthesized rGO showed better conductivity and interconnect network, that
provides an opportunity to synthesize the nanocomposites of three dimensionally inter-
connected rGO/nicek oxide (NiO) as electrode material for a enhanced electrochemical
energy storage applications. The as synthesized nanocomposites of rGO/NiO with dif-
ferent weight percentage of rGO were analyzed. The incorporation of rGO increases the
conductivity of bare NiO electrode by providing a interconncect network structure and
thereby helps the transport of charge carriers. The enhancement in the electrochemical
performance of rGO/NiO modified electrode exhibits this as a promising material for
energy storage applications.

Further, the GQDs , a quasi zero dimensional GO derivative were synthesized from
GO by hydrothermal method. Here, the hydrophilic GQD has been employed to devise
an optical nano-sensor for the detection of toxic heavy metal ion. The metal ions of
Hg?**, Cd** and Pb** showed a turn-off fluorescence effect upon coordinating with the
surface functionalities of GQDs. The observed PL was analyzed by the Stern-Volmer
equation to study the fluorescent quenching mechanism of the system. Nonlinear be-
havior of Stern-Volmer plot suggests that the reduction in fluorescent intensity is due
to the combination of dynamic and static processes. This study shows the viability of
GQD as a promising material for heavy metal ions sensing in aqueous solution. The
GO derivatives and composites obtained in this present work, with the improved struc-
tural and electrical properties are highly capable of replacing the existing functional

materials in distinct applications.

11
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CHAPTER 1

INTRODUCTION

The extensive study of carbon materials such as activated carbon, carbon nanotubes,
fullerenes, graphene and derivates such as GO, rGO and GQD has been carried out
for the past few decades due to their simple processability, structural stability and
ecofriendly properties. On owing to their unique properties they find significant ap-
plications in many fields like optoelectronic devices, flexible electronics, defence, agri-
culture, environmental sensing, water purification, biomedical and so on Savchak ef al.
(201R); Ramu_ef_all (2021)); Ramesh _ef all (2019); Munief_ef all (2019); Akinwande
ef_all (P019); [qra ef al] (2027); Khalitha“ef all (2021)). Among all carbon allotropes,
graphite is one of the most abundant and inexpensive material in nature. The graphite
structure is made up of carbon atoms with sp? hybridization as a form of two-dimensional
(2D) sheets stacked with multiple layers and combined together by van der Waals
forces. The economical and easily modifiable property of graphite allows this element
for the synthesis of numerous graphene-based derivatives such as carbon nanotubes
(CNT), fullerenes, graphene, GO, rGO and GQD for various industrial and societal
needs.

Graphene is one of the modern-day carbon allotropes with the surprising and ex-
traordinary physical, chemical and mechanical characteristics. A single layer graphene
sheet has a young modulus of 1 TPa and an ultimate strength of > 100 GPa. It pos-
sesses extreme thermal conductivity of more than 5000 W/m.K. The carrier mobility of
exfoliated graphene sheets at room temperature is around 200000 cm? V1 s~1 [Yang
et-all (P0O1R). These phenomenal characteristics of graphene greatly finds applications
in many technologies like nanoelectronics, sensing, photovoltaic, energy storage and
so on SchwierZ (2010); Cao et all (P021); Murugadoss ef al] (?019). So, the isolation
of graphene layer has initiated an immense interest in the area of graphene research
to explore its exceptional properties. The most common methods to synthesize and

isolate the graphene layers are the micro-mechanical exfoliation of graphite, epitaxial



growth, and chemical vapor deposition (CVD) Berger ef al] (2006); Wang and Bocquet
(20T11)); Kim_ef all (2009). But the large-scale synthesis of graphene is still a real hurdle
for researchers and industrial experts which restricts the usage of this material towards
new inventions. However, it is compensated by the evolve of graphene-based deriva-
tives such as GO, rGO and GQD that meets the expectations by the similar structural
characteristics and simple fabrication techniques. These graphene based materials are
often recognized by their size, surface functionalities, type and distribution of structural
defects and dopants [Tang ef al] (P0OT3).

The GO is a functional derivative of graphene. Their exceptional material charac-
teristics arise due to the presence of sp? carbon domains enclosed by sp® domain. The
distinct surface chemistry with the cost-effective mass synthesis process of GO has in-
creased the interest on materials based on GO derivatives Brisebois and Siaj (2020);
Igra ef al| (?0022). It has a unique structure of atomically thin and stacked 2D sheet with
the existence of oxygenated functional groups such as hydroxyl (-OH), epoxy (C-O-
C), carboxyl (-COOH) and carbonyl (C = O) attached over it as impurities. The polar
oxygen functionalities improves the material solubility and bring hydrophilic nature to
the GO structure. These sp?/sp® defective domain of GO provides a effective binding
site for the adsorption of distinct analyze molecules and improvises the surface grafting
ability of GO. During the oxidation processes, the random distribution of surface func-
tionalities with the evolution of sp* bond on the GO reduces the electrical conductivity
by directing the conducting electron away from the basal plane of graphitic lattice. This
makes the GO structure more insulating in nature with the lower electrical conductance
of nearly 0.4 Sm~! and energy band gap of ~ 3.5 eV [Aliyev ef al] (2019); Dreyer et al,
(2009). Tailoring the bandgap of GO significantly improves the electrical properties
which can be assisted with the reduction of GO using different reduction techniques.
The rejuvenation of C-C bonds and removal of oxygen groups during reduction stimu-
lates the recovery of graphene characteristics on the GO lattice.

The rGO sheets can also be called as chemically, electrochemically or thermally
modified graphene because it features the characteristics of graphene Chen ef all (0 164).
The unique structural morphology, large specific surface area and good chemical stabil-

ity make rGO as a prominent material for various applications. Due to the ultra-small



thickness, intrinsic charge mobility and transparency of rGO they are very much con-
tributing in the making of MEMS and NEMS devices Mao et all (2017). As well as, the
three dimensional porous reduced GO network with enhanced porosity and structural
diversity are very much useful in energy storage, chemical adsorbent and sensing de-
vices such as batteries, supercapacitors, chemical and bio sensors Whitby (2014); Smifh
et all (P019); Tianef all (Z02T). The rGO in combined with other materials as rGO/poly-
mer, rGO/metal and rGO/transition metal oxides/transition metal chalcogenides shows
great potential in many fields as photo and electrocatalysts by improving the catalytic
activity and useful in several applications such as energy storage, dye degradation, wa-
ter purification, sensing and so on. Sachdeva (2020).

The GQDs are the fragments of graphene with the size of nanometer (nm). The re-
markable physiochemical characteristics of GO derivaties like tunable bandgap, quan-
tum confinement, edge effects, surface functionalization and hydrophilicity renders an
exceptional opportunity to fabricate nanoscale devices in various technological fields.
In general GQDs are considered as a zero-dimensional (OD) GO based conjugated
structure with the average size of less than 100 nm. Also GQDs dots are functionalized
with oxygen functional groups like OH, C-O-C, COOH and C=0 due to the oxidation
process. The band gap of the GQD can be tailored and modified by the rearrangement
of the surface functionalities which helpful in the improvement of light absorption and
optical properties of the material. The distinct photoluminescent mechanism with the
edge effect, quantum confinement effect, surface state emission, molecular state emis-
sions are specifically offered by the unique molecular structure of GQDs. With the
exceptional properties of high stability, low toxicity, hydrophilicity, high quantum yield
and biocompatibility, the GQDs are becoming an alternative to the existing toxic semi-
conductor quantum dots.

In this present study, the improved material characteristics of GO derivatives finds
more applications in the field of energy storage [Askarief all (2020), sensing Baig ef al.
(2021, photovoltaic Wen"ef all (2027), biomedical Lee ef all (2Z021)), flexible and opto-
electronics [qra ef al] (?1022) and so on. Understanding the different synthesis method-
ologies and physicochemical properties of the GO derivatives will expands the future

perspective and facilities to bring it towards advanced quantum technologies. Defec-



tive graphene structures have also attracted significant attention in energy storage and
conversion as an effective electrode material. Porous graphene nanostructures facilitate
the ion transport behaviour with wider conductive network that considerably enhances
electrochemical energy storage Liu_ef all (20205). Defect engineering of graphene ox-
ide based modified electrocatalyst sufficiently enhances the amount of active site and
improves the accessibility of electrolyte ions [Zhang and Lvi (Z0T8). The presence of de-
fects on GO based biodevices with increased adsorption sites are highly required to dock
the biomolecular structures like DNA Kumar ef all (2020), protein and drug molecules
on graphene. This will play a major role in biosensors Haghayegh ef al] (2027), tissue

engineering Seonwoo ef all (2077) and cancer therapy Kalkal e all (2020).

1.1 Motivation

The conventional methods of rGO synthesis like chemical, electrochemical, high tem-
perature thermal reduction and laser ablation etc includes the usage of toxic chemicals
and hazardous bi-products, high temperature process techniques, longer reduction time,
requirement of highly equipped laboratory and instruments which impedes the produc-
tion of rGO at a larger scale Savchak ef all (201R); Chen ef all (20164); Shief all (2019);
McAThster ef all (2007); Aminnddin Roshef all (2021). The low temperature thermal
reduction at ambient condition is still unexplored and highly suitable for the industrial-
ization of rGO based products. The strategy of rGO reduction at the ambient condition
renders substantial advantages in achieving restored graphene structure with lesser an-
nealing time and temperature than other techniques. Understaning the defect evolution
during the oxo-reduction stages of GO helps to unveil the new insights on the GO based
structures and their properties. These defective reduced GO structures are capable of
improving the device performance with their improved physicochemical characteristics
in various field including sensors and energy storage. The existing research gaps which
motivates the present thesis work are given as follows.

Few layer rGO sheets are considered as a valuable alternative to single layer graphene
due to their simplicity in the fabrication methods with mass production towards practi-

cal applications. In a few rGO structures, experimentally obtainable surface area is far



below the theoretical value due to the strong 7-7 stacking and Vander Waals interac-
tions between graphene tends to aggregation of GO the sheets Baig ef al| (?02T) . To
overcome this problem and to achieve higher surface area, graphene porous structures
have received increasing interest due to their unique morphology with interconnected
networks, high surface area and high pore volume. The conventional method of PGN
synthesis with the template assisted and template free techniques possess a main dis-
advantage of expensive methodology and low yield with the template residues as im-
purities Zhou ef all (20201) Abdolmohammadi and Afsharpout (Z021) . So, the major
challenge in developing a PGN structure with low reaction temperature, template free,
chemical free and ecofriendly techniques can be achieved through the method of ther-
mal reduction. A effective method to understand the rGO conductivity in analogy to the
variation in the infrared modes of rGO is achieved in this research work.

The identification and quantification of defect types are often determined with the
aid of Raman peak intensity values as reported earlier [Iuinstra and Koenig (1970);
Lucchese ef all (2010); Eckmann ef all (2012). Up to now researchers apply following
proposed relation eqn Bl and &7 to understand the different types of defects (point(Lp
and line(L,) present in GO/ rGO [[uinstra and Koenig (1970),Cancado ef al] (P006)
Lucchese ef all (201().

Ap 560 1

— = —X— 1.1
Ao (BT (L) (b

Ap 4300 1
— = ——X— 1.2)
Ao (BT To)? (

But in Raman spectra of GO both kind of defects will be present at the same time
since it is inherent. Thus, by applying above relations, it will give an over/ under esti-
mation of final conclusions. To avoid this, we have taken the contribution of both type
of defects as shown in eqn at the same time in the first order Raman spectra and

analysed the experimental data. Cancado ef al] (2017).
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This work will provide a new insight in field of GO and other 2D related materials

for further enhancement of material quality and integrating into the device.



Metal oxide nanostructures like NiO are highly preferred as an efficient superca-
pacitor electrode material due to its high theoretical capacitance, larger availability,
nontoxicity and physicochemical stability. The intrinsic electrical conductivity and sur-
face active sites of NiO nanostructures could be tailored to improve the electrochemical
performance as reported by Z J le et.al Li_er all (Z0TX). This can be overcome by
synthesizing rGO/NiO nanocomposite with new structures. The incorporation of rGO
with the NiO nanostructure favorable in minimizing the charge transport length and im-
proving the charge conducting network Zhon e7 all (2018). Herein, the facile synthesis
of rGO/NiO nanocomposite was carried out with different ratios of rGO on NiO. So,
in this study three dimensional interconnected network rGO/NiO nanocomposite was
synthesized for supercapacitor electrode application.The as prepared rGO/NiO based
modified electrode material showed better electrochemical performance with increased
specific capacitance than pure NiO nanostructure.

Strategies based on selective fluorescence emission and quenching is an extraordi-
nary tool for the optical sensing of heavy metal ions due to its higher sensitivity and
simplicity. PL sensors using inorganic semiconductor quantum dots based on the PL
turn-on and turn-off mechanisms were explored earlier by Chowdhury ef al]| (2021) i
ef-all (2020). Low water solubility and higher toxicity are the main limitation in many
fluorescent sensors for the sensing of metal ions in aqueous medium. Hence, it remains
essential to develop a simple, effective and robust methods for toxic heavy metal ion
sensing in water. Also, to date much work is not done on GQD compared to functional-
ized GQDs for sensing applications and so the sensing mechanism. In this work, GQD
based PL sensor for heavy metal ion detection was done. The photoluminescence (PL)
property of these intrinsic and label free GQD has been employed to devise an optical

nano sensor for toxic heavy metal ions detection in aqueous medium.

1.2 Objective of present work

The main objective of this work is to synthesize and analyze the properties of GO
derivatives and GO composites such as rGO, rGO/NiO and GQD. Further their phys-

iochemical properties will be studied to explore different applications such as energy



storage and sensing. The point wise objectives of the present thesis work are as fol-

lows.

1. To synthesize GO, rGO and to develop a simple, cost-effective, and template free

method to synthesize PGN. And to study the electrical properties of GO and rGO.

2. To study the defect type (like OD and 1D) and defect density evolved in the struc-

turally reconstructed GO and rGO using Raman scattering.

3. To develope a rGO based metal oxide nanocomposite (rGO/NiO) as a modified elec-
trode material with the improved electrochemical performance for energy storage

application.

4. To devise a intrinsic, label free and hydrophilic graphene quantum dots as an optical
nanosensor for the effective sensing of toxic heavy metal ions in water based on

fluorescent quenching.

1.3 Scope of the work

The surface functionalized GO and reduction controlled conductive nature of rGO struc-
tures are suitable for many essential applications like energy storage, sensors, flexible
electronics and photovoltaics etc. The unique physiochemical characteristics of GO
derivatives provides an alternative to the single layer graphene due to their simplicity in
the fabrication methods with mass production towards diverse applications. Here, the
obtained GO derivatives with the facile, low cost and scalable synthesis methodology

has the following scope.

1. The chemically exfoliated graphene oxide by the modified Hummer’s method will
be used as a precursor materials for the synthesis of different GO derivates. The GO
structure with the sp?/sp? can be reduced further with the removal of oxygen func-
tionalities through thermal annealing. The major challenge in developing a porous
graphene network (PGN) structure with low reaction temperature, template free,

chemical free and ecofriendly techniques can be acheived through the method of



thermal reduction of GO. A simple method to get the conductive rGO film and a

method to analyse the electron transport behaviour of rGO film is acheived.

2. The experimental Raman parameters of GO and rGO samples annealed at different
temperature with the intermixed defect density are analyzed with the theoretical de-
fect diagram. This will be useful to extract information about the defect contribution
and nature of disorder over the structural evolution. This method provides new in-
sight into the defect type analysis generated on the GO based 2D material system
with a better understanding of the atomic structure during structural transformation
for further enhancement of material quality and integrating this material into the

device.

3. Nanocomposites of rGO/NiO were synthesized for the supercapacitor electrode ap-
plication. The incorporation of rGO with the NiO nanostructure favorable in min-
imizing the charge transport length and improving the charge conducting network.
The change in specific capacitance with enhanced electrochemical performance of
rGO/NiO modified electrode can be understood through increase of rGO concentra-

tion on NiO.

4. Hydrophilic grahene quantum dots (GQDs) based optical nanosensor for the sens-
ing of heavy metal ions has been developed. The Stern-Volmer (S-V) plot analysis
useful in understanding the mixed phenomenon of dynamic and static processes of

PL quenching mechanism with the turn-off fluorescent effect of GQD/M?>T.

1.4 Organization of work

The thesis would comprise of seven chapters starting from introduction as the first chap-
ter, which presents the brief introduction of different carbon nanostructures and their
significance. It also includes the motivation, objective, existing research gaps and im-
portant contribution of the proposed research work. In chapter 2, the Basic concepts

and experimental techniques about the graphite, graphene, graphene oxide derivatices



are discussed. The experimental methods and material characterization techniques for
crystalline nature, structural information, chemical composition and morphology of GO
derivatives has been discussed in this chapter. Chapter 3 presents the synthesis of GO
by the chemical exfoliation of graphite precursor using modified Hummer’s method.
The formation of interconnected porous graphene network (PGN) like structure due to
thermal exfoliation of GO sheets at different temperature is discussed. The gradual and
controllable thermal reduction of GO at different reduction temperature. The role of
functional groups on the evolution of electrical conductance during the rGO reduction
was discussed. The temperature dependent defect evolution and defect identification of
GO using the nondestructive Raman spectroscopy is studied in chapter 4. The contribu-
tion of different types of defects (0D and 1D) during the structural reconstruction of GO
was analyzed with the comparing the experimental and a well known theoretical Raman
model. The chapter 5 reports the synthesis of rGO incorporated NiO nanocomposite.
The significance of rGO ratio on the rGO/NiO nanocomposites and their electrochem-
ical performance has been studied. The hydrothermal synthesis of GQD by using GO
as a precursor material is described in chapter 6. The photoluminescence (PL) prop-
erty of label free GQDs towards the detection of heavy metal ions such as H ¢*>*, Cd**
and Pb** in aqueous medium is discussed. Chapter 7 deals with brief summary of the

research work and the future scope of this work.

1.4.1 Synthesis of GO, rGO and electrical Properties

The GO was synthesized from graphite powder by the well known modified Hummers
method through chemical oxidation and exfoliation. A facile cost-effective and tem-
plate free method was developed to synthesize PGN based on thermal reduction of
GO. During this reduction process, the reduction temperature and reduction time was
optimized to get the PGN. The effect of annealing temperature on the morphology of
rGO samples is explored using SEM. Structural and spectroscopic investigations shows
that GO starts reducing at the temperature of 200 °C that is explicitly clear from the
change in interlayer spacing, XRD and removal of functional groups, FTIR. The inter-
connected pore like structure was obtained from the reduction temperature of 300 °C.

The experimental results reveal an exciting method of PGN synthesis that may have



a wide range of applications in sensing, energy storage and conversion. Gradual and
controllable thermal reduction of GO film was carried out at low temperature regime.
The conductivity of GO film depended on the degree of reduction. The influence of
functional group over the electrical conductance of rGO during reduction is correlated
with FTIR peak analysis. It is shown that the changes in conductivity is governed by
two processes. The first process is mainly associated with water and OH groups desorp-
tion and second process is mainly associated with restored graphene sp? network along
with elimination of residual surface functionalities. Thermal reduction above 200 °C
enhances the sp? conjugations between the carbon atoms thereby improves the electri-
cal conductance. This method enables one to control the electrical conductance of rGO

by simply controlling the degree of reduction.

1.4.2 First order Raman scattering to analyse defects in GO and

rGO

The complete analysis of structural transformation in a disordered structure like GO
is very important to realize the structure-property relationship. Besides, the density,
type and distribution of defects remarkably influence the characteristics of the material
by the initiation of new properties and expanding their potential application in diverse
fields. The experimental Raman parameters of GO and rGO samples annealed at dif-
ferent temperature with the intermixed (0D and 1D) defect density are analyzed with
the theoretical defect diagram to extract information about the defect contribution and
nature of disorder over the structural evolution. This method provides new insight into
the defect type analysis generated on the GO based 2D material system with a better
understanding of the atomic structure during structural transformation for further en-
hancement of material quality and integrating this material into the device. The struc-
tural transformation during reduction of GO was investigated using TEM, XRD, X-ray
photoelectron spectroscopy and Raman scattering. The dependence of Raman scatter-
ing over the structural reconstruction of GO could be well understood by the analysis
of integrated peak area (Ap/Ag) and G band spectral line width I'¢. This method is

helpful to extract information about the defect contribution and nature of disorder over
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the structural evolution. Also it provides new insight into the defect type analysis of GO
based material system for the better understanding of structural transformation, material

quality and integrating this material into the device.

1.4.3 rGO/NiO nanocomposite: synthesis and electrochemical prop-

erties

The evitable demand on energy storage systems such as supercapacitor with higher
power density and longer cycle stability than batteries increases due to the requirement
of advanced technologies such as portable electronic devices, back up power sources,
hybrid electric vehicles, flash cameras and so on. The type of nanostructured electrode
material plays a significant role in the determination of supercapacitor performance.
The supercapacitor electrode materials of higher surface area, better porosity revamps
the electrochemical performance by improving the conductivity and charge storage. In
that regard, nanocomposites of three dimensionally interconncected porous and con-
ductive rGO/NiO based structures was synthesized and used as modified electrode ma-
terial to enhance the specific surface area and conductivity. The assembly of three
dimensional porous rGO network and nanoflakes like NiO nanostrucrure promotes the
accessibility of electrolyte ions and improves the charge transport (both electrons and
ions) inside the electrode. The enhanced electrochemical performance with higher spe-
cific capacitance is mainly attributed to the improved porous structure and increase sur-
face area of the rGO/NiO composite. The rGO/NiO nanocomposite modified electrode
showed a four fold increase in specific capacitance value when compared with the bare
NiO strucure. The specific capacitance (C) values are 262.92, 350.28 and 417.52 F/g
at a minimum scan rate of 10 mV/s for the corresponding rGO ratio of 5%, 10% , and
20% on NiO. The as prepared rGO/NiO composite nanostructure improves the electro-
chemical performance of the modified electrode with the increase of rGO addition on

NiO.
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1.4.4 Synthesis of GQDs from GO and sensing application

Water contamination by toxic heavy metal ions severely impacts the health of human
beings and environment. Sensors based on graphene based materials like GO, rGO,
GQD and carbon nanotubes are being proposed for the detection of heavy metals. The
oxygenated functional groups decorated GQD effectively enhances the aqueous solubil-
ity and considered as a more desirable and simple sensing material with high sensitivity.
Hydrothermal method was employed to synthesize highly fluorescent and water soluble
GQD from GO as a precursor material. Detection of toxic heavy metal ions is based
on photoluminescence (PL) quenching mechanism of GQD. The fluorescent intensity
of GQD@ M?* system quenches with the increase in the concentration of metal ions.
This is possibly due to strong interaction between the metal ion and the GQD that en-
ables effective energy transfer followed by the non-radiative recombination of charge
carriers improves the quenching process. The change in PL intensity was analyzed by
the Stern-Volmer equation to study the fluorescent quenching mechanism of the system.
Nonlinear behavior of Stern-Volmer plot suggests that the reduction in the fluorescent
intensity is due to the combination of dynamic and static processes. The fluorescence
quenching results showed that, the as synthesized GQD are efficient fluorescent probe
for the sensing of heavy metal ions viz. Hg?", Cd*" and Pb*" with the limit of de-
tection of 1.171 uM, 2.455 uM and 2.011 puM respectively. Furthermore, this work
indicates that, the biocompatible GQD are a viable and high potential material which
could be extended as an attractive sensing unit for real time detection of heavy metals

in water with good sensitivity and cost-effective.

1.5 Summary and Conclusions

In this research work, GO was synthesized by the modified Hummer’s method. Ther-
mal reduction of GO was used to improve the physicochemical characteristics of rGO
through de-oxygenation and restoration of 7 conjugation. The thermal reduction pro-
vides interconnected porous graphene network (PGN) like structure at elevated reduc-
tion temperature. Reduction of GO films showed enhanced electrical conductivity with

the increment of temperature. The structural reorientation with the contribution of point
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and line defects of GO and rGO during oxidation and reduction was well understood by
comparing the experimental and theoretical analysis of Raman spectral features. The
thermally reducued GO with porous interconnected network was employed to synthe-
sis TGO/Ni1O nanocomposite. The as synthesized rGO/NiO hybrid nano structure was
developed as an modified elctrode materials and their electrochemical performance was
analysed. The hydrophilic GQDs was synthesized hydrothermally using GO as a pre-
cursor material. It has been developed as an optical nanosensor for the detection of toxic
heavy metal ions in aqueous media. Here, the charge transfer between the GQD and
metal ions followed by the non radiative recombinaion was employed as an effective

sensing phenomenon of GQD based PL sensor.
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CHAPTER 2

Basic concepts and experimental techniques

2.1 Graphene based nanostructures and classification

2.1.1 Graphite

Graphite is the high crystalline, largely available allotropes of carbon. It composed of
multiple layer of carbon atoms with the hexogonal honeycomb lattice. All the atoms in
the graphitic lattice are sp? hybridrized, covalently bonded with the C-C bond length
of 1.42 A. The graphite layers are stacked along the C axis crystallographic direction.
Layer of 2D graphitic sheets will stack on each other and bonded with the Van der
Waals interaction and forms a 3D graphite structure. The multistacked graphite layer in
general alinged in two way namely ABAB and ABCABC. The nonequivalent surface
layer arrangement brings structural site assymmetry to the hexogonal graphite structure

and facilites the changes in the local density of states Atamny e7 al] (T999).

Side view Top view

Fig. 2.1: Schematic representation of graphite crystalline structure

The delocalized electrons of the carbon atoms provides conductive nature to the

graphite structure. The interplanar distance (d) between the respective graphitic plane



is 3.35 A. The spacing between the two identical layers is 6.71 A. The respective space
group is P63/mmc(=Dg,) for a graphite with the hexagonal lattice. The six notable
phonon modes of graphite structures are 2B, + 2E5; + Ag, + Ei,. Among 2E,,
vibration mode is Raman active, in which the vibration of adjacent planes are in phase
or opposite with each other [Tuinstra and Koenig (1970). By virtue of their reliable

electrical conductivity (=~ 102 S em™*

at room temperature) and structural stability,
graphite structure finds more application in many field as electrodes in energy storage
devices, filler in polymer composites and also electromagnetic shielding material in

many electronic devices Bhattacharjee ef al] (2020).

2.1.2 Graphene

The graphene structure with a 2D honeycomb lattice comprises of isolated one atomic
thick sheet of carbon atoms tightly bonded together with sp? hybrid orbital with co-
valent bonds like in graphite Novoselov ef all (2004). Graphene is one of the lightest

and thinnest 2D structure with the specific surface area of 2630 m? ¢!

and a single
layer thickness of only 0.335 nm. Some of the unique characteristics of graphene are
conjugated network, zero bandgap, as the energy band structure is symmetric around
K point , massless Dirac fermion like behavior of the charge carriers and lower den-
sity of states ILi-ef all (20177h). The term graphene was proposed and recommended by
the international union of pure and applied chemistry in the year of 1986. The name
graphene evolves from the suffix "ene"meant for polycyclic aromatic hydrocarbons like
naphthalene and prefix "graph"from graphite. Single layer sp? hybridized orbitals with
the flat and curved like graphene and fullerene holds six and five membered carbon
rings possesses electron clouds on both sides of the layer. Each carbon atom in the six
carbon ring of graphene lattice are joined together by three nearby carbon atom through
a sigma (o) bond. The 7 bond are formed by the bond formation of remaining electrons
with the nearby atoms. The 7 bond is perpendicular to the graphene lattice plane. The
bond length of C-C bond is 0.42 nm. Their structural tolerence towards the external
forces provides more stability to the graphene lattice Yu ez all (2020). The above struc-
ture provides a broad diversity in the characteristics of graphene materials. Carbon has

4 valence electrons at their outer orbit in which 3 electrons occupies 25, 2P, and 2P,
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states and forms sp? hybridization. The remaining fourth electrons forms the 7 bonds

and free to move freely in graphene plane.

Fig. 2.2: (a) Schematic representation of unit cell in graphene lattice (b) The Brillouin
zone of graphene unit cell

The lattice vectors values are given in eqn 11 2 Sang ef al] (2019)
a
ar = 5(3,V3) 2.1)

as = 3(3, —V/3) (2.2)

The reciprocal lattice vectors are written in eqn Sang ef al] (2019)

2T
b = 3—@(1,\/§) (2.3)
by = 27 (1, —/3) 2.4)
7 3 '

The K point at the Brillion zone edges of graphene unit cell is termed as the Dirac points.
The position of K points at the momentum space and the value of nearest neighbour

points are given in Sang ef al| (2019)

_2m 27 , 2T 2

P R = 5 T T = 25
3a’ 33 3a’ 33 (2.5)
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5, = 3(1, V3), 0, = g(l, —V/3),85 = —a(1,0) (2.6)

Fig. 2.3: Schematic representation of energy band structure of single layer graphene
lattice with zero band gap at the Dirac point

In fig 3, k, and k, are known as momemtum values along the x and y direction.

The energy dispersion value of graphene single layer is given in eqn 274 L1 ef all (POT75)

EL(k) = tvp | k |;where,vp = 3at/2 2.7

In eqn 72, 'k’ denoted as the relative momentum. Fermi velocity is defined as the vy
(10° m/s). The lattice vector and hopping energy are denoted as ‘a’ and 't’. The plus
and minus signifies the upper and lower energy levels (pi and p:*). From the energy
dispersion diagram it is observed that, at the Dirac point (k or k" ), the graphene pos-
sesses a zero bandgap nature. The energy E(k) makes a linear relationship with the
momentum k and vy is independent of energy. But in a three dimensional material
systems the E-K relationship will be Ej= k*/2m. With its unusual structure and re-
markable properties, graphene is considered as a base structure for the exploration of
new graphene-based materials for the advancement of modern technologies. Some fas-
cinating physical phenomena of graphene are room temperature quantum hall effect,

ballistic transport of charge carriers with an ambipolar electric field effect and higher
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elastic strength Novoselov ef all (2007); Lee ef all (2008) mainly arises due to the lower
density of states, zero bandgap and dirac fermion like behaviour. These unique proper-
ties of graphene finds application in many technological fields such as nanoelectronics
Akinwande ef all (2019), photodetector, energy storage Wei et all (2019), sensor Kamaf
et all (2019), photovoltaics Panl ef all (2020) and biomedical [Tadyszak ef al] (2018) and
so on. Due to the higher conductivity, disadvantages like lower on-off ratio are also ob-
served in single layer graphene FET devices Schwierz (2010). Despite having distinct
material characteristics, the zero bandgap intrinsic nature of graphene structure limits
the practical application of this material in many fields. The semi metallic property
with the zero bandgap of graphene single layer is mainly contributed by the symmetric
cystalline nature of graphene structure. Breaking the graphitic symmetry through dop-
ing, defect formation, surface functionalization are the possible way to tune the energy
gap of the graphene structure. Also, defect engineered graphene structure with substi-
tutional doping and oxygen functionalities initiates new improved properties such as

increased biocompatibility and reduced toxicity.

2.1.3 Graphene oxide

The GO is an oxidized form of graphene layer decorated with several functional groups
such as hydroxyl, epoxide, carbonyl, and carboxylic groups on the basal plane and the
edges. The hydrophilicity of GO arises form oxygen containing groups. The structural
model of GO (L-K model) with random distribution of oxygen groups was reported
by Lerf and Klinowski et.al (L-K)Lert ef all (T998). The surface functionalities like
hydroxy (-OH) and epoxy (C-O-C) are usually arranged on the basal plane of single
layer GO sheet. Whereas, the functional groups like carbonyl(C-O) and carboxyl (C=0)
mostly distributed on the sheet edges. The schematic representation of GO structure
based on the well known L-K model is shown in Fig 4. In addition to the oxygen
functionalists, the GO structures comprises of oxidized sp? region and defective regions
due to over oxidation and layer exfoliation of the GO lattice as reported by Erickson et.al
Erickson ef all (2010). The interaction of oxygen functionalities with the carbon atoms
forms a sp?® hybridization and brings hydrophilic nature to the GO sheets. So, the sp?

(aromatic) and sp® (aliphatic) hybridized nature of GO shows more hydrophility and
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surface activity than the graphene single layer.

Fig. 2.4: Schematic representation of Lerf and Klinowski (L-K) model of GO structure

2.1.4 Reduced graphene oxide

The few layer GO sheets with the oxygen functionalities of sp?/sp® hybrization ex-
hibits the electrical insulator sort of behavior with the wider band gap value of >2.7 eV.
The material characteristics are contributied by the intercalatied water moleucles and
oxygen groups on the surface of GO. The Fig 'S shows the schematic band structure
diagram of GO and rGO layers. The line near the edges of the bandgap signifies the
localized energy states of GO and rGO. The density of states value varies with respect
to the density and type of defects exist on the GO lattice. Manupulating the density
of surface functionalities on the GO structure through different reduction techniques
like chemical, thermal, microwave, electrochemical and optical protocols severely alter
the intrinsic properties of the GO. The structural characteristics such as conductivity,
stability,solubility, surface activity, density of states, mobility of charge carriers of GO
are modified during the reduction process. During the reduction process, the carbon to
oxygen (C/O) ratio of the GO layer increased with the expulsion of oxygen function-

alities and carbon lattice restoration. The defect engineered hexagonal graphitic lattice
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with the reduced oxygen functionalities on the rGO sheet signicantly tunes the bandgap
of the rGO and thereby increases the conductivity. Meanwhile, the defects in the rGO
lattice enhances the structural characteristics by providing increased surface area and
active sites. So, the rGO can also be called as modified graphene because it features the
characteristics of graphene with improved conductivity than the GO. So, the synthesis
of rGO from GO is a simple way to fabricate defect induced graphene sheet of fewlayer
with resides of surface functionalities in large quantity. The physicochemical properties
of rGO largely depends on the method of fabrication as this governs the formation of

graphene layers, degree of oxidation and partial restoration of carbon lattice.

Energy

Fig. 2.5: Schematic representation of density of states (DOS) of GO and rGO structure

2.1.5 Graphene quantum dots

The GQDs, a quasi-zero-dimensional carbon nanostructure are the fragmentation of 2D
graphene oxide sheets. They are constructed by the graphene lattice, interlayer defects,
edges and decorated with the surface functional groups. The GQDs with the quasi
0D structure and lateral dimension of less than 100 nm exhibits quantum confinement
effect and edge effects mainly contributed by the size and basal plane defects on the
7 conjugated domain which promotes the photoluminescent characteristics. The size
dependent characteristics of the zero dimensional (0D) GQD comparable to the exciton

bohr radius offers unique quantum confinement effects. The major property with the
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higher edge to basal plane ratio provides the edge effect to the GQDs with enhanced

physical and optical property.

2.2 Synthesis methods of graphene oxide and deriva-

tives

2.2.1 Chemical oxidation of GO

The distinct surface chemistry with the cost-effective mass synthesis process of GO has
increased the interest on materials based on GO derivatives. There are numerous num-
bers of physicochemical techniques that focus on synthesizing GO in order to use their
remarkable characteristics for distinct applications. One of the most inexpensive ways
to synthesize graphene oxide is the top-down approach through chemical oxidation by
using graphite as a precursor material. The chemical synthesis of GO generally a two
step process. First is the intercalation and oxidation with the heavy oxidant followed by
the graphene layer exfoliation. Synthesis with distinct oxidants, reaction time, reaction
temperature with different proportion were proposed by Brodie (1859), Staudenmaier

(TX9R), Hummers Jr and Offeman (T958) et.al.

2.2.2 Brodie and Staudenmaier method of GO oxidation

The well-known method of chemical oxidation of GO established in the middle of eigh-
teen century by Schafhaeutl (1840) Brodie (1859) and L. Staudenmaier (1898) Brodie
(T859); Standenmaier (T898); Schartenberg ef al] (P01T). The GO synthesis reaction
proposed by Brodie in the year of 1859 used the graphite powder with potassium chlo-
ride (K C1Os) with 1:3 ratio in fuming nitric acid (H NOs). L. Staudenmaier method
(improved Brodies method) of GO synthesis was improvised with the addition of Sulfu-
ric acid (H2S0,) for substituting two third quantity of H NOj in order to increase the
acidic nature of the reaction in addition to ' C'lO5. The achieved level of oxidation and

carbon to oxygen molecule ratio (C/O) of the product was less by the above methods.
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2.2.3 Modified Hummmer’s method of GO synthesis

Hummers and Offeman at the year of 1959 proposed a chemical route for the oxidation
of graphite with increased C/O ratio by using heavy oxidative reagents such as Potas-
sium permanganate (K MnQOy), Sulfuric acid (H2S0,) and Sodium nitrate (NaNO3)
Hummers Ir and Offeman (1958). Graphite powder is mixed with the Na/NO3 and
K MnO, oxidizing agent at a 1:0.5:3 ratio with concentrated (H5S0,) solution for the
oxidation and exfoliation process. In acidic medium K MnO, plays a role of strong
oxidant and (H250,) acts as a molecular scissor or chemical driller for graphite lattice
plane to enable the infusion of oxidation agent Dreyer ef al] (2009). Thus, the con-
centrated K MnO, useful in the intercalation of graphite layer with the penetration of
K MnOy oxidizing agent and enhances the oxidation process. The protocol of chemical
oxidation proposed by Hummers and Offerman later called as Hummers and modified
Hummers method to synthesize GO is showed in Fig 6. In addition to the chemical
oxidation subsequent ultrasonicate exfoliation process helpful in the formation the GO
layers during the process steps. Other exfoliation process like mechanical and thermal
exfoliation are also for breaking the graphite oxide structure in order to delaminate the
graphite oxide into two dimensional GO nanostructure Caief all (2017). Some reports
on GO synthesis by the modifying the hummers method with the increasing amount
of K MnQO, and varying the ratio of H,S0, and NaN O3 Chen et all (20173). Further,
phosphoric acid is also used as the replacement of Na/NOj in the improved Hummers
approaches in order to avoid the emission of toxic gases like/NO5/N>O, during the re-
actions and also used to enhance the product yield Marcano ef all (2010). The obtained
chemical composition of GO by the chemical oxidation methods comprises of layered
graphite with increased interlayer spacing or interstices of above 7 A due to the insertion
of oxygen functionalities Asgar ef al] (Z01R). The basal plane and interstices functional
groups facilitates the chemical reactivity through improved the adsorption/desorption
characteristics of the molecular species on GO.

In modified Hummer’s method, during the initial stage of oxidation reaction, the
concentrated H, S0, performs as an intercalation agent by open up the graphite layers
and make this more opt for the oxidation process without much change in the graphite

structure. Then the oxidation is spread towards the basal plane of the GO sheet.
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Fig. 2.6: Schematic representation of GO synthesis using modified Hummer’s method

The hybridization of the C=C atom in native graphitic lattice changes from sp? to
sp® as the functional groups have interacted with carbon atoms. During the above pro-
cess, the condensation of phenolic groups (like hydroxy) on the carbon lattice will form
the epoxy groups (C-O-C) or quinone groups. The residual functional groups from the
edge of the carbon lattice are oxidized and forms ketone groups. These will be formed
as carbonyl and carboxylic groups ((O-C=0) and COOH) at the edges along with the
degassing of CO and C'O, and distortion of carbon lattice. So, the hydroxyl and epoxy
groups distributed randomly on the basal plane while the carboxylic and carbonyl will
form on the edges of the GO lattice Shao ef all (2017); Gno ef all (DO19); [Aliyev ef al.
(2019). The oxo-functionalities in GO are polar molecules offers effective hydrogen
bonding with the solvent and improves the dispersion stability thus increases the hy-
drophilicity Gupta ef al| (?001°7). Thus, the GO structure with hydrophilic functionali-
ties helpful in improves the physicochemical characteristics and elevating its significant
application such as catalytic, sensing and storage. Though there are lots of significant
modification are carried out in the existing hummers method of GO synthesis yet this

method is considered as a basis of liquid based chemical exfoliation of GO.
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2.2.4 Reduction of graphene oxide

The rGO can also be called as chemically or thermally modified graphene because it
features the characteristics of graphene Sharma ef all (D020); Eda_ef all (2009). The
physicochemical properties of rGO largely depends on the method of fabrication as this
governs the formation of graphene layers, degree of oxidation and partial restoration
of carbon lattice [Voiry ef al] (2016). Fabrication of rGO, having similar characteristics
like single layer graphene excepts the defects from GO is the most exciting segment in
the era of graphene. Reduction with the optimum method favorable in minimizing the
oxygen functionalities and advantageous in the defect engineering through the restora-
tion of graphitic lattice of rGO. GO reduction is generally happened through chemi-
cal, thermal and hydrothermal, and microwave assisted techniques Quezada-Renteria
ef all (2019); Savchak ef all (201X); Huang ef al] (PO1R); Voiry ef al] (2016). Alterna-
tively, the direct reduction of GO thin films over the substrate like silicon wafer, glass
and polymer (polyether sulfone, polyimide, polycarbonate, polyethylene naphthalate,
and polyethylene terephthalate) with the subsequent reduction either by chemically,
thermally, hydrothermally, laser and microwave assisted reduction are also a versatile
methodology in GO reduction techniques [Zeng ef al) (?0019); Okhay ef al] (016); [Voiry
ef-all (20T6); Feicht and Eigler (20T8). These type of rGO film reduction will be more
desirable in the field of graphene-based electronics and device applications. Among all
the methods, thermal annealing is evolved as a simple technique by caring advantages
like ecofriendly reduction process and controlled degree of oxidation with the simulta-

neous structural reconstruction.

2.2.5 Thermal reduction of GO

The rGO structure obtained by the thermal annealing of GO is termed as thermally
reduced GO. The exfoliation of graphene oxide in order to obtain the graphene like
structure with the reconstructed carbon lattice usually happened at inert condition, vac-
uum and a very high annealing temperature of >2000 °C as reported earlier Zhuo ef al.
(201R); Schniepp ef al] (2006); Silipigni ef al] (2019); McAllister ef all (20(07); /hang

ef_all (2011]). The low temperature thermal redcution of GO at ambient condition are
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also reported by [Yang et al) (2020); Shen et all (20134); [Iegou ef al) (2016); Sengupta
et all (P01R). During rGO reduction, the elimination of surface functionalities from the
GO is considered as main key factor of rGO synthesis. As reported by Wei et.al, the
low temperature thermal reduction of GO below 500 °C has two main weight loss stages
Wei et all (20104). The first weight loss of GO at 100 °C mainly attributed by the water
molecule evaporation. The second main weight loss from 200 °C is due to the removal
of surface functionalities. During the second stage of thermal reduction process, the de-
gassing of surface oxygen groups ejected from the graphitic lattice with the expulsion
of innate carbon atoms and forms deformed graphene lattice. So, the thermal reduction
used to happen at optimum temperature. Also it could be attained by maintaining the
stress evolved inside the GO lattice due to the expulsion of oxygen functionalities. The
effective thermal exfoliation is possible when the rate of decomposition exceeds the rate
of diffusion of evolved gas molecules from the GO lattice. The thermal pressure exerted
by the decomposition of oxygenative functional groups is 40 MPa at 300 °C and 130
MPa at 1000 °C. The pressure value of 2.5 MPa is an adequate value for the GO layer
exfoliation with respect to Hamaker constant as reported by McAllister et.al McATlisfer

et all (2007).

2.2.6 Chemical reduction of GO

Reduction of GO through chemically by using differnt reducing agents is considered as
one of the easiest and cost effective method to obtain rGO at room tempeature. Chemi-
cal reduction of GO prone to yield rGO with higher C/O ratio as reported earlier Sharma
et all (201°7). Among dintinct chemical reductants(like sodium borohydrate, citric acid,
dimethylhydrazine and hydorhalic acids) the hydrazine hydrate is the largely used re-
ducing agent by researchers due to the rGO yield with higher C/O ratio Guex_ ef al
(20T177); Sharma“ef all (Z020)). During addition of hydrazine hydrate Ny H4 on GO, the
reducing agent produces Hydrozoic ions NoH; and H™ ions. Predominant reaction
of Ny H, happens with the epoxy (C-O-C) group of GO lattice Gao et all (2010). The
H™ ion reacts with the oxygen functionalities and they are ejected out from the GO
surface in the form of H>O. In such a way, the GO is reduced during the process steps

of chemical reduction. Owing to the many advantages, the chemical reagents used in
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the chemical reduction processes are highly toxic to the environment. As an alternative
green reduction of GO using various plants extracts are proposed by researcher in order
to minimize the hazardous byproducts. GO reduction using the leave extract of Hibiscus
Sabdarriffa, Azadirachta indica, Lycium barbarum are repoted earlier with the higher
C/O ratio than chemical the reduction Kurian (2021)); Ismail (2019). The phytochemi-
cals in the plants extracts like flavanones and terpenoids are behave as a surfactants and

effective reducing agents simultaneously.

2.2.7 Synthesis of graphene quantum dots

The size and surface charge severely modifies the bandgap of the GQD and its becomes
responsible for development of different physicochemical characteristics. Size con-
trolled synthesis of GQD is still a challenging task for researchers since it reflects on the
fluorescent behaviour of the GQD. However, the commonly used top-down approaches
for GQD synthesis are, electrochemical treatment of GO, hydrothermal treatment of
GO, e-beam lithography and laser ablation. Bottom-up approaches like pyrolysis and
carbonization process using the organic carbon precursors such as citric acid, trisodium
citrate, oxalic acid, glucose, poly ethylene glycol (PEG) are also involved on the self-
assembled synthesis of GQDs Naksen ef all (2022); [Yang ef al] (2019); Ganganboina
ef_all (PO1R); Kalkal"ef all (202(0). Among all other methods hydrolysis and pyrolysis
are explored as a simple and economical way of bottom-up approaches for the synthe-
sis of GQD. The quantum dots of inorganic elements such as CdS, CdSe, CdTe, ZbS,
PbS are highly preferred due to their explicit properties such as improved sensitivity,
photo stability and many more Duan ez all (2011); Chowdhury ef al] (2021); Mahmond
(2012). The major disadvantage of this quantum dots are low solubility and higher
toxicity which restricts this material utility towards environmental and biological ap-
plications. In comparison to the conventional inorganic quantum dots, GQDs shows
unusual material characteristics such as reduced toxicity, higher dispersibility or solu-
bility, improved surface grafting and enhanced photoluminescence building them as a
potential material for various applications such as biosensing, molecular imaging and
optoelectronic devices Wang ef al] (2014). So, the GQDs are emerges as an eco friendly

substitution to the existing toxic semiconductor quantum dots.
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2.3 Defects in GO derivatives

In general, GO and derivative have an exceptional structural property such as lattice
disorientation and defects like dopant atom, lattice strain, phase, pores, wrinkles and
corrugation in their lattice structure Song ef al] (2019); Eigler ef al] (2012); Khaliha
et_all (2021)); Nandanapalli ef al] (2019). Thus, the defects are important in deter-
mining the properties of two-dimensional (2D) materials. Material structure with the
defect dispersal significantly alters the inherited properties like band structure, charge
carrier density, charge mobility and thermal conductivity, light absorption and mechan-
ical stability Zeng ef al] (201R); I'hangamuthu ef al] (2019); Ding ef al] (2018); Abid
ef_all (PO1IR). Defects are generated mainly during the synthesis and processing steps.
Exploring and quantifying the defects is more beneficial for taking this structural mod-
ification towards specific applications. Some of the explicit characterization techniques
reported by the researchers for defect analysis are Raman scattering, AFM, STM, TEM
and optical microscopy.

Defects in the graphene and graphene derivative structures are generally categorized
into intrinsic or in-plane lattice defects and extrinsic or on-plane lattice defects Ahmad
ef_all (2021]). Structural deviation from the hexagonal graphitic lattice due to external
stimuli are often termed as intrinsic type of defects. The introduction of dopants or oxy-
gen functionalities during oxygenation and functionalization with the transformation in
hybridization from sp? to sp® stimulates extrinsic type of defects on the graphitic lattice
Feicht and Eigler (P0T8) . Point, vacancy, dislocations and grain boundaries are the
distinct kind of zero and one dimensional (OD and 1D) defects typically generated on
the graphitic lattice Schweizer ef all (D01R); Meyer ef al] (2008); Oin ef al| (2020). The
schematic representatoin of distinct types of defects evolved on the GO lattice is shown

in Fig 272

2.3.1 Vacancy defects

By purposely removing the carbon atom from the graphene lattice during the fabrication
process is often leave vacancy on the 2D lattice Qin ef al] (2020) . These sort of defect

are generated during the processing stages are called as vacancy type defects. Single
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and double vacancy are possible by the ejection of single and two carbon atoms from
the carbon lattice. The total energy of the 2D lattice got reduced which makes a nearby

carbon bonds to move towards the vacancy with the formation of carbon dangling bonds

Banhart_ef all (201T); Chisholm ef all (20172). The above process will increase the
local density of states at the fermi energy level and facilitates the protruding graphene
lattice Banharf ef all (2O1T). Lattice formation with single vacancy with 5/9 carbon ring
formation and double vacancy with double octagon and single pentagon (8-5-8) and
three pentagons and three heptagonal (555-777) carbon ring formation are the types of
vacancy defects in 2D graphene lattice Boas ef all (2019). Defective graphene with the
vacancies has more chemical stability, absorb more energy and promotes the molecular
interaction than the pristine graphene layers. Introduction of vacancies on the graphene
lattice improves the mechanical stability with the improved flexibility behavior at the

contact edges and the vacancy controlled contact friction enhances the conductivity

(2017).

Fig. 2.7: Schematic representation of defective GO lattice (a) Vancancy (b) Stone-
Waals’s and (c) Grain boundary defect
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2.3.2 Stone-Waals’s defects

Graphene lattice developed with non-hexagonal rings are often called as StoneWaals’s
defects. The hexagonal carbon rings are included or detached with any extra carbon
atoms either the carbon bond length is stretched or rotated to a specific angle (=~ 90°)
due to external stimuli like irradiation. This process does not involve in any removal
of carbon atom from the graphene layer. The carbon atoms in these defected region
coordinated with the nearby atom without creating any dangling bonds makes this de-
fect more nonreactive. So, it have the larger formation energy of 5 eV. The defects
of the above type are often termed as topological defects Ahmad ef all (2021]). They
are unusual type of defect in a pristine graphene layers. Electron beam (E-beam) is
the most common method to induce these types of defects in the graphene-based 2D

nanostructures.

2.3.3 Grain boundaries and line defects

Graphene derivatives like GO and rGO during their large-scale synthesis may evolve
as polycrystalline nanostructures which always comprises random atomic arrangement
and orientation Xuef all (Z021]). Grain boundaries formed during the above growth pro-
cess are often called as grain boundary defects and line defects. Also, grain boundaries
formed during the structural modification stimulated by the periodic array of defects
mostly commonly initiated by the Stone-Wales types of defects. But the presence of
grain boundary defects can significantly reduce the mechanical strength of a graphene
and graphene oxide derivates. In a polycrystalline graphene with the grain boundaries
the mechanical strength of GO sheet varies from five carbon ring to six carbon ring due
to different orientation C-C bonds inside the structure. So, the instability in term of
stretching, crack formation and fracture will occur more easily near the grain bound-
aries under tension due to higher potential energy. Due to uneven stress distribution near
the grain boundaries where the Stone-Wales defect are more the C-C bonds are twisted
as a effect of in plane tension and out of plane weak forces and then leads to rupture. As
a sequential event, the tensile fracture propagates along the grain boundaries of poly-

crystalline structures and leads to material failure. So grain boundaries types of defects
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severely plays an significant role in mechanical stability of polycrystalline graphene
derivatives.

The defective graphene structure and nanocomposites of graphene are widely use-
ful in various application like supercapacitors, biomedical devices, transparent elec-
trode, environment and chemical sensors. Holey and porous graphene nanostructures
facilitates the ion transport behaviour with wider conductive network that considerably
enhances electrochemical energy storage reported by Liu_ef all (20204). Defect engi-
neering of 2D graphene based modified electrocatalyst sufficiently enhances the amount
of active site and improves the accessibility of electrolyte ions reported by Zhang and
v (20T8). The presence of defects on graphene based biodevices with increased ad-
sorption sites are highly required to dock the biomolecular structures like DNA , protein
and drug molecules on graphene reported by Kumar ef all (2020). The gas sensor de-
vice based on defective graphene of point like defects based hybrid structure for high
sensitive detection of nitrogen oxide gas is reported by Ma ef all (Z0195). The incre-
ment in the point defect concentration of the defective graphene through the silicon Si*
ion bombardment improves the sensor response intensity. With the increased number
of adsorption sites and strong molecular interaction between the substrate and analyte
molecules offered by the defective graphene significantly enhances the sensor perfor-

mance with high response than the pristine graphene as reported by Ma e7 all (20195).

2.4 Experimental techniques

24.1 X-ray diffraction

The XRD is used to analyse the crystal structure, crystallite size and phase composition
of a crystalline material. When the X-rays fall on a sample it leads to the formation of
constructive interference if it satisfies Bragg’s law (n)\ = 2d sin #). In the XRD instru-
ment the X-ray is obtained from a cathode tube. Generally copper is the target metal
for the production of X-ray. X-ray is obtained from Copper K1. The sample is kept in
the sample holder. Inside the XRD instrument detector is mounted at different position.
The XRD instrument is connected with a computer to collect the data. The diffraction

data is collected and processed. When the X-ray falls on the sample the electrons in
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the sample vibrates in the same frequency that of the X-ray and gets accelerated. The
electrons after acceleration emit radiation with frequency equal to the incident X-rays.
Since the wavelength of the X-rays are equal to the atomic dimensions, they produce
constructive and destructive interference. If the material is single crystalline then the
XRD analysis will give a sharp peak. If the material is polycrystalline in nature and
the grain size is small then the peak will be broad. This is because the diffraction takes
place at an angle close to Braggs angle. Its not same as that of Braggs angle. The crys-
tallite size is calculated by the formula called Scherrer formula as D = 0.9 (\/3 cosf)
Where, \ = wavelength of X-rays, # = Braggs angle of the peak in degree. In this work,
X-ray Diffraction (XRD) was obtained by PANalaytical XPERT powder diffractometer
with a high intensity CuK radiation ( = 1.540 A) in the range from 10° to 90° at 20

angle.

2.4.2 Fourier transform infrared spectroscopy

The FTIR spectroscopy is used to confirm the different chemical groups present in the
sample. It can be used for both organic and inorganic samples. FTIR can be used to
analyse solid, liquid and gaseous samples. Every functional group or chemical bond
absorbs a particular wavelength of light. FTIR can be coupled with NMR, mass spec-
trum and other techniques to find out the unknown sample. The bonds in a molecule
will vibrate at different frequency. This depends the type of sample and the type of
functional group present. The frequency of vibration can be related to ground state or
excited state. The frequency of vibration is increased by exciting the chemical bonds
with high energy. The infrared light from the source travels through the Michelson in-
terferometer. The monochromatic source contains waves of similar frequency. If all the
waves are in phase with each other then the light intensity will be high. When the phase
difference increases then the light intensity decreases. A mirror is used to vary the phase
difference. The interferometer is made up of a beam splitter, moving mirror and a fixed
mirror. The beam splitter splits the light beam in to two beams. Reciprocating move-
ments are seen in moving mirror. The fixed mirror changes its path difference. Then the
beams are combined to give interference signal. This is decoded with Fourier transfor-

mation based mathematical model. The FTIR spectrum is generated by separating every
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wavenumber. Here, the identification of functional groups was investigated by Fourier

Transform Infrared (FTIR) Spectroscopy using PERKIN ELMAR; SPECTRUM RXI.

2.4.3 X-ray photoelectron spectroscopy

The XPS is used to quantitatively analyse the chemical composition of dinstinct type of
sample. It is a surface analysis method. In XPS, low energy X-ray is used to bombard
the sample. This leads to photoelectric effect. The photoelectrons are recorded by
electron spectrometer. Under high vacuum these photoelectrons reach the analyser. In
XPS the sample is analysed for few nanometer (nm). When the sample is irradiated
with X-rays of low energy, it can able to penetrate only up to few microns. Due to the
interaction between the photons and the surface atoms the photoelectrons are emitted.
The emitted photoelectrons are specific to the elements present in the surface of the
sample. These electrons will have kinetic energy (K.E) given by K.E. = hv - B.E.-
¢s, hv = Photon energy, B.E = atomic orbital binding energy, ¢s = work function of
spectrometer. The incident X-rays are absorbed by the sample followed by the ejection
of surface electrons. Detector will measure the energy of this ejected electron. The
XPS contains an ultra-high vacuum system, X-ray source, detector and ion gun. The
X-ray sources are Mg K and Al K radiation. The electron present in the sample surface
will absorb the X-ray. A part of the photons energy will be converted to kinetic energy.
When the electrons are ejected from the surface, a part of its energy is used to counter
the coulombic attraction. This reduces its energy. The XPS spectrum is created by
analyzing the kinetic energy and the number of electrons ejected from the surface of
the sample. The obtained XPS results were taken by physical electronics PHIS000 XPS

model and sample was excited by Al Ka source

2.4.4 Scanning electron microscope

The SEM is a kind of microscope that scans a material surface with the aid of high
energy e-beam in a raster scan mode. The electrons are ejected from a source called
electron gun. The electron beams are focused by the aid of magnetic lenses to hit the

sample at a particular precise point. There are two types of electron guns; thermionic
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gun and field emission gun. In thermionic gun thermal energy is applied to a filament
mostly made of tungsten. This will eject the electrons towards the sample. In field
emission gun a strong electric field is used to eject the electrons. The magnetic lenses
is an important component of SEM. These magnets are capable of controlling, bending
and focussing the electron beam on the sample. During scanning, movement of the
electrons are controlled by the magnetic coils. Fluctuating voltage is applied to these
coils to create the magnetic field. The electron beam is moved on the sample by using
these coils.

The sample is placed in the sample chamber to avoid vibration. When the electron
beam interacts with the sample, it ejects secondary electrons from the surface of the
sample. Detector is an important component of SEM. It detects the interaction between
electrons and the sample surface. The secondary electrons ejected from the sample are
detected by the detector. These electrons are gives the image of the sample. The back
scattered electrons and the X-rays, detected by the detectors, are used to find out the
composition of the sample. To avoid the interference between the electron beam and
the air particles, vacuum is maintained in the sample chamber.

The brightness of the image depends upon the number of electrons reaching the
secondary electron detector. Backscattered electrons from the sample surface and X-
rays from below the sample surface are detected by separate detectors. The quantity
of secondary electrons that enter the detector is heavily influenced by the nature of the
specimen. Sample with elevated surfaces receives more electrons. So more electrons
enters the detector. Whereas depressed surfaces receive fewer electrons and therefore
less number of electrons enter the detector. As a result, higher objects appear brighter
on the screen, while depressed ones appears dark. In thesis work, the scanning Electron
Microscope (SEM) images of GO and rGO samples were obtained using FEI31 Quanta-
FEG 200 high resolution SEM instrument with the accelerating voltage range of 200V-
30 kV.

2.4.5 Transmission electron microscope

In TEM, the electron beam transmits through a very thin object. The interaction of

electrons with the sample gives the image. This image is formed on the fluorescent
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screen and then it is magnified. Electrons from the source are passed through the sample
and the focusing lenses. The lens is an electric coil which generates electromagnetic
field. The electrons are focused by the condenser initially then they are focused on the
sample. The sample deflects the electrons partially. The electron density and the lattice
parameter of the sample decides the degree of deflection. TEM will give high resolution
up to A. When the wavelength of the irradiation reduces the resolution increases. The
wavelength of electron is 100,000 X smaller than the visible light. So the resolution
of TEM is 100,000X higher than light microscope. The electrons are produced by a
heated tungsten filament which is called as electron gun. This is the cathode. The
electrons move from the cathode towards the anode with high energy. The condenser
lenses focuses the electrons on the sample. Collision between the electrons and air
may deflect them. So, vacuum is maintained to obtain a clear image. The electrons are
scattered by the sample. If the sample is very dense then more electrons will be scattered
and the image will be darker. If the sample is not dense then very less electrons will be
scattered and the image will be brighter. The image system consists of an objective lens.
It also has intermediate and projector lenses. The objective lens gives a medium image.
It is further magnified by projector lens. The sample image is recorded by a fluorescent
screen. This fluorescent screen is located at the bottom. To take TEM images, the
powder samples are dispersed in ethanol for 15 min. They are ultrasonicated. From this
solution few drops are placed on the copper grid. It is 32 then dried and taken for TEM
imaging. In this work, HRTEM analysis obtained using (JEOL JEM 2100 operated at

an acceleration voltage of 200 kV).

2.4.6 Raman Scattering

The fundamental phenomenon behind the Raman scattering process is the inelastic scat-
tering of light. It is the technique widely useful for the better understanding and identi-
fication of molecular structure either in a crystalline and nanocrystalline phase. Raman
spectrum arises from the polarization of electric dipole happened due to light scattering
and other factors like dopants, defects, vibrational models of molecules and phonon
in a material system. It is a versatile technique for the characterization of 2D mate-

rial systems like graphene, metal dichalcogenides and many more. Number of layers,
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lattice strain, thermal conductivity, defect density are some of most common material
characteristics can be studied using Raman microscopic analysis. The laser energy is
more important parameter in Raman spectroscopy since it influences the scattered light
wavelength.

The experimental setup of Raman spectroscopy consist of a sample stage, laser unit,
monochromatic, charged coupled device (CCD) and a monitor. The light from the laser
source interact with the sample surface and generate different types of scattered photos
(elastically and inelastically). Filters are used to diminish the intensity of other sig-
nals like fluorescent signal and elastically scattered photons during the process. The
inelastically scattered photons are further dispersed with the aid of monochromator and
transmitted into the CCD array. The weak input signal are multiplied and processed
into electronic signals inside the CCD. Finally the computer monitor used to store and
display the output signal. The spectral resolution can be determined by type of diffrac-
tion grating, focal length of spectrometer, type of detector are some of the important
factor,

Raman peaks in Graphite and Graphene: The Raman scattering of graphite based
structures was reported very earlier by Tuinstra et.al [[uinstra and Koenig (T97(). Later
the names for the Raman peaks was proposed by Vidona et.al Vidano and Fischbach
(T97R). The Raman G band at 1580 cm ! signifies the E», phonon mode vibration of
carbon atoms (in plane stretching vibration of C-C bond). The another Raman D band
at 1350 cm ™! arises from the A;, breathing mode of hexagonal carbon lattice at the
K point. It is also evolved due to the defects on the carbon lattice structure with the
relaxation of Raman selection rule (q=0). The above Raman G and D modes can also
be recorded on a polycrystalline defective materials. Because, the Raman band of high
frequency G peak arises even from the bond stretching of sp? hybridized carbon atoms
either in a form of polycrystalline chain or hexagonal rings. Also, the D mode becomes
absent with nonexistence of hexagonal carbon rings. The existance D peak is due to
intervally one phonon double resonance process. D ' band observed as a shoulder peak
near G band results from the intravalley one-phonon DR scattering process between K
and K'points Carozo ef all (P0TT); Ferrari and Roberfson (2001). These detected D'

band with weak intensity and minimal dispersion arises from the crystal defects acti-
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vated by the phonon scattering with smaller wave vector q Ferrari (2007). Other peak
of Raman spectrum at ~2700cm ! (pristine graphite and graphene) and is termed as
2D arises due to the intervalley two phonon double resonance process. So, the Ra-
man peaks are known as the molecular finger prints of carbon based materials. In this
work, the structural analysis of GO and rGO was obtained by recording Raman spectra
using LabRAM HR Evolution (Horiba-JYmake) micro-Raman spectrometer with the
excitation wavelength of 633 nm at room temperature.

A theoretical Raman model supported by experimental data helpful in describing
the dependence of the Raman scattering signal on the evolution of structural parameters
along the structural transformation trajectory of graphene systems. The lattice dynam-
ics and the procedure to measure the crystallite size (L,) and defect density (1/ L%)
of graphitic structures using Raman spectroscopy was handled many times before fifty
years. Many reports have explained the detailed analysis of structure and defect mecha-

nism on graphitic structures through a phenomenological theory useful in exploring the

density, type and functionality of defects [[uinstra and Koenig (1970); Ferrari (2007);
(2007); (20T7); Cucchese ef all (2010); Ribeiro-Soares

ef_all (2015). Up to now researchers apply following proposed relation using intensity

ratio (Ip/l) and integral area ratio (Ap/Ag) to understand the different types of de-

fects present in GO/ rGO (20T7); Cucchese ef all (POT0);
(Z007) .

Ap 560 1
Ao (B I, @8)

Ap 4300 1
— = X—— 2.9
Ae¢  (Ep)* (Lp)? (29)

But in Raman spectra of GO both kind of defects will be present at the same time since
it is inherent. Thus, by applying above relations, it will give an over/ under estimation
of final conclusions. In this present work, the contribution of both type of defects are
taken at same time in the first order Raman spectra and analysed with our experimental
results. The Raman analysis on the structural evolution of GO annealed at different
temperature with the theoretical defect diagram to extract information about the defect

contribution and nature of disorder over the structural evolution is discussed briefly in

hier 4
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2.4.7 Cyclic voltammetry analysis

Electrochemistry is a vital tool to identify the reaction involving electron transfer be-
tween the electrode and electrolyte. Very useful modern electrochemical technique is a
cyclic voltammetry, this technique commonly employed for investigating the reduction
and oxidation processes of molecular species. The cyclic voltammetry setup consists
of electrochemical cell, electrolyte, counter electrode and reference electrode. Electro-
chemical cell is a vessel used in cyclic voltammetry setup, to keep all the electrode and
electrolyte solution. In the electrolyte solution electron transfer will be occurred and
the electro neutrality can be maintained by the ion migration through this electrolyte
solution. Three electrode setup is used in cyclic voltammetry, glassy carbon electrode,
platinum electrode, and Ag/AgCl electrode in common cyclic voltammetry experiment
which represent a working electrode, counter electrode, and reference electrode, re-
spectively. Working electrode carry out the electrochemical process of our interest and
which contains the redox inert materials. The potential of the working electrode, as a
function of reference electrode, is controlled by potentiostat. The equilibrium potential
of the reference electrode is stable. It serves as a reference point to the other electrode
in an electrochemical cell. The current flowing through the working and counter elec-
trode can be accurately estimated by measuring the applied potential relative to a stable
reference electrode. Counter electrode which completes the electrical circuit, when po-
tential applied on the working electrode reduction or oxidation occur and current begins
to flow, current is recorded as an electron flow from working electrode to counter elec-
trode. Duck shaped plot which was generated from cyclic voltammetry is called cyclic
voltammogram. In the cyclic voltammetry plot initially the potential is not sufficient to
oxidise the analyte if the potential reaches specific value, oxidation occur and current
is exponentially increasing. The current reaches the point of maximum which is an-
odic peak current and the voltage is anodic peak voltage which represent oxidation of
material. In the reduction process the voltage is reversed to opposite scan direction and
cathodic peak current and catodic peak voltage is measured due to deduction process. If
the anodic and cathodic peak current are equal and opposite in direction means the pro-
cess is reversible. In this thesis work, the electrochemical performance of the rGO/NiO

modified electrodes was analyzed with the aid of Orygalys 500 electrochemical setup.
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CHAPTER 3

Synthesis of GO, rGO and electrical properties

3.1 Introduction

Owing to the outstanding properties of individual graphene layers, the GO derivites
like rGO, PGN, GQDs and their nanocomposites has significantly drawn more atten-
tion in sensing, photovoltaic, energy storage and healthcare Munief ef all (2019); Puah
ef_all (POIR); Liu_ef all (POTH); Yadav_and Kand (2016); Singh ef al] (2019) etc. The
exceptional material characteristics such as improved surface area and porous nature
along with the inherent material characteristics like surface grafting, tailored bandgap,
improved electrical conductivity and optical absorption increases the demand of GO
derivatives towards various industrial and societal needs.

The GO has a much similar structure like graphene with hexagonal carbon lat-
tice and differs by the number of stacking layers accompanied by the defects. It also
possesses active functional groups such as hydroxyl and epoxy formed at their basal
plane in addition to carboxyl and carbonyl groups formed at their edges Acik ef al
(201T1); Rezvani Moghaddam ef al] (2019). Functional groups decorated GO increases
the possibility of surface functionalization and it has many fascinating applications than
graphene due to its high solubility. The insertion of oxygenated functional groups in be-
tween the crystalline plane during the synthesis of GO modifies the electronic bandgap.
This changes the local charge carrier mobility and becomes responsible for the new
electronic and optical behaviour of the material.

The tuneable bandgap and carrier density is the noticeable property as it can be con-
trolled by the reduction of GO Jung ef al] (2008); Weief all (2010a); Gémez-Navarra
ef_all (2009); Yalcin_ef all (P015). By opening up the bandgap, the charge carrier re-
combination is reduced with increased photon absorption efficiency Shen ef all (DOT35).
This could be achieved by the transformation of graphene into few layer GO and rGO.

The reduction of GO is carried out with distinct methods such as chemical, electrochem-



ical, thermal, laser and microwave Pham ef all (2017); Aliyev ef al] (2019); Quezada
Renferia_ef all (2019); Sengupta ef al] (P01R); Iskandar_ef all (2017). Among, tem-
perature controlled reduction of GO In layered graphene like structures experimentally
obtainable surface area is far below the theoretical value due to the strong - stacking
and van der Waals interactions between graphene sheets. To overcome this problem
and achieve higher surface area, graphene porous structures have received increasing
interest due to their unique structure with interconnected networks, high surface area
and high pore volume Yan e7 all (2015). These unique properties have highly promis-
ing applications in sensing, energy storage and conversion applications Anfink ef al.
(201R); Choo ef all (20177); Wang ef al] (2019)

Template dependent and template free protocols are the conventional ways to syn-
thesize porous graphene. The three dimensional macroporous graphene films have been
synthesized by Chen and co-workers using uniform polymethyl methacrylate (PMMA)
spheres as hard templates Chen ef all (ZO12). Similarly, Zhao et al. has utilized hy-
drophobic interactions with a hard template method to synthesize porous graphene
foams Huang ef al] (?017). Huh et al. has utilized polystyrene as sacrificial tem-
plate with chemically modified graphene to synthesize a 3D macro porous graphene
structure Choi ef all (20172). Yadav and co-workers have used polymer pyrolysis single
step catalyst free process to synthesize single layer graphene assembled porous carbon
Yadav_ef all (2017). Fan and co-workers has demonstrated microwave irradiation us-
ing K MnQO, as oxidizer to synthesize porous graphene Fan ef all (2012). There are
many other methods such as templating, chemical etching, doping, chemical vapour
deposition and ion bombardment reported by different groups to synthesize the porous
graphene Chen ef all (2011]). The current techniques reported are very expensive, low
yielding and leaves template residues after etching. These are not viable for practical
applications. Therefore, it still remains a major challenge to develop low cost, scalable
and template free method to synthesize porous graphene by simple technique.

Moreover, the GO electrical conductivity can be improved by the process of reduc-
tion. These rGO structure becomes a more suitable modified transparent and conductive
electrode material in numerous applications such as photovoltaic, energy storage, flexi-

ble and wearble electronic devices.
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In this chapter, the GO was synthesized from graphite powder by the modified Hum-
mers method. GO was further reduced thermally at different annealing temperatures in
ambient conditions to obtain the rGO. During this reduction process, the reduction tem-
perature and reduction time was optimized to get PNG. The morphology and structural
transformation of GO and rGO were investigated by scanning electron microscopy, X-
ray diffraction, and Raman spectroscopy. Further, the a simple route for the reduction of
GO films in ambient conditions showing enhanced conductivity has been studied. The
observed change in electrical conductance at different reduction temperature has been
correlated with infra-red modes. The quantitative analysis of FTIR spectra at different
reduction temperature reveals that the change in electrical conductance is related to the
degree of reduction which is interconnected to the decrement of functional group and
recovery of native carbon bonds in the rGO structure. In comparison with the already
existing methods as discussed above, reported results demonstrate a very simple and
low cost protocol to synthesize the PGN from GO and a simple way to analyze and

relate the electrical properties of rGO films with the structural changes.

3.2 Synthesis and thermal reduction of GO

3.2.1 Synthesis of GO

Initially, GO was synthesized from synthetic graphite powder by the modified Hummers
method. In this synthesis, 2 g of graphite powder and 2 g of Na/NO3 were dissolved in
50 ml of HyS0O, with stirring for 2 h under ice bath and the black suspension was ob-
tained. Subsequently, 6 g of K M nO, which acted as an oxidizing agent was added very
slowly with the continuous stirring for 24 h, while the reaction temperature was slowly
increased to 35 °C. Brown colour viscous slurry was obtained due to the oxidation of
synthetic graphite powder. The viscous slurry comprises GO along with chemically ex-
foliated sheets and non-oxidized graphite precursor and unconsumed oxidizing agents.
Afterwards, 100 ml of distilled water was added in it and put for stirring for an hour
at 95 °C. Further, the solution was kept for 24 h without stirring after adding 8 ml of
H505 and 200 ml of H,O. Thereafter, this GO solution was ultrasonically exfoliated

by keeping it in sonicator bath for an hour. This GO solution was centrifuged at 10,000
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rpm and the obtained supernatant solution was washed with 10 % HCI solution and DI
water for more than 20 times successively. Finally, the as obtained GO mixture was

dried in hot air oven at a temperature of 60 °C for an hour to obtain the GO powder.

3.2.2 Thermal reduction of GO

The obtained GO was further reduced thermally at different annealing temperatures
(from 200 to 500 °C with an increment of 100 °C) for 10 min in ambient conditions to
obtain the rGO. The different samples are named as GO (S1) and rGO at 200 °C (S2),
300 °C (S3), 400 °C (S4) and 500 °C (S5). Thermal annealing of GO at 550 °C showed
drastic weight loss and yielded a very less amount of reduced GO which showed the
eviction of carbon atoms due to volume expansion of the sample at high temperature

Sengupta ef al] (PO1R).

3.2.3 Structural modification and surface morphology during re-

duction

The XRD spectrum of GO sample at room temperature and GO annealed at 200 °C,
300 °C, 400 °C and 500 °C in the range of 10° to 80° is shown in Fig B1l. It clearly ex-
hibits the difference in the XRD patterns of GO and rGO samples. The crystallographic
parameter, from the XRD characteristic peaks of each sample, such as interplanar dis-
tance (d), crystalline stack height (L.), number of average graphene layers in graphene
stack (n.) are analysed using Braggs law (d = \/2sinf) and Scherrers formula (L. =
0.9\ Bcosf) . The (n.) can be derived using the 'd 'value calculations given by (n.) =
(Le/dgoy (or) doo1). The XRD reflection of (001) and (002) planes are taken into account
to calculate the above mentioned structural values of GO and rGO samples. The pre-
cursor graphite sample normally have sharp diffraction peak at 260 = 26° due to (002)
plane with the d space value of 0.34 nm. It possesses the maximum number of stacking
order with multilayer structure.

The XRD patterns of as prepared GO sample shows a new diffraction peak at 20 =
12.02° corresponding to (001) reflection which is a typical characteristic peak of GO. In

GO, diffraction peak at 26 = 12.02° and corresponding interplanar distance of 0.73 nm,
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indicates the oxidation of graphitic layers is due to the chemisorption of oxygenated
functional groups and intercalation of water molecules between the graphene oxide lay-
ers. It is observed that, with increasing annealing temperature, diffraction peak at (001)
gets eliminated and a new intense and broad peak appears at 26 ~ 24° in samples S2 to
S5. Decrease in interlayer spacing value of 0.36 nm from the annealing temperature of
200 °C clearly exhibits the elimination of functional groups from the GO structure. The
peak shift towards higher diffraction angle is related to the turbostratic nature and disor-
dered lattice of the graphitic structure due to reduction. Since the peak width influences
the basal placing parameter, the broadening in the peak width (FWHM) also inhibit the
direct change in grain size of graphene sheets during reduction process Claramunt ez al.
(2015). Further, the calculated stacking height (L.) in GO is 7.75 nm with 10-11 lay-
ers of GO sheets. Whereas in rGO, S2 sample, the stacking height is reduced to 1 nm
with 3 rGO layers per stack. Thus, there observed a reasonable difference in stacking
height and decline in average number of layer. The changes in peak width (FWHM)
of the (002) peak and the decrease in crystalline stack height indicates the existence
of rGO sheets with reconstructed graphitic lattice. Thus, the maximum reduction of
GO happens at the annealing temperature of 300 °C and continue up to 400 °C due to
the intense dispersion of inserted oxygenated functional groups on the graphene oxide
sheets.

The (002) peak of rGO annealed at 500 °C indicated the continuation of reduction.
But the peak broadening and appearance of new shoulder peak near 20 = 26.4° confirms
the change in crystalline size via structural modification at higher annealing tempera-
ture. The hydrophilic GO moves towards disordered structure by the loss of functional
groups and change of hybridization in between the carbon atoms during reduction.

The (002) plane of GO at 300 °C, 400 °C and 500 °C is seen at 2 6 = 24.13°; d-
spacing = 3.62 A, 20 = 24.93°; d-spacing = 3.60 A, and 26 = 24°; d-spacing = 3.65 A
respectively. The obtained 'd 'value are comparable with some of the previously reported
rGO sheets with the 26 and d value of 20 = 24.4 °; d-spacing = 3.7 A Mungse and Khatri
(20T14), 26 = 24.07°; d-spacing = 3.69 A Qian ef all (C02T), 20 = 24°; d-spacing = 3.7 A
lan ef all (2017), 26 = 24.1°; d-spacing = 3.68 A Iskandar ez all (2017), and 26= 25.2°;

d-spacing = 3.5 A lloshierall (2070) reduced by the techniques like chemical, thermal,
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microwave and vacuum assisted high temperature reduction methods. This suggests that
the obtained rGO by thermal annealing at ambient condition can also provide ordered
rGO sheets with the adequate expulsion of surface functional groups and reconstructed

carbon lattice like other reduction techniques
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Fig. 3.1: The XRD patterns of GO (S1) and rGO samples at 200 °C (S2), 300 °C (S3),
400 °C (S4) and 500 °C (S5).

Figure B2 shows the high resolution scanning electron microscopy images of graphite
(80), GO (S1) and rGO (S2,S3,54 and S5) samples. The effect of annealing temperature
on the morphology of rGO samples is explored using SEM. The SEM micrograph of
precursor graphite shows the compressed sheet like multi stack graphitic structure. The
oxidation and exfoliation of graphite severely alters the surface morphology of GO with
the formation of new grain boundaries. Significant structural changes occurs when the
rGO samples were reduced from 300 °C under ambient atmospheric conditions. When,
rGO sample is annealed from 300 °C, the SEM image visibly shows the morphology
of corrugated and wrinkled rGO sheets with increment in the distance between the GO
layers. The formation process of PGN is as follows. During oxidation and reduction,

the functional groups will react and yield by-products such as C'O and C'O, which leads



to the dissociation of carbon atoms and forms carbon dangling bonds Hu e all (20172);

(20172). The thermal pressure yielded during the release of C'O and C'O,

helps in the exfoliation GOe layers (P016); McAllister ef all (2007). This
supports the evolution of disordered carbon lattice and increase in the number of defect

sites due to the removal of native carbon atoms.
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Fig. 3.2: SEM micrographs of Graphite (S0), GO (S1) and rGO reduced at 200 °C (S2),
300 °C (S3), 400 °C (S4) and 500 °C (S5).

So, desorption of oxygenated functional groups supports the delamination effect
of the graphene sheets with the formation of wrinkles. But the delamination of GO
layers is not fully completed due to the van der Waals interaction Sharma ef all (2020);
Carrera_ef all (2020). So, from the temperature of 300 °C, the interconnected pore like
structure were opened up compared to 200 °C. This process initiates the significant
physical changes in the morphology of rGO samples in terms of wrinkles and pores.
The changes in GO structure with the removal of functional groups and residual water
molecules also consistent with the obtained XRD spectrum of GO and rGO by the
decrement of interlayer spacing from 0.73 nm to 0.36 nm. Thus, the morphology of the
as prepared GO samples gets strongly modified by annealing.

Raman scattering can be assigned to investigate the structural changes of oxidized
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and reduced graphitic materials. The shape of G mode and the relative intensity ratio
of G and D mode are mainly analysed to explore the influence of temperature in GO

structure during annealing process.
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Fig. 3.3: Raman spectra of GO (S1) and rGO reduced at 200 °C (S2), 300 °C (S3), 400
°C and 500 °C (S5).

Figure shows the Raman spectra of GO and rGO samples annealed at different
temperature. The graphitic and defect modes are denoted by G and D respectively as
shown in Fig. B3. Here, The intensity ratio of D and G peak (i.e.) Ip/Is and peak
shift of Raman D and G modes are analysed to get the information about the structural
transformation during reduction. Prominent Raman peaks (D and G peak) show the
change in peak intensity and peak shift in all the samples. In GO, the peak at ~ 1331

em ™!

is denoted as defect induced D peak. This is due to the presence of disorder/
defect. Tuinstra and Koenig (1970) have allocated the D band as longitudinal acoustical
A1, phonon vibration mode of the smaller crystallites or boundaries of larger crystallites
of graphitic like structures. Here, red shift of D mode is observed from samples S3 to

S5. This observed shift may be due to the distortion of carbon bonds during elevated
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annealing temperature and the curvature effect at the grain boundaries of carbon lattice.

In GO, the Raman G peak is observed at 1598 ¢cm~!. This corresponds to the lon-
gitudinal optical (LO) phonon mode at the zone centre of the graphitic lattice. In G
peak, a new shoulder peak (called D peak) is observed at 1603 ¢m ™! and 1608 cm ™! in
samples S3 and S4 respectively. This D' peak is, also due to the defects as same as the

D peak but due to the scattering of the smaller wave vector optical phonons.
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Fig. 3.4: Temperature Vs Peak intensity ratio of D and G peak for GO (S1) and rGO
annealed at reduction temperature of 200°C, 300 °C (S3), 400 °C (S4) and 500
°C (S9).

Peak broadening and red shift of the G mode was observed when GO was annealed
from 200 °C to 400 °C and returns back to the position ~ 1594 ¢m !, which is closer to
the G mode frequency of GO at 500 °C as shown in the Fig.373. This may be due to the
deformation of carbon lattice by the intensification of larger defect concentration which
stimulates the incorporation or merge of G and D' peak Eckmann_ef all (2012). So, the
splitting of G peak as G and D' will be only visible at the moderate concentration of

defects.
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The intensity ratio of D and G peak Ip/I; shows a nonlinear relationship with in-
crease in annealing temperature from samples S1 to S5 as shown in Fig B-4. The maxi-
mum intensity ratio is observed for rGO 300 °C (S3) that indicates the higher lattice de-
formation since the intensity ratio is related to the defect density Ferrari (2007). Further,
Ip/l decreases for S4 sample again a slight increase in intensity ratio was observed
for S5 sample. These results are following similar behaviour as the observed shift in
Raman G mode in samples S1 to S5. This also indicates the possible structural recon-
struction with the recovered carbon lattice and change in defect concentration during
thermal annealing of GO in ambient conditions.

Thus, the changes in physical and chemical structure of carbon lattice happen dur-
ing the oxy-reduction stages. Oxygenation induces the insertion of functional groups
which alter the bond length between the carbon atoms and initiates the defects formation
Larciprete ef al] (P01T). During the reduction, rigid topological and/or structural defor-
mation happens in the samples due to thermal expansion of carbon lattice followed by
eviction of in- plane carbon atoms. The GO and rGO samples show the peak shift due
to thermal strain induced lattice distortion contributed by the anharmonic phonon cou-
pling effect Calizo ef all (2007); Marfins Ferreira ef all (2010); Eigler ef al] (20172). The
defects induced in the graphitic structure by external perturbation are mainly respon-
sible for the observed shift in Raman peaks. The lattice reconstruction due to thermal
annealing in GO and rGO is also evident from the change in XRD peak position and
peak broadening, which is directly related to the interplanar spacing and crystalline size
of GO sheets.

Further, the better understanding of structural modification in GO during the oxo-
reduction stages, a methodology based on Raman scattering is proposed and discussed

in chapter 4.

3.3 Electrical conductivity of rGO: effect of thermal re-

duction

Different approaches had been involved in the reduction process of GO such as thermal,

chemical, photochemical, electrochemical, microwave and laser assisted methods Shi

4/



ef_all (P019); Kumar ef all (2O15); Zeng ef al] (2019); Fauceft ef all (Z017); L ef al
(P013); Aminuddin Roslief afl (Z021). But unlike other techniques, thermal reduction
allows us to manipulate the degree of reduction by simply varying the reduction tem-
perature Savchak ef all (2018); Bernal ef all (201°7). During the reduction, the GO will
form the restored sp* hybridized carbon nano clusters with the adequate removal of
oxygenated functional groups Wang ef al] (P0T8A). This will provide the percolation
pathway for the hopping of charge carriers, as reported by Gémez-Navarro ef all (Z0T0).

Thus, the rGO with tailored bandgap behaves like semi metal or semiconductor
and its electrical conductivity can be tuned by controlling degree of reduction I ef al
(20T15). Thermal reduction of rGO was reported by Dolbin"ef all (2017); Chna“and
Pumera (2012); Slobodian_ef all (2018); Sengupta ef al] (2018). [Zhang et al] (PO1R)
has shown high reduction degree is possible in thermal reduction than chemical reduc-
tion. Muchharla ef all (0T4) reported a green chemically reduced rGO structures and
exposed the Arrhieus like temperature dependence of conductivity and Motts two di-
mensional variable range hopping mechanism of rGO at different temperature regime.
Bhaskaram and Govindaraj (?018) described the variable range hopping type electri-
cal conductivity of chemically reduced rGO via temperature dependent Raman spec-
troscopy analysis by exploring the electron-phonon coupling behaviour. Ma“ef al
(P019d) reported the temperature dependent conductivity and the semiconduction be-
haviour of chemically reduced rGO by comparing different charge conduction models.
There still require a simple method to get the conductive rGO films and a simple method
to analyse the electron transport behaviour, as rGO is quite different from graphene but

have equivalent potential applications.

3.3.1 Experimental details

The obtained GO powder using Hummer’s method was dispersed in ethanol with 1
mg/ml of concentration and ultrasonicated for 60 min. It makes the graphene oxide
powder to distribute uniformly over the solution. A glass substrate was cleaned with
soap solution and bath sonicated with acetone, ethanol and deionized (DI) water, re-
spectively. The GO solution was drop casted over the glass substrate in the form of

small channel 1.0 cm (L) x 0.5 cm (W) by using a micropipette and dried at room
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temperature. Al electrodes were deposited for contact. The corresponding IV charac-
teristics have been measured using Keithley, 2614b source meter, four probe technique
at different annealing temperatures. Thermal reduction of the samples was performed
in the temperature range from 100 to 350 °C in ambient atmosphere. Here, the different
samples are named as GO (S1) and rGO at 100 °C (S2), 150 °C (S3), 200 °C (S4), 250
°C (S5), 300 °C (S6) and 350 °C (S7).

3.3.2 Electical conductivity: Result and Discussion

The accurate measurement of electrical conductivity is a real hurdle for materials like
rGO due to discontinuity in film thickness along with the concomitant effect of substrate
and electrode materials. The electrical conductivity characteristics of the GO on the
glass substrate was studied with Keithley Source Meter 2614B. Totally five samples
have been analysed. All the I-V measurements done are reproducible in these samples
within the error range of 2-3 %. The Current-Voltage loop of the few layer GO and rGO
were analyzed using DC voltage sweep measurements at ambient atmosphere and it is
illustrated in a semilogarithmic scale. Figure B3 shows the I-V curve of GO and rGO
samples at different annealing temperature with an input voltage range of -3 to +3 V.

The maximum current obtained for S1is 2 x 10~® A and it shows lower conduction
value. The GO exhibits a high electrical resistance state at room temperature. During
the initial stage of reduction, the volatile by-products evolved from the solvent and the
surface functional groups were diffused and trapped in between the GO layer thus drop-
ping the charge transport Slobodian ef all (2018). When the temperature was increased
above the room temperature, there observed a noticeable change in the conductivity of
GO. The insulating nature of GO might be due to the mixed sp?-sp® bond nature, edge
defects and the residual moisture present in the as dried GO sample Okhay ef al| (2016);
Zeng et al) (POTX).

When GO sample was heated from room temperature to 100 °C, it shows the current
value in the range of 1072 to 107!° A. Heating sample S2 at 100 °C, the moisture and
the residual ethanol content exist on the sample is evaporated from the GO layers. This
leads to the constriction of the charge carriers and discontinuity in charge transport by

the formation of low conductive GO island structure Chen_ef all (20165). Hence there
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exists more resistance between the charge carriers that results in the reduction of current
in sample S2. Further annealing of samples S3, S4, S5, S6 and S7 at temperatures 150,

200, 250, 300 and 350 °C respectively shows an enhancement in current value.
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Fig. 3.5: IV Characteristics of GO (S1) at room temperature and rGO annealed at 100
°C (S2), 150 °C (S3), 200 °C (84), 250 °C (S5), 300 °C(S6) and 350 °C (S7)

Among others, the sample S6 shows the maximum conductivity with the observed
value of 2.4 S/cm. Also, the obtained current value for the sample S6 and S7 was
almost same with the negligible difference in electrical conductance. Further increase
the annealing temperature above 350 °C shows very slight changes in current value due
to the adequate level of GO reduction. So the eletrical conductance is shown upto 350
°C without further increase of annealing temperature. Thermal reduction brings more
restored sp? carbon bonds to the rGO structure and improves and carrier transport with
increases in conductivity. The I-V Characteristics has also been measured during the
cooling cycle after annealing at 350 °C. It hardly shows variation in current value and
falls in the same range between 10~% to 10~3 A for all the temperatures. This might
be due to the fact that the rGO has reached the adequate level of reduction at 350 °C.

Hence it could not be reversed to form GO due to the removal of enough functional
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groups present from the rGO. On this factor it shows a poor variation in the current
from GO 350 °C to GO room Temperature. The I-V characteristic of rGO during the
cooling cycle is provided in Fig. B.
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Fig. 3.6: I-V Characteristics of rGO at fixed temperature of ramped down from 350 °C
to 35 °C during cooling cycle.

Structural transformation during annealing plays an important role in the conduc-
tivity of graphene derived materials due to regeneration of sp? domain and formation of
defect sites during heating Okhay ef al| (?016). The HRTEM images of GO at different
reduction temperature in Fig B visibly indicates the lattice fringes with the change in
interplanar spacing during the reduction process. From 100 °C, interlayer spacing of
GO started to decrease slowly due to the evaporation of intercalated water molecules
and other functional groups. The lattice distortion is more visible for S6 and S7 at the
higher annealing temperature of 300 °C and 350 °C. The term lattice distortion signifies
the disorientation of atoms from the lattice structure in an ideal crystal structure. This
will create a structural disorder due to the misalignment and eviction of native atoms
from the lattice. In the present study, the expulsion of native carbon atom along with

desorption of oxygenated functional groups create defects in the graphitic lattice during
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the reduction process. Therefore, the defects are seen as structural modification over

the graphitic plane during reduction of GO.

Fig. 3.7: HRTEM images of rGO at different reduction temperature: a and b high reso-
lution (001) lattice plane images of rGO reduced 100 and 150 °C (S2 and S3)
and c-f high resolution (002) lattice plane image of rGO reduced 200 °C (S4),
250 °C (S5), 300 °C(S6) and 350 °C (S7)

Unlike the vacuum and inert conditions, annealing at ambient condition activates
both oxidation and reduction in the GO samples. Thermal reduction of GO is called
principally as an organic disproportionation or decomposition reaction reported earlier
by Y. Qiu et al (20T16).

The reaction step of thermally assisted GO reduction is expressed in eqn Bl
et all (OIR).

GO — rGO + COy 4+ CO + Hy0O (3.1)

Thermal reduction of GO is definitely a discrete process. The deoxygenation of GO is
assisted with the degassing of H,O, C'O,, C'O and during thermal annealing Soni ef all
(POTR).

The elimination of surface functionalities and the formation of carbon bonds during

GO reduction was studied using XPS analysis. Figure B8 a shows the XPS survey
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spectrum of S2, S3 and S7 samples. The deconvoluted peak of Cls signal from S2, S3
and S7 is comprised of four different signals as shown in Fig B8 b, c and d. They are
C-C/C=C in aromatic rings (284.4 eV), C-O (285.2 eV), C=0 (286.7 eV), and O=C-O
(287.9 eV) groups observed in XPS spectrum of rGO samples.

The C-C bonds corresponds to the 7 conjugated carbon atoms in the GO lattice.
The C-O bonds evolves from hydroxyl and epoxy groups exist in the GO basal plane.
The C=0 group arises as carbonyls from the edges of the GO lattice plane as well as
from the basal plane. The carboxyl groups (O=C-O) are mainly developing from the
edges of the graphitic lattice. Different C-O bonds develops during the different phases
of oxidation and reduction process.

The level of oxidation was calculated from the peak area ratio of Cls and Ols using
XPS spectra. The XPS peak reveals that the S2 has a very less C/O ratio of 2.2 than
other annealed rGO samples. This shows the higher oxidation level of S2 sample with
less reduction of other functional groups at the annealing temperature of 100 °C. The
evaporation of H>0O from the GO layer accompanied with the trapping of C-O species
by introducing carbon dangling bonds with the atmospheric oxygen. This progresses
the oxidation level of S2 and decreases the C/O ratio.

In contrast, increasing of reduction temperature above 100 °C improves the func-
tional groups desorption and sp? bond restoration observed from the increment in C/O
ratio of 4.9 and 5.1 for S4 and S7. The peak intensity of other carbonyl, and carboxyl
groups such as C=0 and O=C-O also reduces with the increase in annealing tempera-
ture observed from Fig B8. So, the non-oxygenated carbon percentage was improved
by the formation of new C-C bonds in rGO structures during reduction. This signifies
the GO reduction accompanies with the ejection of water molecules followed by the
degassing of surface functionalities with the reconstructed carbon lattice.

Further, the FTIR spectra Fig.39 are quantified by measuring the peak area under
the functional groups and analysed at every reduction temperature to observe the dom-
inance of oxygenated functional groups over the conductivity of rGO as shown in Fig
B-10. The decrement of functional groups intensity during thermal reduction explored
from the FTIR peak analysis suggest that deoxygenation reaction was started at low

temperature.
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Fig. 3.9: FTIR spectra of as prepared GO (S1) and rGO @ 100 °C (S2), 150 °C (S3),
200 °C (S4), 250 °C (S5), 300 °C(S6) and 350 °C (S7)

The -OH group stretching vibration at 3371 ¢m ™! is observed for the samples from
S1 to S3 with a noticeable variation in peak area as shown in Fig BY9. The reduction
without inert atmosphere and vacuum significantly improves the amount of hydroxyl
group due to oxidation at 100 °C. So, the observed -OH bond peak area is more for S2
than the S1 due to the ambient atmosphere. Further increase in temperature from 150
°C substantially improves the evaporation of water molecules and removal of hydroxyl
groups from the basal plane, thereby reduces the -OH peak in samples from S3 to S7.
The hydroxyl group reduces progressively until 200 °C and then it becomes slower due
to ambient annealing condition. Similarly, the band at 1578 ¢m ™! for the stretching
vibration of C=C bond of graphene plane was registered for all the samples from S1 to
S7. But the intensity of 1578 ¢m ™! peak is increased further for the GO samples from
S4 to S7 signifies the restoration of carbon bonds during the process of reduction. The

stretching vibration of carbonyl (C=0) groups at 1715 cm ™! evolved from the edges of
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the GO and rGO layers. The desorption of C=0 groups from the edges of rGO layer is
observed at elevated annealing temperature from sample S1 to S7.

It is observed from the Fig.B10 that transition of GO to rGO occurs at the critical
reduction temperature of 200 °C because the changes in the active functional groups of

GO are very less above 200 °C during the process of reduction.
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Fig. 3.10: Correlative graph of electrical conductivity of GO/rGO channel and peak
area of GO/rGO samples obtained from FTIR spectra with reduction temper-
ature

The structural modification with restored C=C bonds is also observed with the in-
creased peak area for the rGO samples above 200 °C. The electrical conductivity of rGO
above 200 °C increases due to the expulsion of oxygenated functional groups together
with the thermally modified sp?-sp® hybridized carbon network as shown in Fig. B10
So, the observed variation in the electrical conductivity during increase in temperature

is a real time indication of structural modification of GO during reduction. This method
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improves the reduction process by minimizing the effect of solvent in comparison to
other deposition techniques. It also, enables to control the electrical conductivity of the

rGO channel by simply managing the degree of reduction.

3.4 Conclusion

In summary, a facile and scalable fabrication approach has been developed to synthe-
size PGN. Initially, GO was synthesized from graphite powder by modified Hummer
's method. A detailed structural (microscopic and diffraction) studies establishes that
porous graphene network can be synthesized from graphene oxide obtained by mod-
ifying the graphite. Structural and spectroscopic investigations shows that GO starts
reducing at the temperature of 200 °C that is explicitly clear from the change in inter-
layer spacing, XRD and removal of functional groups, FTIR. The interconnected pore
like structure was obtained from the temperature of 300 °C. SEM results clearly show
the formation of PGN. Structural reconstruction is evidently observed from the Raman
peak shift and intensity ratio of the D and G peaks in GO and rGO samples using the
Raman spectroscopy analysis. The correlation between the electrical conductivity and
the functional group of rGO was probed using FTIR spectroscopy. The increase in elec-
trical conductivity of rGO films is correlated with improved charge transfer promoted
by the elimination of hydroxyl, epoxy functional groups and recovery of native carbon
bonds during reduction. It is obtained that the electrical conductance of rGO films can
also be tuned by optimizing the reduction temperature. These results show that the
obtained rGO open up the exciting opportunities and have the potential to replace the
existing TCO layer in photovoltaics and also suitable for a wide range of applications

in sensing, energy storage, flexible electronics and optoelectronics.
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CHAPTER 4

First order Raman scattering to analyse defects in GO

and rGO

4.1 Introduction

The structural modification in the sp?-sp? hybridized GO derivatives evolves with de-
fects during the growth process, either physically or chemically. The type of defects,
0D (point defects) and 1D (line defects), may change from one sample to another sam-
ple that fully relies on the synthesis method. Regardless of the diverse application,
graphene derivatives like GO and rGO are always accompanied by defects that gener-
ally evolve during the synthesis and reduction steps. The different processes involved
during the synthesis of graphene derivatives play a crucial role in developing defects;
besides, they cannot be avoided. Structural changes in the material in terms of change
in the number of stacking layers, the addition of reactive chemical groups, and varying
the degree of oxidation are also considered as a source of defects lan_ef all (P2017);
Pham ef all (20177); [Aliyev ef al] (2019); Gong ef al) (2012).

Lattice deformation also happened during the oxidation and reduction stages Kii=
mar _ef_all (Z015). The reduction of GO is done with distinct methods such as chemical,
electrochemical, thermal, laser and microwave methods. The process methods led to
an evolution of new graphene based structures with the change in grain size and devel-
opment of defects Ma“ef all (20194); Quezada-Renteria ef all (?2019); Sengupta ef al.
(POTR); Bagri ef al) (0T0). The type and quantity of the defects existing in the mate-
rial after reduction highly impacts the characteristics of carbon based materials such as
carrier density and mobility Tef all (20T15); Gomez-Navarro ef all (2009); Eda ef al.
(2009); Peres_ef all (2006).

Single layer graphene is considered as an ideal material for the defect analysis than

GO and rGO due to the more accessible inclusion and exclusion of carbon atoms and



other dopant atoms from the two-dimensional graphitic lattice. There are earlier studies
on the defect mechanism of graphite and single layer graphene through theoretical and
experimental predictions useful in exploring the density, type and functionality of de-
fects Claramunt e all (2015); Eckmann_ef all (2012); King ef al] (2016). The evolution
and types of defects on graphitic structures are often interpreted with the non-destructive
and high-resolution method of Raman spectroscopy.

Raman spectroscopy is an efficient, powerful technique for the structural analysis
of graphene based materials. It gives qualitative information of the material, including
dopants, the nature of carbon bond, an abundance of sp? and sp® bonds, crystallite size
and defects through peak position, peak intensity and line width. These parameters are
used to analyze the defect states, defect intensity and crystallite nature, as well as the
electronic property of carbon based materials Ferrari (2007); Sood ef all (2001)); Ferrari
et_all (P00A); Tang ef al] (P0T0); Eigler ef al] (?2013); Ryu ef al| (2010).

The well known T-K model for graphitic materials predicts the degree of defects by
comparing the intensity ratio of D and G peak with the inverse of the crystalline size
L, [Tuinstra and Koenig (T970). This will be suitable for the graphene sheets with very
less defect density with inter-defect distance above 2 nm (L, > 2 nm). However, no
further dependency of T-K model for graphene sheets with a very smaller crystallite
size (L, < 2nm) was reported by Ferrari et al. Ferrari (2007). So, carbon structures
with smaller crystallites size (< 2nm) are interpreted by the Ferrari-Robertson relation
(Ip/lg) o< L?. Lucchese et al. quantified the disorder in Graphene induced by ion
implantation with (Ip/Is) ratio Lncchese ez all (2010). Similarly, L.G.Cancado et al.
discussed the influence of the Raman cross section of D, D" and 2D over the in-plane
crystalline size (L,) of nanographites and analyzed the dependency of L, with (/p/l)
ratio Cancado ef al] (2007). Eckmann et al. predicted the nature of defects like vacancy
and sp> hybridization by probing the intensity ratio of defect activated peaks such as D
and D' (Ip/Ip/) Eckmann ef all (2017).

Recently, L.G. Cancado et al. reported the contributions of 0D and 1D defects such
as point and line defects of Graphene related materials by comparing the ratio of the
integrated area of D and G peak (Ap/Ag) with line width of G peak Cancado ef al.

(20T7). For identifying defect type in a sample with intermixed defect density with
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distinct L, and L (distance between the point defects) value, the analysis of peak in-
tensity scarcely provides the spectral details about the structural disorientation. Instead,
the contribution of integrated peak area Raman D and G is more required to depict
defect contribution over the structural evolution of graphene oxide derivatives. In this
chapter Raman spectroscopy analysis is used to probe the nature of defects evolved in
the rGO structure during thermal annealing process. The fortuitous change of crys-
talline size L, of GO and rGO during oxo-reduction stages at ambient condition makes
a non-linearity with the relative intensity of D and G peak (/p/I¢). Some of the results
reported in the recent defect studies on GO in a controlled environment also interpreted
the non-dependency and discontinuity of [p/I ratio only with L, value Claramunf
et-all (P015); King ef al] (2016).

Irrespective of the reaction environment, the present study also correlated with the
above phenomenon. Also, by considering the predominant role of defects, it is neces-
sary to build an accurate method to analyze the highly disoriented GO and rGO sheets.
So, the essence of this work is to propose an approach for the interpretation of defect
type and density present on the highly defective GO and rGO sheets. And also to ex-
amine the change in microstructure with the evolution of new peaks associated with the
defects during different reduction stages at ambient atmospheric conditions using crys-
tallographic analysis techniques such as Raman Spectroscopy and XRD methods. Clear
understanding of defects and disorders in Graphene derived materials like GO and rGO
is always very important for further refinement of material structure and incorporating

this material into device structure.

4.2 Experimental method

4.2.1 Synthesis of graphene Oxide

GO was synthesized from graphite powder by the modified Hummers method. GO
(named as S1) was further reduced thermally at different annealing temperatures in am-
bient atmospheric condition for 10 mins at 200 °C (S2), 300 °C (S3), 400 °C (S4) and
500 °C (S5) to obtain the rGO. Recorded patterns of X-ray Diffraction were obtained
by PANalytical XPERT powder diffractometer with a high intensity CuK radiation
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(A\=1.540 A) in the range from 10-80° at 260 angle. Identification of functional groups
was investigated by Fourier Transform Infrared (FTIR) Spectroscopy using PERKIN
ELMAR; SPECTRUM RXI. Room temperature Raman spectra of GO and rGO sheets
were analyzed using LabRAM HR Evolution, Horiba micro-Raman spectrometer with
the excitation wavelength of 633 nm. Lorentzian fitting was identified as an excellent
fitting function compared with other functions such as Gaussian and Voigt to fit the
peaks such as D, G and D’ in the range of 1000-2000 cm ! during the analysis. The
crystal structure and morphology of GO and rGO were obtained by HRTEM analysis
obtained using (JEOL JEM 2100 operated at an acceleration voltage of 200 kV). XPS
measurements were taken by physical electronics PHIS000 XPS model, and the sample

was excited by Al Ka source.

4.3 Results and Discussion

4.3.1 Structural analysis

Figure BT shows the X-ray diffraction (XRD) patterns of the GO at room temperature
and GO annealed at different reduction temperatures from 200 ° to 500 ° C with the
increment of 100 °C at the range of 10° to 80°. The difference in the X-ray difrac-
tion (XRD) patterns of GO and rGO samples with the shift in the scattering angle (2
0) clearly exhibits a change in the crystalline nature during the oxidation and reduction
process Claramunf e all (Z0TY). For GO, the observed (26) at nearly 12° with the in-
crement in the interplanar distance (d) of 0.8 nm implies the (001) plane of the oxidized
GO structure. In addition to the oxidized GO peak at (26) at nearly 12°, a new peak
at (26) = 26° arises for the sample S2 at 200 °C. This signifies the change in oxidation
level with the effect of reduction temperature. From the reduction temperature of 300
°C to 500 °C there observed the absence of (001) peak. As well as reduction process
recovered the (002) plane towards 20 = £24° for rGO annealed above 300 °C. The
above peak is related to the reconstructed lattice of the reduced GO structure during
annealing due to the intense dispersion of inserted oxygenated functional groups on the
GO sheets. The changes in peak width (FWHM) of the (002) peak imply the decrease

in crystalline stack height with the existence of a few reduced graphene sheets in the
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annealed GO sample. The thermally induced reduction with the declined interplanar
placing is the reason behind the shifting of the (002) peak towards a higher diffrac-
tion angle. During oxidation and reduction, the peak shift accompanied with the peak
broadening directly specifies the variation in the crystalline nature of GO during oxida-
tion and reduction. The hydrophilic GO moves towards disordered structure by losing
functional groups and hybridization change between the carbon atoms during ambient

annealing atmosphere (2012).
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Fig. 4.1: (a) The XRD pattern of GO (S1) and rGO samples at 200 °C (S2), 300 °C
(S83), 400 °C (S4) and 500 °C (S5). (b) TGA curve of GO weight loss during
the reduction process of GO in the temperature range of 30-600 °C in ambient
conditions. (c¢) and (d) TEM images of GO (S1) and rGO at 500 °C (S5).

62



The weight loss measurement during annealing of GO with the rate of 5 °/min was
done using thermogravimetric (TGA) characterization at air atmosphere. Significant
changes in the TGA curve of GO were noticed in between the temperature range of 30-
600 °C. The thermogravimetric curve presented in Fig &1 b, is observed with two major
weight loss curves. The first weight loss was observed around 100 °C. The GO reduces
by 21.81% of its weight at 100 °C. It is mainly contributed by the removal of adsorbed
molecular water from the GO lattice. The second stage of weight loss happens at the
reduction temperature around 200 °C. There observed a firm increase in the weight loss
percentage from 29.90 % to 48.83 % from the reduction temperature of 200 °C to 240
°C. The maximum rate of evolution of oxygen species occurred between 200-240 °C.
The pressure evolved from the gases in the temperature range above 200 °C helps in
the graphitic layer exfoliation and removes oxygen functionalities from the GO surface
Kaniyoor ef al) (2011T).

Above 200 °C of annealing temperature, the increase in the weight loss confirmed
a thermal exfoliation of the GO sheet effect from the rapid deoxygenation of functional
groups from GO surface. Up to 300 °C, the GO loses 52.34 % of weight and increases
to 60.58 % at 500 °C. The weight loss under 200 °C is mainly determined by the evap-
oration of water molecules and then by oxygen species desorption (such as hydroxyl
and epoxy) from the graphitic structure. The weight loss between 200 - 500 °C was
contributed by the deoxygenation of other oxygen functionalities bonded with carbon
lattice along with the C-C bond restoration Larciprete ef al] (2011). The weight loss
in the range above 500 °C is mainly associated with the sublimation of carbon skeletal
structure at ambient atmospheric conditions. This weight transition can be ascribed to
the dissociation of oxygenated species on the GO lattice structure.

Figure B ¢ and d shows the TEM micrograph image of GO and rGO annealed at
500 °C. The structural morphology of GO and rGO were modified due to oxidation
and reduction influenced by the thermal instability of the GO sheet, followed by the
lattice distortion with the ejection of oxygen functionalities and native carbon atoms
from the GO lattice. TEM micrograph shows the wrinkled morphology of the GO and
rGO structures. The exfoliation of GO during oxidation and the reduction with ejection

of surface functionalities induce wrinkles and edge folding on the GO morphology.
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The lattice strain generated during the co-operative realignment of functional groups
particularly epoxy groups initiates the wrinkles and crakes on the GO lattices. The
wrinkled GO and rGO sheets can be termed as gasothermal graphene derivatives as

reported by Adarsh et.al Kaniyoor ef al] (201T).

4.3.2 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) analysis was done to better understand the
functional groups that evolve on GO during oxidation and reduction stages. It allows

surface sensitive and in-depth quantification of oxidative functional groups that exist on

the surface of GO and rGO.
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Fig. 4.2: Deconvoluted C1s XPS spectra of (a) GO (S1) and (b) rGO reduced at 400 °C
(S4), (c and d) XPS survey spectrum of GO (S1) and rGO reduced at 400 °C

(S4).

Figure a and b shows the deconvoluted C1s peak of XPS spectra obtained from
GO and rGO reduced at 400 °C. From the XPS survey spectra of GO and rGO reduced at
400 °C at Figl2 c and d, a significant reduction in the amount of oxygen functionalities
was noticed with an increment of annealing temperature. The atomic percentage and

carbon and oxygen species of GO was initially less and increased after the reduction.
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The variation in the peak intensity of GO and rGO signifies the elimination of carbon
and oxygen related species from the rGO surface during reduction. The Cls spectra
deconvoluted into four components corresponding to C-C bond (sp?-C or sp3-C) at a
binding energy of (284-248.8 eV), C-O bond near 286 eV (hydroxyl and epoxy), C=0
bond (carbonyl) at 288 eV and O=C-O (carboxyl) at 289 eV. The XPS peak of C-O,
C=0 and O=C-O was noticeably reduced by the increment in the annealing temperature.
This signifies the elimination of oxygenated functional groups from the surface of the
GO structure. The carbon-oxygen ration (C/O) ration was calculated from the integrated
peak area calculation of the C-C peak from XPS spectra. GO structure possesses the
lowest C/O ratio of 2.47 with the minimum of 71.2 % of C-C bond and 28.8 % of
oxygen species ratio compared with rGO sample. The Ols peak intensity of S4 sample
decreased drastically as observed from the XPS survey spectrum Fig B2d. The C/O
ratio increased more than double the value of nearly 5.28 during the reduction than the
GO. The thermal reduction improves the deoxygenation of surface functionalities with

the reconstruction of the C-C bond on the rGO structure.

4.3.3 Raman scattering

Raman spectroscopy is a prominent and well-known technique to explore the structural
transition that happened during oxidation and reduction of graphene with the inception
of defects, the addition of dopants and change of hybridization. This versatile method
is also used to probe the defect level and types of defects [[uinstra and Koenig (1970)
Raman spectra can clearly exhibit the effect of defect type and density during the oxo-
reduction stages. However, identification of OD and 1D defects such as point and line
defects in the two-dimensional (2D) graphene oxide structure has not yet been analysed
thoroughly as much as it should be. The differentiation between 0D and 1D defects
of GO and GO derivates evolved during oxidation and reduction techniques has to be
disclosed to further move towards applications. The well known Raman G and D peak
is observed for all the GO and rGO during oxidation and reduction stages. A change in
peak position and intensity from GO to rGO transition signifies the thermally induced
structural changes in the GO structure. The G band, characteristics peak of graphene-

based materials corresponds to the first-order Raman £, phonon mode arising from
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the in-plane vibration of the rigid graphitic layers Ferrari (Z007). The defect induced D
band relates to the A;, breathing mode activated by the intervalley one phonon double
resonance (DR) process observed from the edges of graphene based materials Casiraghi
ef_all (2009); Beams ef all (2011T); Cancado ef al) (2004). Besides, a distinct D' band
observed as a shoulder peak near G band results from the intravalley one phonon DR
scattering process between K and K'points Carozo ef all (2011); Ferrari and Roberfson
(200T). These detected D band with weak intensity and minimal dispersion arises from
the crystal defects activated by the phonon scattering with smaller wave vector q Ferrari

007).
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Fig. 4.3: First-order Raman spectra and fitted Raman peak of GO (S1) and rGO samples
annealed at 200 °C (S2), 300 °C (S3), 400 °C (S4) and 500 °C (S5)
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The recorded Raman spectra of GO and rGO at different annealing temperature is

1 and

shown in Fig B3. For sample S1, the D and G peaks were located at 1336 cm™
1598 cm ™1, respectively and the band splitting was not observed in the G peak. The
peak intensity ratio of D and G mode was initially low for S1 and started increasing from
S2. The influence of annealing temperature on the structural changes of GO during
reduction can evidently see through the fluctuations in the peak intensity of Raman
spectra of all these samples. Increasing the reduction temperature reduces the G peak
intensity by the formation of disordered carbon lattice. The position of G mode moved
gradually towards the lower wavenumber region from the reduction temperature of 200
°C. The red shifting of the G peak position started from S1 and continued till S4. In
addition to that, a significant feature is the broadening of the G peak with the formation
of a new shoulder peak at the temperature of 300 °C and 400 °C. The peak splitting
of the G band was observed with the formation of D’ peak near 1603 cm~! and 1608
em~for S3 and S4. The G peak dispersion is susceptible to external perturbations
such as defects, strain and doping and temperature. Thermal dilation of carbon skeletal
structure stimulates the increase in phonon dispersion with the change of phonon energy
dispersion centre during reduction. This might be the cause of band splitting and peak
shift of G peak in Raman spectra Ferrari (2007).

Generally, the D’ peak presence in Raman spectra is not much considered due to its
very smaller intensity compared to the intensity of D peak Claramunt e all (2015); Eck-
mann_ef all (2017). However, in carbon samples with moderate defect concentration,
the D’ peak could visibly be seen as a tiny shoulder, and they are easily distinguished
from the G peak. Besides, D’ peak is not common in all the GO samples and is observed
only for rGO at 300 °C and 400 °C. The formation of the D’ shoulder peak made the
G band of S3 and S4 to split and broad. So, the study of peak shifting and broadening
of Raman G peak is always useful to analyse the impact of external perturbations on
graphene based materials. It denotes the variation in defect type and concentration via
structural transformation of GO during reduction at different annealing temperatures.
Further, at a higher reduction temperature of 500 °C, the G peak returns to the peak
position near 1590 ¢m ! which is closer to the G mode of S1. Also, at S5, the D’ peak

disappears and merges with the G peak with the increase of annealing temperature. It
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might be attributed to the formation of highly disordered non-organized carbon atoms
on the rGO lattice due to the increase in annealing temperature SadezKy ef al] (2005);
Vollebregt ef al] (2012); Cahzo et all (2007).

The structural changes evolved in GO and rGO during oxo-reduction stages are
visibly recognized from the changes in the Raman G and D peaks. The transition of
GO to rGO encourages the structural disorder by the eviction of functional groups and
native carbon atoms with the formation of vacancies and new crystalline boundaries.
The above occurrence generates more zero dimensional defects or point like defects
such as vacancies and one dimensional defects or line like defects such as crystalline
borders or dislocations on the graphitic lattice. The comprehensive analysis of defect
type and density in a highly disoriented graphitic structure such as GO and rGO is
highly needed to take these materials towards applications.

To date, the contribution and the effects of point and line defects generated on the
sp? carbon lattice based graphene structures are widely studied from the thorough anal-
ysis of Raman spectroscopy Eigler ef al] (?0117); Claramunt_ef all (2015); Eckmann
et all (20172); King ef al] (2016); Lncchese ef all (2010). Identification of defect types
like OD or 1D in a single or few-layer graphene structure has been already investigated
separately with a distinct protocol using Raman spectroscopy Lucchese ef all (2010);
Ribeiro-Soares ef all (Z015). Graphene based materials such as GO and rGO synthe-
sized either physically or chemically are always accompanied by both types of defects
such as OD and 1D. Methods to identify and differentiate both type of defects in a highly
defective graphitic sample has not been developed yet. So, for the qualitative analysis
of OD and 1D defects such as point like and line like defects, for the interpretation of
defect type present on the highly defective GO & rGO sheets, the method have been
adopted based on the technique proposed by Cancado ef al| (2017).

The frequently used approach for the defect analysis in graphene based materials
rely on the ratio of the relative intensity of Raman of D and G peaks (Ip/Ig). Com-
pared to graphene, GO and rGO have higher defect densities mainly evolved during
the synthesis process. Considering the inconsistency of the intensity ratio relationship
for defective materials such as GO and rGO, the area under the Raman peaks has been

taken as an input for the defect analysis Cancado ef al] (?20177); Lucchese ef all (20T0).
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The peak area (integrated intensity) under an individual Raman peak is preferred be-
cause it reflects the probability of the phonon scattering process than the intensity ratio.
GO derivatives with only line defects (L,) are analyzed with the equation BT by as-
suming the sample comprises only line defects [Iuinstra and Koenig (T97(); Cancado
ef_all (2006). Furthermore, GO derivatives with only point defects (Lp) is analyzed
with the equation by assuming the sample comprises only point defect Casiraghi

et all (2009); Lncchese ef all (2010).

Ap 560 1
Ac (B L @D

Ap 4300 1
Bl @ 4.2
Ao (B (L) (*2)

So, the defect analysis such as crystalline size (L,) and point defect density (1/Lp?)
analysis with reference to the peak area is calculated separately by using either L, or Lp
values ervenka and Flipse (2009); Ribeiro-Soares ef all (2015). However, sample like
GO and derivates will have both kind of point and line defects. So, the defect analysis
using Eqn. BTl and is not sufficient to extract the information about the combined
contribution of OD and 1D defects in a material structure like GO and rGO with in-
termixed defect density. Therefore, the (Ap/A¢) is assumed to be the contribution of
three regions from the structurally damaged region (S) around the point defect (L p),
structurally damaged region (S) around the crystalline borders or grain boundaries (L,)
and around the defect activated region with both point and line defects. Thus, the in-
tegrated peak intensity (Ap/Aq) incorporating both kind of defects i.e. point and line

defects is given by ( eqn B3) Cancado et al] (2017).
A A (s) A () A (4)
Ge)e = (), (32), - (%) @
Ag Ag 0D Ag 1D Ac 0D,1D
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(’j—g) E (Lp) = K, (1 — e E’;) + i—;;KA(OD)le(le + rs)e_z—zj (4.5)
The equations B4 and B3 is appropriate for the samples with only line defects and
samples with only points defects as exactly same as the infinite single layer graphene
sheet by assuming L,, Lp =oco respectively Cancado ef al] (Z01°7). Here, the value of
excitation laser energy Ey, is 1.96 eV and may vary with different laser energy reported
by Pimenta et.al Pimenta ef all (2007). The parameter r; is the radius of point defect
at the structurally deformed S region useful for the L, determination. And [, is the
width of the structurally deformed line defect near the crystallite border useful for the
L, determination. The dynamical parameters [,;, and [, are the phonon, and electron
coherence length mainly contributes to the broadening of Raman line width in graphene.
The coefficients K0P, K1V, K9P, K1P describe the Raman cross section ratios between
G and D from the structurally deformed region S, around the point like region and
the structurally deformed region A, near the point and line defects. The values of the

structural parameters are taken as [, = 16 nm, Cr = 87 em~ ! and T'g(oo) = 15 em ™1,

re=22nm,l,=4.1nm. K% =54V~ KPP =304eV~4, K0P =265eV4 KPP =
30.3 eV ~* respectively ervenka and Flipse (2009); Beams ef all (Z011); Cancado ef al.
@017).

However, for the disordered samples with a combined contribution of point and line
defects, the above equation B4 and B3 alone does not exclusively provide the spectral
features of the disordered carbon lattice structure. The other spectral detail, such as
the line width of Raman G peak (I';) has to be incorporated as a supporting parameter
for exploring defect type and density. Accordingly, the integrated peak area Ap/Ag
and the I'; are considered as important Raman spectral feature for the defect analysis
of disordered graphitic structures quantitatively. The phonon localization length (&) is

directly related to the G peak linewidth I'; Ribeiro-Soares ef all (2015).

—&

I (La, Lp) = I'(00) + Kpe'rm (4.6)

The value of ['; increases with the decrease in £ with respect to the phonon coherence

length ({,,5). For sample formed with only 1D or line defects, £ is considered as & = L,,.
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For sample formed with only OD or point defects £ is considered as £ = 10 L, because
0D defects are less active in phonon localization than 1D defects. And for the sample
formed with the intermixed defect density such as OD and 1D, £ is considered as the
minimum value between L, and 10Lp. The combined contribution of point and line
defects is given by following equation Cancado ef al] (2017).

Where all the parameters are same as described previously. Initially, numerical
calculations were carried out with the set of data points representing the samples with

only point defects and samples with only line defects, as shown in Fig B4 (a and b).
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Fig. 4.4: Raman spectral behaviour of structural changes happened in graphene-based
materials. (Ap/Ag)*E} as a function of L, and Lp. The blue and red lines
are the plots of equations B4 and B3 as a function of L, and Lp, respectively.
(b) I'; as a function L, and Lp using equation &6

The obtained (Ap/Ag)*FE; and G band linewidth I'¢ from the above simulation
using equations B4, B3 and &6 were further applied to analyze the defective behaviour
of samples with both types of defects. In all the graphs, the blue and red lines corre-

spondingly represent the point and line defects.
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In Fig B4a, (Ap/Ag)*E} as a function of structural parameters L, and Lp are
plotted with the aid of equations B4 and BS. The blue line with the set of square
symbols (L, - line like defects) and red line with the set of circular symbols (L, point
like defects) are obtained by setting £ = L, (Where La value ranges from 4 to 1000 nm
with 0.01 nm steps) and £ = 10Lp, (Where Lp value range from 0.01 nm to 1000 nm
with 0.01 nm steps). Figure B4b shows the G band linewidth I' as a function of L,
and Lp independently. It is obtained from numerical calculation of equation E-@ with
§ =L, and 10§ = Lp. The fitting parameter values are taken as [, = 16 nm, Cp = 87
em~! and I'¢(00) = 15 em ™!, and they are the same for the line and point defects. All
the blue and red lines have the same interpretation, respectively.

From Fig B4 a and b, it is observed that the spectral response of (Ap/Ag)*FE} and
I'; individually varies with respect to the crystalline parameter (L, and Lp), which sig-
nifies the degree of disorder in a defective sample. The spectral response of integrated
intensity of peak area (Ap/A¢) and G band line width I'; varied with the distinct val-
ues of L, and Lp and touched only at the two extreme limit value of 0 and co. So,
correlating the above L, and Lp and I' data points will be the most appropriate way
to study and predict the defect density precisely than (I /) analysis for a highly
defective sample like GO and rGO.

Figure B35a shows the spectral behaviour of the graphene based nanomaterials by
the change of (Ap/Ag)*FE} as a function of I'¢ obtained from equations &4, B3 and
B 6. Figure B3b shows the schematic illustration of point defects and line defects in
rGO sheets. The scattered open symbols are the data points obtained from the experi-

mental Raman spectra of GO and rGO samples as shown in Fig BSc. The experimental
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values from the Raman spectra of the GO sample occupy a different position with the
increase of reduction temperature. The influence of reduction temperature on the struc-
tural reconstruction of GO is apparently seen from the change of integrated peak area
ratio and G band line width value at each annealing temperature. The above studies
provide a deep insight into the contribution of two types of induced defects such as
points and line defects in a graphitic sample with the mixed defect population through

the Raman spectra analysis.
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Fig. 4.5: (a) Integrated peak area Ap/Ap*E} as a function of G band spectral line width
I'G. (b) Schematic illustration of point defects and line defects in rGO sheets.
(c) The scattered open symbols are data points obtained from experimental
Raman spectra of GO (S1) and rGO samples at 200 °C (S2), 300 °C (S3), 400
°C (S4) and 500 °C (S5). (d) The inset graph shows the crystallite area (L?)
Vs Defect density (o) in terms of 1/L% of GO (S1) and rGO samples at 200
°C (S2), 300 °C (S3), 400 °C (S4) and 500 °C (S5).

As shown in Fig B3¢, sample S1 falls in the region between the line and point defect

density zone. It might be due to the formation of new crystallite boundaries during
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chemical and ultrasonic exfoliation during the early stage of oxidation. Chemical and
ultrasonic exfoliation of GO sheet changes the crystalline size without forming many
wrinkles on the basal plane. It promotes the formation of line like defects and more
edge effects with the aid of crystalline dislocations and new crystalline borders on the
S1 sample. This was also observed earlier by the increased peak width (FWHM) of
(001) peak of S1 with the help of XRD analysis. However, the existence of surface
functionalities (oxygenated groups) in GO as a form of point defects dominated as the
newly formed 0D defects during oxidation.

During the initial stage of reduction, the migration of oxygen species such as hy-
droxyl and epoxy on the GO basal plane induces functional group pairing and leaves
the surface without much damage to the GO lattice. For S2, the thermal reduction is ac-
companied by the expulsion residual water molecules and a very less removal of other
functionalities such as hydroxyl, epoxy groups Sinclair and Coveney| (2019); Mao et al.
(20T172) due to partial reduction. So, the S2 sample at a lower reduction temperature of
200 °C occupies with the dominance of line and points defects. By the increment of
annealing temperature, consumption of carbon lattice occurs through the gasification of
GO as C'O and C'O, while native carbon atoms react with the oxygen species. It causes
the ejection of the carbon atom from the graphene lattice and creates vacancy. This is
one of the causes of point defect formation in the graphene lattice.

The S3 and S4 samples lies on the regime between the density of point and the line
defect zone. With respect to the G peak line width (I';), the S3 and S4 samples at 300
°C and 400 °C possesses smaller G band linewidth (I'i;) value and higher (Ap/Ag)
in comparison with other oxidized (S1) and reduced samples (S2 and S5). Also, the
G peak position in S3 and S4 redshifts near 1580 cm~!. This signifies that the GO is
trying to reconstruct the carbon lattice through the recovery of non-oxygenated sp* car-
bon bonds. Since the reduction has been performed in ambient atmospheric conditions,
the structural modification happened with the evolution of intermixed defects formed
during the expulsion of carbon atoms creates point like defects and the conjugation of
C-C bonds with the formation of new sp? crystallites leads to line like defects simul-
taneously. The above behaviour is also noticed from the TGA analysis with maximum

mass loss and XPS analysis with the highest C/O ratio above 200 °C.
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In this analysis, the maximum change in (Ap/Ag) and (I'g) is observed for the
sample S5. At S5, with the higher reduction temperature, the defect density increases
with the decrease of phonon coherence length (/,;) due to that the precise geometrical
information about the single defect might be doubtful. Since the G band line width
is sensitive towards the phonon localization length (I') with respect to the phonon co-
herence length (/,,) as shown in equation B8, I'; increases with the increase of defect
density. So, sample S5 shows more deviation in I'¢ and (Ap/Ag)*E} values than
other GO samples. Also, sample S5 is lying in the regime where the line defects are
maximum. It was also observed from the experimental Raman spectra in Fig with

the merging of G and D’ peaks and broadening of G peak by the increment of defect

concentration.
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Fig. 4.6: Theoretical integrated Raman peak intensity (Ap/Ap*E7) as a function of G
peak line width I';; for different values of L,. The line connected by the sym-
bols with different colour and shapes are obtained by numerical calculations
by changing the L, value shown in the legend using the equation &72.

These results are widely supportive of the qualitative analysis of deformed graphitic

structures with intermixed types of defects. Figure B3d shows the structural evolution
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of GO with the change of defect density in terms of crystallite area (L?) and defect
density 1/L% (= 1/L%). The Theoretical Raman integrated peak intensity (Ap/Ag)*E7
as a function of I' for different values of L, and Lp is shown in Fig B-@ and B2, drawn

using eqn B72. The L, and L of samples S1 to S5 are extracted with the aid of Fig. &6

and 77 respectively.
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Fig. 4.7: Theoretical integrated Raman peak intensity (Ap/Ap*E?) as a function of G
peak line width (I') for different values of L. The line connected by the

symbols with different colour and shapes are obtained by numerical calcula-
tions by changing the L value shown in the legend using equation &2

The change in defect density during the oxidation and reduction of GO is better
analysed by deconvoluting the specifications of Fig. BEf and Fig.B"7 obtained using
equation B7 Cancado ef al] (2017).

Also. the L, and L of samples S1 to S5 are extracted with the aid of Figs E@ and
B7]. are tabulated in table E1l. The error in the calculated values of defect densities is
less than 2%. Among all, S2 sample shows maximum point defect density with smaller
crystallite size area exhibits the dominance of 0D and 1D defect density in the sample

with disordered carbon lattice. The crystallite area (L?) is more for S1 than S2 with
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Table 4.1: L, and Lp values calculated using eqn B77 as extracted with the aid of Figs.
A6 and B2 for in samples S1 to S5

Samples | L, (nm) Calcu- | Lp (nm) Calcu-
lated using Eqn. | lated using Eqn.

(7) %)
st | 5.8 | 7 |
os2 | 4.6 | 5.2 |
| Ss3 | 14.7 | 9.4 |
| s4 | 14.7 | 16.8 |
| Ss5 | 6.2 | 325 |

the lesser point defect density (o). With reference to the crystallite size area and point
defect density, the S3 and S4 samples shows a moderate level of OD and 1D defect with
larger crystallite size area (L2) and lesser point density (o) compared to S1, S2 and S5.
The reduction in point defect density might be attributed to the eviction of oxygenated
functional groups followed by the reconstructed sp* carbon lattice with an increment
of reduction temperature. At the higher annealing temperature of 500 °C, the sample
is moved towards the highly disordered region with a smaller crystallite area and lesser

point defect density.

4.4 Conclusions

In summary, the GO was synthesized by the modified Hummers method and subse-
quently it was thermally reduced at different temperatures to get rGO. The Structural
and morphological characterizations by TEM, XRD and X-ray photoelectron spec-
troscopy confirms the synthesis of GO and rGO. Reduction temperature plays the most
crucial role as it controls the quality of rGO in terms of weight percentage of carbon
and lattice defect. The structural modification happened with the evolution of inter-
mixed defects formed during the expulsion of carbon atoms creates point like defects
and the conjugation of C-C bonds with the formation of new sp? crystallites leads to
line like defects simultaneously. The contribution of point and line defects on the struc-

tural reorientation of GO during oxidation and reduction was well understood by com-
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bining the theoretical and experimental analysis of first order Raman scattering. The
integrated Raman peak area (Ap/A¢) and G band spectral line width (I'¢) calculated
experimentally was mapped in numerically calculated defect diagram to calculate the
defect density. It is found that rGO sample reduced at 400 °C has larger crystallite
area (L?) of about 216 nm? and point defect density of o = 0.00356 /nm?. This shows
that reduction temperature at 400 °C is optimum temperature under given conditions to
synthesize good quality rGO sheets. Furthermore, the as-obtained GO and rGO will be
widely useful for various applications such as an electrode, transistors, storage devices

and sensor due to the availability of larger binding sites.
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CHAPTER 5

rGO-NiO nanocomposite: synthesis and electrochemical

properties

5.1 Introduction

The graphene derivatives are expected to be an advantageous material in the research
zone of energy storage, sustainable and renewable energy to meet the future energy re-
quirements due to their exceptional material characteristics. Efficient, easy to fabricate,
ecofriendly and lowcost devices like battery and supercapacitors are much needed re-
sources for the storage of energy. The evitable demand on energy storage systems such
as supercapacitor with higher power density and longer cycle stability than the bat-
tery increases due to the requirement of advanced technologies such as portable elec-
tronic devices, back up power sources, hybrid electric vehicles, flash cameras and so
on. Nanostructured materials of higher surface area, better porosity revamps the super-
capcitor performance by improving the conductivity and charge storage capacity. The
type of nanostructured electrode material plays a significant role in the determination
of supercapacitor performance. Many carbon based nanostructures, transition metal
oxides and polymers are extensively used as an electrode material for energy storage
application due to their unique physicochemical and electrocatalytic characteristics.
The charge storage mechanism of supercapacitor based on the faradic and non-
faradic energy storage are named as electrical double layer (EDLC) capacitor and pseudo
capacitor behaviour Lief all (DOTH). Supercapacitor electrodes made of graphitic struc-
tures usually shows electrical double layer capacitance (EDLC) behaviour widely re-
lying on the porosity, dielectric nature, charge transport behaviour and type of elec-
trolyte. The charge discharge process of EDLC capacitors generated at the interfaces of
electode-electrolyte without any faradic process and the specific capacitance developed

by the adsorptoin of ion from the electrolyte through electrostatic forces. In pseudo



capacitor the capacitance is developed by faradic redox reaction by oxidation and re-
duction at the electrode and electrolyte surfaces or near surfaces Yief all (2020). The
ideal choice of material for EDLC super capacitors are carbon based sturctures and
pseudo capapcitors are transition metal oxides and polymers. High performance su-
percapacitors are possible with metal oxide electrodes than conducting polymer due
to their higher theoretical capacitance value and broader choice of metal oxides struc-
tures. In general, polymer electrode based pseudo capacitor are used to suffer by lower
cyclability due to their significant volume change after certain cycles. The electrodes
made of transition metal oxides such as MnQOs, RuOy, Co304,Fe30,4 and SnO, are
highly preferred in pseudo capacitors due to their easy synthesis, low cost, high energy
density, longer cyclability and multivalent oxidation states with wider potential window
Govindarajan ef al] (P019) Asenef all (019). In addition to the good electrochemical
characteristics like high specific capacitance (C;) of 2000 Fg~! for RuO, and 3560
Fg~* for Co30, the inherited property like higher toxicity makes these material less
suitable as electrode materials for supercapacitors Daoef all (2019). The SC electrodes
made of Fe304 and MnQO, are eco friendly and less cost but possesses less C's of 2299
Fg='and 1370 Fg .

Recently, the nickel oxide (N1O) nanostructures of different dimension like 1D, 2D
and 3D has attracted more attention than MnQOsy, RuQOs, Co304,Fe304 and SnO, as
electrode material due to their high theroritcal capacitance value (2584 Fg~') non-
toxicity, low cost and abundance in nature Ramu_ef all (2021)). The pseudo capacitor
behaviour with the faradic redox process at the surface of metal oxide electrodes mainly
relies on surface area, micro structure and conductivity Daneshvar ef all (Z01X). Despite
having good electrochemical characteristics and non-toxicity, the electrochemical per-
formance of NiO usually ruins due to low conductivity, finite surface area and less active
sites. The lesser conductivity NiO like metal oxides can be overcome by hybridization
with conductive carbon structures Zhang ef al] (?2016d) Liefall (20174).

Carbon based structures such as activated carbon, carbon nanotubes and graphene
derivatives as SC electrode materials are known for the improved electrocatalytic per-
formance in different types of electrolytes. Among those graphene derivatives, GO

and rGO are of great interest as an electrode material due to the improved porosity,
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higher surface area and enhanced charge transport, and higher electrochemical stabil-
ity. Rakesh Kumar ef all (D021) reported a microwave assisted synthesis of rGO/NiO
nanocomposite with the C of 270 F'g~ ! at a scan rate of 1 Ag~!. Sefhi efall (Z02T) et.al
reported a simple solvothermal synthesis of PGNO/NiO nanocomposite with the C of
511 Fg~! at a scan rate of 5 mV ~1. Liefall (Z0ZT) reported the hydrothermal syn-
thesis of Ni-metal oxide framework (MOF) decorated NiO nanostructure at different
calcination temperature. The modified electrode showed a enhanced electrochemical
performance of 435.25 Fg~! at 1 Ag~! even at a lowest level of process temperature.
Guief all (2017) reported the NiO nanocrystals anchored rGO sheets with the two step
thermal annealing process with the C; of 422 Fg~! at 1 Ag~'. Zhon efall (2020) re-
ported the coordinating etching and template assisted synthesis of three dimensional
porous graphene/nickel cobaltoxide with the enhanced C, of 708 Fg~1at 1 Ag~t. Ow-
ing to their higher surface area and interconnected porous network, the incorporation
GO derivatives with metal oxide nanostructures favourable in the enhancement of elec-
trical conductivity and pseudo capacitive charge storage behaviour of supercapacitor
electrodes.

In that regard, nanocomposite of three dimensionally interconncected porous and
conductive rGO/NiO based electrode material is synthesized to enhance the specific
surface area and conductivity. The enhanced electrochemical performance with higher
specific capacitance is mainly attributed to the improved porous structure and increased
surface area of the rGO/NiO composite. The assembly of three dimensional porous rGO
network and flakes like NiO nanostructure promotes the accessibility of electrolyte ions
and improves the charge transport (both electrons and ions) inside the electrode. The as
prepared rGO/NiO composite nanostructure improves the performance of the electrode

with enhanced specific capacitance.

5.2 Synthesis of rGO/NiO nanocomposite

In this experiment, the rGO/NiO nanocomposites of three different ratio of rGO was
synthesized by one step and simple wet impregnation process. Breifly, for the synthesis

of NiO nanoflake strucure, 30 ml of 35 mM nickel acetate tetrahydrate was dissolved
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in deionized(DI) water and kept under vigorous stirring for 15 mins. 10 ml of 600mM
urea and 20 ml 100 mM of hexamethyl tetraamine (HMT) are added to the above solu-
tion consequently and stirred for 30 mins . Then the above solution mixture was poured
in a 100ml tightly closed scott duran glass bottle and kept in hot air oven at 100 °C for
24 h. The obtained solution was centrifuged at 6000 rpm and washed several time with
ethanol and water. The precipitate was dried at 100 °C. Finally, the synthesized sample
was calcined at 400 °C in a muffle furnace for 2 h. GO was synthesized by the modi-
fied Hummer’s method. The obtained GO powder was annealed at 400 °C to obtain the
rGO. For the synthesis of rGO/NiO nanocomposite, rGO of different weight percentage
with 5, 10 and 20% was taken and added to the as prepared NiO nanoflakes structure.
The above proportion of rGO was mixed with 25 ml of DI water and ultrasonicated for
30 min separately. The prepared NiO nanoflakes were added to the rGO mixture and
stirred for 3 hours. The final product was centrifuged and dried at 80 °C in hot air oven.
Hereafter, the rGO/NiO nanocomposites of 5, 10 and 20% of rGO on NiO are named as
GN1, GN2 and GN3. The simple wet impregnate method of rGO/NiO nanocompsoite
is a viable technique for the one pot synthesis of nanocomposite without using elaborate
techniques. The as synthesized interconnect network structure of rGO/NiO nanocom-

posite were used as the modified electrode material for electrochemical analysis.

5.3 Preparation of rGO/NiO modified electrode

The rGO/NiO working electrode was fabricated as follows: To coat the active material
on the Ni foam the following steps are used. The required materials for the electrode
preparation are active material, activated carbon, polyvinylidene difluoride (PVDF),
and N-Methyl-2-pyrrolidone (NMP). The emulsion paste with weight percentage of
80% rGO/NiO nanocomposite active material, 15% acetylene black and 5% PVDF was
made deposited on the Ni foam electrode which acts as current collector. The rGO/NiO
nanocomposite modified electrode of 1cm? will serve as the working electrode. The
mass loading of each rGO/NiO working electrode with different percentage of 5, 10
and 20 % rGO is about 3mg.
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5.4 Result and Discussion

5.4.1 X-ray diffraction analysis

The XRD patterns of NiO and rGO/NiO nanoflake structure are shown in Fig B1l. The
characterisric diffraction peak of NiO at (111), (200), (220), (222) and (311) planes
is well observed for all the NiO and rGO/NiO nanocomposite structure. The sharp
diffracted peaks of NiO nanoflake structure signifies the well ordered formation of NiO
cystalline structure. In addition to the NiO peaks, the peak at 26 = 25° from (002) plane
for the graphitic structure is observed for all the GN1, GN2 and GN3 nanocomposite.
There observed a negligible changes in the NiO peaks of rGO/NiO nanocomposites
after the incorporation of rGO. This confirms that the rGO/NiO nanacomposties are

formed without altering the crystal structure of NiO.

Intensity (a.u)

10 20 30 40 50 60 70 80 90
20 / degree

Fig. 5.1: The XRD patterns of NiO nanoflakes and rGO/NiO nanocomposites
GN1,GN2 and GN3 at different proposition of rGO samples
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5.4.2 Scanning electron microscopy

The SEM images shown in Fig showed the the changes in the morphology of the
bare NiO and rGO/NiO nanocomposite. It is visible that the surface of the NiO structure
was modified by the incorporation rGO structure. The flaky NiO nanostructure is topped
by the rGO sheets there by supports the conductivity and electrochemical activity of the

electrode. The NiO nanoflakes are densely wrapped by many rGO sheets.

Fig. 5.2: (a) The SEM image of NiO nanoflakes structure (b,c and d) rGO/NiO
nanocomposites GN1,GN2 and GN3 at different proposition of rGO samples.

The thin nanoflakes of NiO are interconnected with the nearby flakes as well with
the rGO sheets to form three dimensionally interconnected network of rGO/NiO with
porous strucure. The elemental mapping images on Fig 53 shows the even distribution
of nickel, carbon, and oxygen on the rGO/NiO nanocomposites with three different

composition.
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Fig. 5.3: (a,b and c) EDS elemental mapping of GN1,GN2 and GN3 at different propo-
sition of rGO samples.C-carbon element, O-Oxygen element and Ni-Nickel
element

5.4.3 Brunauer-Emmett-Teller analysis

To understand the change in surface area with the incorporation of rGO on NiO stru-
cure Brunauer-Emmett-Teller (BET) analysis was carried out. The nitrogen (/N,) ad-
sorption/desorption isotherms shows the type IV curve Xu_ef all (2016, 2020). The
steep variation of (/N3) adsorption isotherm at lower relative pressure region signifies
the development of near microporous nature on the rGO/NiO composites Sylla ef al.
(20T19). The surface area of rGO/NiO nanocomposite structure increases when com-
pared with the bare NiO sample. The pore volume and pore size distribution are ob-
tained using Barrett-Joyner-Halenda (BJH) analysis. The specific surface area of bare
NiO nanoflakes are calculated as 85.299 m?/g. For the rGO, the calculated specific

surface area was 423.970 m?/g.
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The incorporation of rGO with the NiO significantly increases the surface upto three
orders. The observed specific surface area for GN1,GN2 and GN3 are 649.016, 836.653
and 1158.206 m?/g. The pore volume of rGO with 13.198 c¢m?/g drastically reduced
due to the incorporation of NiO strucure. The enhance porosity of rGO is attributed
to the multiple decomposition of surface functionalities through the degassing of CO
and C'O,. The observed pore volume for GN1,GN2 and GN3 nanocomposite are 1.123,
1.266 and 1.711 ¢m? which are absoultly higher than the pore volume of bare NiO with
0.429 c¢m?/g. Micropores are observed on the NiO nanoflake and rGO/NiO nanocom-
posite structure. For the bare rGO and NiO it is observed as 1.9 nm and 1.7 nm. The

pore size is increased to 2.8, 2 and 2.4 nm with formation of nanocomposites.
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Fig. 5.4: N, adsorption-desorption isotherms of NiO nanoflakes structure and rGO/NiO
nanocomposites GN1,GN2 and GN3 with different proposition of rGO sam-
ples.

The increase in surface area, change in pore volume and size with the increment
in rGO loading percentage on NiO mainly arises due to the stacking of rGO over NiO
structure with adequate gap. The large specific surface area facilitates the capacitive be-
haviour of the electrode by improving the ion diffusion into the active sites of electrode.

The above occurrence is observed with the increase of current value from the C-V curve
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of rGO/NiO nanostructures. So, the hike in the surface area alone does not enhances the

capacitive behaviour of the electrode in either way it aids the afore mentioned property.

5.4.4 Electrochemical analysis

The electrochemical performance of as synthesized rGO/NiO electrode was analyzed
using cyclic voltammetry (C-V) workstation. The C-V measurements are taken with
three electrode measurement setup at the potential window of 0 to 0.5 V. The electro-

chemical experiment was carried out with 1M of KOH aqueous electrolyte solution.
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Fig. 5.5: Pore size distributions analysis using BJH data of NiO nanoflakes structure
and rGO/NiO nanocomposites GN1,GN2 and GN3 with different proposition
of rGO samples.

The Ag/AgCl and platinum wire electrodes are used as reference and counter elec-
trode through out the experiment respectively. The active material loaded on the Ni
foam is used as the working electrode. The CV analysis of NiO and rGO/NiO nanocom-
posite modified working electrode was done at diffent scan rates from 10 mV/s to 100
mV/s. The electrode with bare NiO nanoflake structure showed a CV curve with the
pseudo capacitance behaviour. The CV curve of NiO electrode with the pseudo capaci-

tance behavior is ascribed to the redox process from the Ni?* and Ni** oxidation states

87



of NiO nanoflake strucure. In general, the anode peak of NiO arises due to the oxida-
tion of NiO to NiOOH. The cathodic peak are arises due to the conversion of NiOOH
to NiO. The overall redox peak of NiO electrode is dominated only by the contribution

of NiO nanostructure. The faradic reaction of NiO nanoflake electrode is given eqn B1l.

NiO+ OH =NiOOH + e~ 5.1
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Fig. 5.6: (a) The C-V curve of NiO nanoflakes and rGO/NiO nanocomposites
GN1,GN2 and GN3 at different proposition of rGO samples at different scan
rates from 10 to 100 mV/s with the increment of 20 mV/s.

The CV curve of rGO/NiO nanocomposites of different proportion of rGO showed
proper redox peak with existence of anodic and cathodic peaks than the bare NiO elec-
trode in a specific operating potential range from 0 to 0.5V. The intrinsic electrical
conductivity and surface active sites of NiO are tailored by the aid of rGO conducting

network and improving the electrode activity. In the rGO/NiO nanocomposite, the exis-
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tence of porous network of rGO might stabilizes the nickel ion oxidation states. As a re-
sult, enhanced redox activity of rGO / NiO is induced by the addition of rGO by anodic
peak evolution. This shows the good electrochemical performance of rGO/NiO com-
posite. In comparision with the current value of bare NiO nanoflakes, the current value
of rGO incorporated NiO nanocomposite structure considerably increases at the lower
scan rate of 10 mVs~*. The increase in the CV current is observed in a sequence of NiO
< 5% rGO/NiO (GN1) < 10% rGO/NiO (GN2) < 20 % rGO/NiO (GN2). Along with
the increased surface area, the porous network of the rGO stimulates the charge col-
lection and provides better charge conductivity in rGO/NiO electrodes. This suggests
that, the rGO with porous interconnected network morphology favorable in enhancing
the electrochemical performance of NiO nanoflakes which is important to achieve high
power SC electrodes VIad ez all (ZOTH).

As shown Fig 6.6 the CV curve of lesser area for all the rGO/NiO and bare NiO

I increases with the increase in scan rate due to ion

at lower scan rate of 10 mVs™
exchange mechanism. The CV peak of bare NiO structue without rGO does not show
the symmetric redox peaks with the increase of potential range. The same kind of
NiO electrode behavior was reported by Nagamuthu et.al Nagamuthu and Ryu (2019).
From the integrated peak area of the C-V curve, the specific capacitance of NiO and

rGO/NiO nanocomposites with various scan rates are calculated using eqn 52 Miniach

and Gryglewicz (2018) Ghosh and Srivastava (202().

f]dv

Cs (F/g) = vmAV

(5.2)

Where, [ Idv signifies the area of the CV curve of each rGO/NiO nanocomposites and
bare NiO structure. The scan rate of the CV analysis is denoted by 'v’. The mass of the
active material deposited on the electrode is 'm’. AV signifies the scan rate of the CV
measurement. The specific capacitance of bare NiO nanoflakes, calculated at a lower
scan rate of 10 mV/s, is 170.01 F/g. The value of C is increased by the rGO addition on
NiO. For the GN1, GN2 and GN3 samples, the obtained C values are 262.92, 350.28
and 417.52 F/g at a minimum scan rate of 10 mV/s. The rGO/NiO nanocomposite

modified electrode showed a four fold increase in capacitance value when compared
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with the bare NiO strucure. The change in the specific capacitance value of rGO/NiO

composites and bare NiO structure at different scan rates are shown in Fig B8.
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Fig. 5.7: (a) The C-V curve of NiO nanoflakes and rGO/NiO nanocomposites
GN1,GN2 and GN3 at different proposition of rGO samples at the lower,
higher, and highest scan rate of 10, 100 and 200 mV/s.

The effective electrochemical performance of rGO/NiO nanocomposite is appar-
ently good at a lower scan rate of 10 mV/s than the higher and highest scan rates of
100 and 200 mV/s as shown Fig B7. The faradic process of rGO/NiO is very much
prominent at a lower scan rate of 10 mV/s is mainly attributed by the charge diffusion
process. At lower potential scan rates, the ions in the electrolyte solution have enough
time duration to diffuse better in to the rGO/NiO electrode than the higher scan rates.
This increases the energy storage behaviour with higher capacitance value. The C-V
analysis at higher scan rates urges the ionic transpot to finish faster which reduces the
electrochemical performance with the reduction in capacitance value. So, the electro-

chemical performance decreased with the increase in scan rate for all the bare NiO and
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rGO/NiO composites. This is accomplished with ion diffusion limitations and increase
in ohmic loss of the electrode.The specific capacitacnce values of distinct rGO and
rGO/Metal oxides based electrodes as an efficient electrode material in supercapacitor

are shown in table B1l.
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Fig. 5.8: The variation in specific capacitance value at the different scan rates of 10,
20, 40, 60, 80 and 100 mV/sec for NiO and rGO/NiO nanocomposites (GN1,
GN2 and GN3).

The electrochemical mechanism of rGO/NiO nanocomposite electrode is proposed
and analyzed. Pseudocapacitive metal oxide nanostructures such as NiO have lower
conductivity and higher theoretical specific capacitance. Graphene derivatives pos-
sesses limited EDLC behaviour and higher conductive networks. The pseudocapacitive
based charge storage behaviour in metal oxide nanostrucutres are mainly contributing
to the electrochemical faradic process. The redox process is a unique surface dependent
process or near a surface process. It mainly occurs on the top surface or a few layer

inside from the outer surface of the active electrode.
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Table 5.1: Comparison of specific capacitacnce values of rGO/Metal oxides based elec-
trodes for efficient energy storage in supercapacitor

Supercapacitor Synthesis Type of | Specific ca- References
electrode materi- | method Elec- pacitance
als trolyte
Porous Solvothermal 2M KOH | 511.0 Fg~! at Sefthi_ef_al.
graphene/NiO synthesis 5mV.s! (2021)
nanocomposite
NiO/rGO composites | Hydrothermal | 6M KOH | 171.3 Fg~! at Xn__ef —al
0.5 Agt (CO20)
NiO/rGO Microwave 6M KOH | 395 Fg~! at 1 Rakesh Kii-
Nanocompos- irradiation Agt mar_ef _al.
ite method (P021)
Ag nanoparticles | Hydrothermal | 2M KOH | 229 Fg~! at 1 Vhon et _al
anchored NiO/GO Ag~! (PO1R)
Ni-MOF  derived | Hydrothermal | 6M KOH | 435.25 Fg! i —ef _al
NiO/rGO compos- at1 Ag™! (2021)
ites
3D-porous Coordinating IMKOH | 70836 Fg! Vhon et _al
graphene/NiCo,04 | etching  and at 1 Ag—t (2020)
/Template as-
sisted method
3D Z-CoO/RGO Hydrothermal | 2M KOH | 275 Fg~ ! at 1 /ha et —al
Ag~! (2021)
Ag-rtGO/MnO, Hydrothermal | 2M KOH | 675 Fg~!' at Ansari et al.
nanorods and  thermal 0.5 Ag~! (2022)
annealing
rGO/MnO, Thermal an- | 2M KOH | 306.25 Fg ! Ansari_ef al.
nanorods nealing at 0.5 Ag™! (2022)
NiO nancrystals | liquid phase | 2M KOH | 422 Fg~ ! at 1 Gui_ef al
/rGO Nanocompos- | precipita- Agt (2017)
ite tion and
subsequent
calcination
process.
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Continuation of Table Bl

Co30,Q@MnOy/N- | Thermal 6M KOH | 347F¢g ! at 0.5 Ag~! | Ramesh
doped  Graphene | reduction pro- ef all (201R)
oxide (NGO) hy- | cess
brid composite
SnO;@NGO com- | Thermal 6M KOH | 378 Fg~!at4 Ramesh
posite reduction pro- Agt et all (2019)

cess
rGO/Cu- Hydrothermal | 1M 276 Fg~tat0.5A¢™ "' | Ce_ef__al
MOF@PANI co-assembly H,S0, (P022)
composite method
rGO anchored CuS | Wet reduction | 6M KOH | 235 Fg=! 1 EI-Houf
nanospheres process Ag1 et all (2021))
Mo0S5/C0S5/tGO Hydrothermal | 2M KOH | 190 mF c¢m? at Askari ef al.
hybrid  nanocom- | method 0.5 mA cm? (2020)
posite
Ruthinium/rGO Liquid M 136.7 Fg~! at Dao "ef —al
nanocomposite plasma- Hy50, 20 mV.s! (20719)

assisted

method
rGO/NiO nanocom- | Thermal an- | IMKOH | 26293 Fg ! In this work
posite (GN1) nealing  and at 10 mV.s—1

wet impregna-

tion
rGO/NiO nanocom- | Thermal an- | IMKOH | 35029 Fg! In this work
posite (GN2) nealing  and at 10 mV.s™1

wet impregna-

tion
rGO/NiO nanocom- | Thermal an- | IMKOH | 417.52 Fg ! In this work
posite (GN3) nealing  and at 10 mV.s™!

wet impregna-

tion

The formation of NiO nanoflake strucure at higher calcination temperature brings

well ordered crystalline structure to the NiO. The increased surface area and the de-
fective surface are the key parameters for the enhanced chemical activity of electrode
materials Chen ef all (20164). The as formed NiO with neglible surface defects mini-

mizes the electrochemical performance with the smaller oxidation peak as shown in Fig
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B6. The higher crystallinity of NiO hinders the ion transport such as OH ™ inside the
surface layer during the redox cycle. This minimizes the electrode perforamnce Marrani
et all (2014) Guief all (20177). The hybridization of graphene based materials and metal
oxides will compliment each other and offer a new modified active electrodes with an
improved electrochemical performance Marina ef all (2019) Ke and Wang (2016).

The rGO provides conductive network pathway to the NiO structure and increase
the charge transport. The change in rGO percentage in the rGO/NiO nanocomposite
accelerates the capacitive behaviour of the working electrode through the improved
conductive network and increased surface area. So, the specific capacitance of rGO/NiO

composites increased with increase in rGO percentage.

5.4.5 Electrochemical impedence spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) is the analysis technique to understand
the mechanism of charge transfer on the electrode-electrolyte interfaces. Nyquist plots
of rGO/NiO modified electrode is shown in Fig B9. The frequency range was 0.1 to
100 kHz. The two main parts of Nyquist plot are the high frequency region and low
frequency region. The intercept of the curve at the real axis (Z’) shows the solution re-
sistance ([?,) value. The diameter of the semicircle at the middle range of the frequency
shows the charge transfer resistance ([2.;). The linear line at the low frequency region
implies the ion diffusion (Warburg resistance) inside the electrode material.

In the Fig B9, very small difference is observed in the high frequency region for
bare NiO and rGO/NiO electrodes. The sheet resistance (R,) is the combined value
of intrinsic resistance of material used in the electrode, electrolytes ionic resistance
and contact resistance between the counter and working electrode. The radius of the
semicircle signifies the charge transfer resistance ([2.;) of the electrode materials which
can be controlled by the electrochemical process. The value of R depends upon the
type of electrochemical process, reaction temperature, electrolyte concentration. The
Warburg resistance "W’ is known as the ion diffusion resistance. The Nyquist plot is

fitted by the equivalent circuit.
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Fig. 5.9: Nyquist plot of NiO and rGO/NiO (GN1,GN2 and GN3) elecrodes. (inset
shows the lower frequency region of the plot)

The R, value obtained for the bare NiO electrode is 0.6106 €2. It reduces to 0.7,
0.513 abd 0.398 (2 for GN1, GN2 abd GN3. The obtained R, of bare NiO is more
than the other modified electrodes with visible semicircle region at the middle of the
frequency region. For the GN2 and GN3 electrodes, the semicircle almost disappeared.
This implies the conductive nature of the electrode. The NiO electrode shows R,; value
of 1.735 ) and it reduces to 2.1, 0.9, 1.096 €2 for GN1, GN2 and GN3. The slope of
the straight line at lower frequency region of GN1 modified electrode with the lowest
5% concentration of rGO is lesser than the bare NiO electrode. At the mean time,
the slope of the straight line at the lower frequency region is increased for GN2 and
GN3 samples with increasing the rGO percentage on NiO. The Warburg (W) resistance
for the bare NiO electrode was 0.23 (mho/sqrt(Hz)) and it reduces to 0.12, 0.09, 0.12
(mho/sqrt(Hz)) for GN1, GN2 and GN3. This signifies the enhanced diffusion rate of
ions in the electrolyte with the smaller diffusion resistance. Also, this can be attributed
by the improved porous nature of modifed rGO/NiO electrode with higher surface area.
So, the incorporation of GO shows a better effect on the rGO/NiO electrode in terms of

enhanced electrochemical performance.
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5.5 Conclusion

In summary, a simple thermal annealing and wet impregnation based synthesis of rGO/-
NiO nanocomposite with different proportion of rGO is demostrated. The incorpora-
tion of rGO did not significantly alter the crystal structure of NiO thus facilities the
formation of rGO/NiO nanocomposite observed from the XRD peaks. The carbon,
oxygen and nickel atoms are uniformly distributed in the rGO/NiO nanocomposites ob-
served from the EDX elemental mapping. The introduction of rGO on NiO remarkably
improves the redox nature of NiO nanoflakes.The improved surface area and pore vol-
ume with the increase in rGO percentage facilities the electrochemical performance.
With minimal synthesis complexity and a lesser electrolyte concentration the rGO/NiO
nanocomposites shows better electrochemical performance than the bare NiO struc-
tures. The rGO/NiO modified electrodes with maximum rGO ratio of 20% (GN3) ex-
hibits four fold increase in specific capacitance value of 417.52 Fg~! at 10 mVs™!
compared to the bare NiO electrode. This confirms the importance of rGO addition as a
inexpensive and ecofriendly material for the reinforcement of NiO with better electro-

chemical behaviour.
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CHAPTER 6

Synthesis of GQDs from GO and sensing application

6.1 Introduction

Water contamination by toxic heavy metal ions severely impacts the health of human
beings and environment. In recent years, heavy metal exposure to humans and other
ecosystems exponentially increases with increase in industries and domestic effluences.
Heavy metals like Mercury (Hg), Lead (Pb) and Cadmium (Cd) should be controlled
from food, soil, drinking water, air and ecosystem due to their excessive bioaccumula-
tion ability and high toxicity even at lower concentration Joseph ef al] (201Y9); Nolan
and Lippard (2008); Zhang and Chen (2014). As per WHO guidelines value the per-
missible limit of mercury is 6 pg/L (0.006 mg/L), cadmium is 3 pg/L (0.003 mg/L) and
for lead is 10 pg/L (0.01 mg/L).

Previously prodigious numbers of analysis method were proposed by researchers
for sensing heavy metals in water using complex instruments based detection method,
electrochemical method, optical sensing method and electronic sensing method with
filter, membranes, electrodes, Schottky diodes and field effect transistors Bafista“ef al
(2007); Souza“ef all (2015). Most of the sensing techniques were sensitive and selective
towards a particular analyte. The bulky sensing mechanism such as inductively cou-
pled plasma mass spectrometry (ICP-MS), gas chromatography and atomic absorption
spectroscopy (AAS) have limitations such as complex procedure, precise sample prepa-
ration, expensive equipment and professional expertiseBings ef al] (P006); Bufler ef al.
(200€); Cief all (2013). It restricts wider usage of sensor equipment for various appli-
cations. So, developing simple, low-cost and environment friendly sensing method for
heavy metal ion detection is needed in the current scenario.

Florophore dependent PL sensing mechanism is preferred due to its simplicity and
high sensitivity. It is a low cost technique with fast acquisition time Qian ef al] (Z015).

Strategies based on selective fluorescence emission and fluorescence quenching is an



extraordinary tool for opto-sensing due to its sensitivity and simplicity. Functionalized
or capped semiconductor quantum dots (QDs) like Cdse, CdTe, ZnS, CdS and core/shell
QDs such as CdSe/ZnSe etc have been considered as an effective florescence probe
Chen and Rosenzweig (2002); Costa-Fernindez ef all (2006); Mahmond (2012); Wii
ef_all (2008). These semiconducting quantum dots are inorganic nano-crystals usually
from II-VI, III-V or IV-VI elements functionalized with surfactants and has a modifi-
able bandgap Frasco and Chaniotakis (2009). Interaction of surface functional groups
with the surrounding analyte molecule is responsible for the luminescence behavior of
quantum dots which makes them an efficient sensing material Cou e all (2014).

Duan et.al. have explained the PL quenching of N-acetyl-1-cysteine (NAC)-capped
ZnS QDs in water for sensing H gt ions. The mechanism is effective energy trans-
fer between QDs and metal ions followed by nonradiative recombination Duan_e7 al.
(20TT). Pooja et.al. explored the selective and sensitive fluorescent nanosensing of
COOH functionalized CdTe quantum dots for different metal ions using turn off fluo-
rescence response in aqueous environment Chowdhury ef al] (Z021]). They are far better
than the conventional organic dyes which possess a lowlight scattering and reduced op-
tical absorption. But some drawbacks are still existing with semiconducting quantum
dots such as toxicity, insolubility, low selectivity of ions, and reduced photo physical
property due to capping agents Lief all (2007).

Sensors based on graphene based materials like graphene oxide (GO), reduced gra-
phene oxide (rGO) and carbon nanotubes are being proposed for the detection of heavy
metals Anh_ef_all (20177); Lalwani_ef_all (2014); LCi_ef_all (2014); Sun_ef_all (Z00R);
[ing ef al] (2015); Wang ef al] (?2015). Recently, GQDs are used in optical sensors
due to its fascinating properties such as three dimensional confinement, edge effects,
biocompatibility, superior surface grafting and less toxicity Chandra ef all (2014); Shen
et all (0172); Shi“ef all (ZOTH); Sun_ef all (20134).The few layer GQDs with quasi zero
dimensional structure and adjustable bandgap provides stable and strong photolumines-
cence Chen ef all (2014); Khose ef all (2021)); O1an ef all (2014). Also, graphene oxide
(GO) and GQDs are used for various biomedical applications due to its nontoxic and
biocompatible nature. Due to their nontoxic nature, they are widely applied in tissue

engineering, bone replacement, and as antimicrobial agents I"ef all (2020); Kumawaf
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et all (2017); Venkataprasanna ef al] (2020). Owing to their outstanding property, GQDs
have become an ideal alternative to the existing semiconductor quantum dots and or-
ganic dyes for bioimaging and biosensing Guo ez all (2015); Kaewprom ef al| (2019);
Lee ef all (R021); Liand Zhu (R013); Liu_ef all (2020d); Tam_ et all (2021); Zhu et al
(COT2).

Recently, Shtepliuk et.al. has reported the heavy metal ion interaction with GQD
functional groups and vacancy-type defects in GQDs Shtepliuk ef al] (2017). Wang
et.al has studied GQD and N-GQD for selective and rapid sensing of metal ions by flu-
orescent quenching effect Wang ef al] (?0184). Xiaowen Zhu has reported the selective
detection of Fe3* by PL quenching of GQDs. The induced aggregation of metal ion is
mainly attributed to PL quenchingZhu ef all (2017). Panxing yang et.al. has used B/N
doped GQDs for sensing Hg*" and F~ ions(Yang et al., 2019). Low water solubility
is the main limitation in many fluorescent sensors for sensing metal ions. So there is
a need to develop effective methods for toxic heavy metal ion sensing in real samples
Kaewanan ef all (017). Also, to date much work is not done on GQDs compared to
functionalized graphene for sensing applications and so the sensing mechanism.

In this chapter oxygenated functional groups decorated GQDs were synthesized by
facile hydrothermal method that shows good water solubility. The photoluminescence
(PL) property of these intrinsic and label free GQDs has been employed to devise a
sensor for toxic heavy metal ions detection in water. Photoluminescence spectra was
analyzed by the Stern-Volmer (S-V) equation to study the fluorescent quenching mech-
anism of this system. The S-V analysis suggests the static and dynamic quenching
mechanism between GQDs and different metal ions during PL. quenching. Further-
more, this work indicates that, the biocompatible GQDs are a viable and high potential
material which could be extended as an attractive sensing unit for real time detection of

heavy metals in water with good sensitivity and cost-effective protocol.

6.2 Experimental method

GQDs were synthesized from GO Kumar efall (2015); Panefall (2010); Tefall (2021);

Zhang ef al] (?014). For the oxidation of GO, 250 mg of GO was sonicated in 50 ml

99



of concentrated H»S0, and 150 ml of H N O3 (volume ratio 1:3) for 8 hr. The above
solution is diluted with water. It is then rinsed with water to remove acid. The filtered
product was dried and dispersed again in 50 ml DI water with 1mg/ml concentration.
The pH of this dispersion was maintained at 8 by adding appropriate amount of NaOH.
The solution was heated at 200 °C for 10 h in hydrothermal setup. After cooling, 0.22
pm micro-porous membrane was used to filter the solution which contains the GQDs.
Aqueous solutions of Hg?*, Cd*" and Pb?" in various concentrations (1 ppm, 2 ppm,
S ppm, 10 ppm, 20 ppm, 50 ppm and 100 ppm) were freshly prepared. To evaluate
the sensitivity of the GQDs solution towards H g*>*, Cd** and Pb*", the above metal
ion solutions of different concentration were mixed separately with 1 mg/ml of GQD
aqueous dispersion at a volume ratio of 1:1. The resultant solution was incubated for
10 min under well stirring condition at room temperature. Then, the obtained solutions
were characterized by photoluminescence (PL) spectrometer (Edinburgh, model F-900)
at room temperature using an excitation wavelength of 320 nm. The structural analysis

was done using high-resolution transmission electron microscopy (HRTEM).

6.3 Result and discussion

Figure 61 (a) and (b) show the TEM image of GQDs. The GQDs are highly crystalline
in nature. They are monodispersed, spherical in shape and dispersed uniformly without
much agglomeration. The lattice fringe image of GQD is given by high resolution TEM
image (Fig 1b). It matches with the characteristic lattice plane (100) of carbon graphitic
structure Ganganboina ef al| (Z018). The average diameter of GQDs is approximately
50 nm. The size of GQDs is relatively uniform. From the Fig B (a), it is observed
that the GQDs have curved edges. GQDs with curved edges and monodispersed nature
are expected to have notable improvement in the sensing behavior. Inset of Fig b1l b
shows the FTIR spectrum of pristine GQDs. The band at 1047 cm ™! corresponds to the
vibrations of C-O bond. The band at 1644 cm ™! is related to the stretching vibration of
C=C and C=0 group. The band at 2979 cm ! is due to the C-H stretching vibration.

1

The absorption peak around 3284 c¢m ™" is due to the presence and bending vibration

of O-H bonds from the H>O molecules present in the GQDs. And surface functional-
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ized GQDs played a vital role in heavy metal detection by either making strong/weak
bond or collisional interaction with the heavy metal atom followed by rearrangement of

electronic states with non radiative decay and PL quenching.
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Fig. 6.1: (a) TEM image of GQDs (b) Lattice fringe image of as synthesized graphene
quantum dots. Inset of B1l1(a) Size distribution of GQDs and inset of BIl(b)
FTIR spectra of GQDs.

The fluorescence in GQDs mainly arise due to the electronic state transition of
charge carriers from highest occupied molecular orbital to (HOMO) to lower unoccu-
pied molecular orbital (LUMO) upon illumination. Also, the PL emission wavelength
of GQDs mainly depends upon the variation in energy gap due to particle size effect.
GQDs with smaller size will have larger bandgap (20172). Different sized
GQDs will show different excitation and emission spectrum. So the excitation depended
fluorescent property of GQDs might be arising from the distinct particle size and differ-
ent surface state existence due to the functional groups present on GQDs
(P0T64). Also the surface functionalized GQDs with more hydrophilicity provides good
water solubility and strong fluorescence (20177); Shief all (20T16). It mainly
influences the sensing of metal ions (M** in water. Photoluminescence (PL) was taken
at room temperature for pristine GQDs and GQDs with metal ion adsorbent with the
excitation wavelength of 320 nm. The maximum PL intensity of pristine GQDs was
observed at 440 nm. Interestingly, in compared to pristine GQDs, the maximum PL

intensity of GQDs/(M?T) combination showed a large reduction in intensity.
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The change in the intensity of fluorescence of GQDs/(M*) was monitored by observ-
ing the intensity changes during the addition of different concentration of metal ions
from 1 ppm, 2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm to 100 ppm. The sensitive
response of GQDs with the addition of metal ions were analyzed by adding different
metal ions such as mercury H ¢*", Cadmium Cd**, and Lead Pb*". There is a grad-
ual reduction in the PL intensity of GQDs with the increase in the H g?* concentration
without any shift in peak position as shown in Fig a. Similarly, other metal ions
such as C'd**, Pb*" were also added individually to check the sensitivity of GQDs. In
the presence of Cd?", Pb*" metal ions, a drastic decline in the fluorescence intensity
of GQDs was observed as shown in Fig B2 b and c. This might be due to fluorescence
quenching of GQDs. The PL intensity of GQDs was decreased with the increase in the
metal ions concentration with different quenching percentage. This showed that GQDs
exhibit different sensitivity towards diverse metal ions (M?*"). Figure d shows the
schematic representation of turn off fluorescent quenching of GQDs by the addition of

metal ions.
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Fig. 6.2: Photoluminescence spectra of GQD in the presence of different concentra-
tion of (a) Hg?* (b) Cd** (c) Pb** (d) shows the schematic of fluorescence
quenching.
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In order to demonstrate the sensitiveness of the proposed method and for the quanti-
tative analysis of GQDs PL response towards (//>"), the analytical performance of the

GQDs sensing system was carried out.
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Fig. 6.3: Histogram shows the change in PL intensity with the increase of metal ion
concentration for three different metal ions. Inset of the figure shows the PL
intensity with different metal ion concentration.

Figure B3 shows the comparative study of change in PL intensity when GQDs bind
with different metal ions. The quantitative variation in the PL intensity of GQDs/(M?*)
was estimated. The PL intensity got reduced with increase in the concentration of
(Hg**, Cd*" and Pb*"). The obtained histogram clearly confirms the PL changes
of GQDs upon the addition of metal ions. For GQDs/H ¢g** combination, a maximum
of 25% reduction in PL intensity is observed with the addition of 1ppm concentration
of Hg*" metal ion. By increasing the H g quencher ion concentration from 1 ppm to
2 ppm, the PL peak was quenched by 44% from the initial intensity. But the successive
change in intensity from 1 to 2 ppm was only 19% from the absolute value. The GQDs

interaction with 1ppm concentration of C'd** and Pb*" metal ions, the obtained PL
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spectrum shows only 6% and 12% decrease in PL intensity respectively. It is less than
the quenching percentage of GQDs/H g?* combination. This confirms that the GQDs
are more sensitive towards H g°> even with the very less level (1 ppm) quencher con-
centration. For, Cd*t and Pb*>T metal ions, the maximum PL quenching with 28% and
23% reduction in PL intensity was happened with the addition of 2 ppm concentration.
The increase in the concentration of quencher from 2 ppm to 5 ppm led to a successive
PL intensity change of 9%, 3% and 3% respectively for Hg?*, Cd** and Pb*" com-
binations with GQDs. Above 2 ppm for all the three metal ions the successive change
in PL intensity drastically reduces. The PL quenching response becomes less sensitive
when the metal ion concentration is above 2 ppm. It shows that there was only a little
variation in the successive change of PL intensity with the higher concentration of metal
ion. So, the maximum quenching was extremely possible with very less concentration
of quencher ions. Insert of Fig b3 shows the plot of intensity vs. concentration of metal
ions with GQDs. The intensity ratio(//I) shows an inverse relationship with metal
ion concentration. Apparently, it is noticed that the PL intensity is quenched linearly by
H g*" until it attains 2ppm concentration. A similar quenching effect occurred in GQDs
solution by the individual addition of C'd** and Pb** metal ions. The Hg**, Cd** and
Pb** metal ions showed turn-off fluorescence effect upon coordinating with the surface
functionalities of GQDs. This is possibly due to strong interaction between the oxy-
genated functional groups such as carboxyl, carbonyl and hydroxyl and the metal ions
lead to effective transfer of energy. This gives an unconventional sensing platform for
metal ion detection.

The fluorescent quenching is explained by Stern-Volmer plot (S-V plot). It describes
the dependency of fluorescence intensity on metal ion concentration. Basically, the
quenching mechanism involves two processes, one is complexation (static quenching)
and another one is collisional deactivation (dynamic quenching). The above process
could be verified by the Stern-Volmer plot. The general form of Stern-Volmer equation

is given in eqn b1l Zhang ef al| (PO1645).
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Fig. 6.4: Stern-Volmer plot for Intensity ratio with logarithmic concentration of GQDs
with (a) Hg metal ion, (b) Cd metal ion and Pb metal ion. The open symbol
represents the experimental point and solid line is the linear fit.

? — 1+ KaQ] ©6.1)

Where, I, and I are the fluorescence intensity of the GQDs before and after the
presence of metal ions. Ksv is the Stern-Volmer constant and Q is the Quencher con-
centration in mMole/L.

So, the S-V plot has been drawn between the fluorescence response (/y-1)/1y) of
GQDs/(M?") and the logarithmic value of concentration of metal ions such as H g>",
Cd*" and Pb**. A lowest concentration that can be detected by the sensing unit is
considered as an important parameter. From the plot, the limit of detection (LoD =
3.3SD/m where, SD is the standard deviation of intercept, m is the slope of calibration
curve) calculated for H ¢g** metal ion was 1.171 pM. For Cd?* and Pb** the LoD was

2.455 pM and 2.011 pM respectively.
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Table 6.1: Comparison of limit of detection (LoD) of quantum dots based sensor for
M?* detection.

cent sensing

Samples Type LOD Mechanism Reference
of
metal
ion
B&N Co-doped | Hg*" 0.16 uM | Turn-off  fluores- Yang ef al] (2019)
GQDs cent sensing
N.S doped GQDs | Hg*" 0.14 nM | Turn-off fluores- Anh et all (2017)
cent sensing
N doped CQD Hg*" 0.23 uM | Turn-off  fluores- Zhang ef al] (2014)
cent sensing
AgInZnS quan- | C'd** 37.8 nM | Turn-on fluorescent L ef all (2021)]
tum dots sensing
Gold nanoclus- | C'd** 1.5 UM | Turn-on fluorescent et all (201R)
ters/graphene sensing
oxide nanocom-
plex
N-doped GQD Cd*+ 1.09 pg/L | Turn-on fluorescent | Naksen efall (2027)
sensing
GQD with Gold | Pb** 16.7 nM | Turn-on fluorescent Niuef all (POTR)
nanoparticle sensing
S doped GQD Pb*t 0.03 uM. | Turn-off  fluores- Bian ez all (ZO16)
cent sensing
Diethyl  dithio- | Pb** 0.8 pg/L | Resonant light | Kaewanan ef all (2017)
carbamate scattering
(DDTC) doped
graphene quan-
tum dots
GQD Hg*" 1.171uM | Turn-off  fluores- | This work
cent sensing
GQD Cd** 2.455uM | Turn-off  fluores- | This work
cent sensing
GQD Pby* 2.011uM | Turn-off  fluores- | This work
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It is worthy to point out that GQDs showed lesser LoD value for Hg*" than C'd**
and Pb** at the lowest concentration value of 1ppm. The limit of detection (LoD)
obtained in this work in comparison to the previous reports of quantum dots based
sensor forM?2*(H g?>* than C'd?>* and Pb**) detection in shown in table BT

For all the three metal ions (Hg, Cd and Pb), the result shows both linear as well
as nonlinear dependency between the intensity ratio and metal ion concentration shown
in Fig B4 (a, b and c¢). It indicates that there was a possibility for both static and
dynamic quenching. The linearity of S-V plot arises due to the effect of closer binding
affinity between the GQDs and the metal ion. It enhances by the functional groups
present on the basal and edges of the GQDs. The availability of ligands such as carboxyl
and hydroxyl groups provide selective coordination site for the metal ions to diffuse
and get adsorbed over the GQDs Brahim e all (2013); Sun_ef all (2013d). This will
induce a reduction in the energy gap between GQDs and quencher due to the variation
in charge transfer and change in local density of states and optical properties. This
leads to static PL. quenching without spectra shift Chen ef all (Z00X). On the other
hand, the non-linearity of S-V plot might be due to the non-dynamic charge transfer
mechanism between GQDs and quencher with more of collisional interaction without
complexation followed by dynamic quenching. The information obtained from the S-V
plots was not fitted with the standard Stern-Volmer equation which gave both the linear
and nonlinear relationship activity of concentration with intensity. This suggested that
the PL. quenching process of GQDs with Hg, Cd and Pb metal ions contain both static
and dynamic mechanisms Liui_ef all (2014); Liand Kimd (2015); Sun_ef all (20134);
Zhang ef al] (PO164).

In Fig B3, plausible interpretation is proposed for the sensitive detection of metal
ions via fluorescent quenching using GQDs/M?*". The metal ion was attached on the
surface of GQDs through functional groups with electrostatic attraction or non-covalent
bonds during illumination. Upon the recognition of specific metal ions, there decrease
the distance between the GQDs and M?* strengthened GQDs/M?* interaction, this
significantly encourages the charge transfer between GQDs/M?Tand thus decrease the

fluorescence of GQDs Sun_e7 all (20135).
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Fig. 6.5: Schematic illustration of (a) GQDs synthesis process and (b) fluorescent
quenching mechanism of the GQDs in presence of the metal ions

This quenching effect arises due to the intrinsic emission effect of excited state elec-
tron transfer by the absorption of photons between the fluorophore and the metal ions
which facilitates electron-hole pair recombination with a subsequent non radiative pro-
cess shown in Fig B3. The PL quenching of GQDs also depends on the concentration of
target analyte which leads to a sensitive detection of toxic metal ions. It has been already
reported that fluorescence quenching of fluorophore with the presence of metal ions is
possible in both bonded state and unbonded state until they are close to each other il
efall (2014) The high quenching efficiency of metal ions to the fluorescence of GQDs
will provide a high sensitivity for charge transfer based sensing mechanism. Lesser
the distance between the lowest unoccupied (LUMO) and highest occupied (HOMO)
molecular orbital offers a greater probability of attaining nonradiative transition due to a
smaller emission gap. And also, the emission gap becomes smaller than the absorption
gap as a consequence of structural relaxation during photo excitation. Functional groups
such as carboxyl, carbonyl and hydroxyl on the surface of the GQDs might highly fa-

cilitate the nonradiative transition through structural vibrations Chen ef all (RO1R).
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6.4 Conclusion

In summary, the photoluminescence property of GQDs has been employed to devise an
optical nanosensor for the detection of toxic heavy metal ions in aqueous media. The
detection of Hg*", C'd*T and Pb** is based on the turn-off fluorescence sensing of
GQDs. The fluorescent intensity of GQDs/M?* system quenches with the increase in
the concentration of metal ions. This is possibly due to strong interaction between the
metal ion and the GQDs that enables effective energy transfer followed by the non radia-
tive recombination of charge carriers improves the quenching process. The fluorescence
quenching results and Stern-Volmer analysis shows that the quenching mechanism of
GQDs with M?* ions follows both the dynamic and static mechanism. The as synthe-
sized GQDs are an efficient fluorescent probe for heavy metal ions viz. Hg?*, C'd**
and Pb?* with the limit of detection of 1.171 M, 2.455 M and 2.011 M respectively.
Furthermore, these results indicate that GQDs are a viable and high potential material
which could be extended as a rapid sensing unit for real time detection of heavy metals

in water with good sensitivity and cost-effective protocol.
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CHAPTER 7

CONCLUSIONS AND FUTURE SCOPE

7.1 Conclusion

In this thesis, the chemically exfoliated graphene oxide synthesized from the bulk
graphite powder as a precursor for the fabrication of GO derivatives. The mass pro-
duction of rGO with low reduction temperature, less annealing time, chemical free,
ecofriendly and simple reaction environment (without inert and vacuum condition) has
been achieved with the cost-effective method of thermal reduction at ambient condition.

During the reduction, an effective scalable method to synthesize PGN from rGO
was achieved by optimizing the thermal reduction temperature. A detailed structural
(microscopic and diffraction) studies establishes that PGN can be synthesized from
the thermal reduction of GO by modifying the annealing temperature. The PGN was
obtained from the reduction temperature of 300 °C. The SEM images clearly show the
formation of PGN. Structural reconstruction is evidently observed from the Raman peak
shift and the peak intensity ratio of the D and G peaks in GO and rGO samples using
the Raman spectroscopy analysis. Furthermore, the as-obtained GO and rGO will be
widely useful for various applications such as an electrode, transistors, storage devices
and sensor due to the availability of larger binding sites.

The improved electrical conductance of rGO was acheived by simply controlling
the degree of reduction. The two step reduction of rGO with recovered 7 conjucated
graphene lattice was obtained with the removal of residual water molecules and ejection
of oxygen functionalities from GO. The correlation between the electrical conductivity
and the functional group of rGO was probed using FTIR spectroscopy. The increase
in electrical conductivity of rGO films is correlated with improved charge transfer pro-
moted by the elimination of hydroxyl, epoxy functional groups and recovery of native
carbon bonds during reduction. It is obtained that the electrical conductance of rGO

films can also be tuned by optimizing the reduction temperature.



The structural modification happened with the evolution of intermixed defects form-
ed during the expulsion of carbon atoms creates point like defects and the conjugation of
C-C bonds with the formation of new sp? crystallites leads to line like defects simulta-
neously. The contribution of point and line defects on the structural reorientation of GO
during oxidation and reduction was well understood by combining the theoretical and
experimental analysis of first order Raman scattering. The integrated Raman peak area
(Ap/Ag) and G band spectral line width (I'¢) calculated experimentally was mapped
in numerically calculated defect diagram to calculate the defect density. It is found that
rGO sample reduced at 400 °C has large crystallite area (L?) of about 216 nm? and
point defect density of o = 0.00356 /nm?. This shows that reduction temperature at
400 °C is optimum temperature under given conditions to synthesize good quality rGO
sheets. The proposed method for the defect analysis of GO based 2D material system
will be a suitable technique for the better understanding of the atomic structure dur-
ing structural transformation. This will further helpful in the enhancement of material
quality based on GO derivatives and integrating this material into the device.

The improved surface area and pore size of reduced GO structure was utilized to
synthesis modified supercapacitor electrode material by incorporating the rGO with
NiO nanoflakes. The electrochemical performance was improved with the increase of
rGO percentage on NiO nanostructures. The higher specific capacitance of 417.52 Fg~*
with the increased surface area of 1158.206 m?/g and the lowest R.; value of 1.09 ()
obtained for the highest ratio of 20% rGO addition on the NiO flakes. This signifies the
enhanced diffusion rate of ions in the electrolyte with the smaller diffusion resistance.
So, the incorporation of rGO enhances the electrochemical performance by providing
improved ion diffusion rate and higher surface area to the modified rGO/NiO electrode.
The enhanced electrochemical performance of rGO/NiO nanocomposite modified elec-
trode showed that it would be a appropriate materials for energy storage application

The photoluminescent characteristics of the hydrothermally synthesised GQD has
been utilized as an optical nanosensor for the sensing of heavy metal ions in water.
The turn off fluorescent quenching behaviour of GQD with the increase of metal ion
concentration was observed on the basis of charge transfer sensing mechanism. The

mechanism of GQD’s fluorescent quenching with the existence of both static and dy-
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namic behaviour was probed with the aid of S-V plot. The GQD without any surface
grafting other than oxygen functionalities showed the limit of detection of 1.171 uM,

2.455 M and 2.011 puM for Hg**, Cd** and Pb*" metal ions.

7.2 Future Scope

The GO and rGO has great potential in distinct fields such as energy storage and sen-
sor. The rGO, obtained by a simple thermal reduction can be utilized as a substitute
to the existing semiconductors and metals in flexible electronics, energy storage, gas
and biosensors. The method proposed in this thesis for the defect analysis of GO based
2D material system can be used for the better understanding of the atomic structure
during structural transformation. The rGO can be made in to a composite with other
nanostructural material will be a suitable material for energy storage, sensing, hydrogen
evaluation, oxygen evaluation and water splitting application. The as synthesized rGO
based rGO/NiO nanocomposite can be surface modified and further used in the devel-
opment of electrochemical sensors with high selectivity and sensitivity and in asym-
metric supercapacitor device with higher energy and power density values. The visible
challenges in achieving better performance like high energy density, power density and
extended life cycle, can be further improved by optimizing the material characteristics
such as surface area, electrochemical activity, porosity and active sites. The combina-
tion of hetero metal/metal oxide/polymer based rGO composites with unique features
can accomplish the needs of small, huge and durable energy devices. This facile syn-
thesis and development of rGO based materials with enhanced characteristics would
contribute an extensive, durable and alternative solution to the current and future en-
ergy requirements. Further the surface decorated GQD with improved active sites and
surface area also can be used as an electrode material in energy storage applications.
The GQD can be doped with appropriate dopants like nitrogen, sulphur, polymer and
biomolecules and etc will modify the surface charge and can be used in optical sensors

for the real time sensing of distinct heavy metal ions and other hazardous substances.
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