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ABSTRACT  

Carbon nanomaterials like- graphene, fullerenes, carbon nanotubes, and graphene oxide have a 

class of excellent properties that empowers them for multiple technological applications and 

production of new assets. Graphene, a unique 2D monoatomic structure of carbon atoms having 

novel electrical, optical, and mechanical attributes. Graphene possesses an appreciable intrinsic 

thermal conductivity of 4800-5300 Wm-1K-1 with leading electron mobility of 20000 cm2V-1S-1 at 

room temperature and dispenses constant transparency of 99.7%. These exceptional qualities of 

graphene address it as a key aspect in the field of energy storage devices and electronic 

applications. Graphene oxide- an oxidized product of graphite with hydrophilic nature, and 

excellent intrinsic thermal conductivity of graphene oxide have potential as a heat transfer fluid 

for the microelectronics industry. In the present research work, we adopted a two-step approach 

for the investigation of thermal conductivity of graphene oxide-ethylene glycol (GO-EG) 

nanofluid. As a first step, graphene oxide was integrated by modified Hummer’s method. The 

structural characteristics of synthesized graphene oxide were analyzed by using an X-ray 

diffractometer with an average crystallite of 7.09 nm, Raman spectroscopy confirms the oxidation 

of graphite flakes. Transmission electron microscopy (TEM) analysis unveils the surface 

morphological features of integrated GO. UV-visible absorption spectrum gives the bandgap of 

graphene oxide nanomaterial of 3.48 eV. The expanse in interplanar spacing confirms the 

intercalation of the oxygen-containing functional group and the presence of these functional 

groups was examined by FTIR Analysis. In the second step, homogeneous and stable GO-EG 

nanofluid were prepared with different mass concentrations (0.05, 0.15, and 0.25 wt%) of GO 

dispersed in ethylene glycol (base fluid) without any surfactant. The thermal stability of nanofluids 

was examined by UV-visible spectroscopy. The thermal conductivity measurement of GO-EG 

nanofluid shows a temperature-dependent attribute and shows a nonlinear relationship with 

increasing temperature and the thermal conductivity of nanomaterial also increases with the 

increase of mass concentration in the base fluid. The enhanced thermal properties of GO-EG 

nanofluid as a heat transfer fluid have potential application for multiple industrial utilization.   
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PREFACE 

This dissertation, entitled “SYNTHESIS AND CHARACTERIZATION OF GRAPHENE 

OXIDE BASED NANOFLUIDS & STUDY OF ITS THERMAL CONDUCTIVITY” sum up 

the results obtained on practical research carried out in the Department of Physics, Babasaheb 

Bhimrao Ambedkar University, Lucknow in between 2019-2020 under the supervision of Dr. Anil 

Kumar Yadav, Assistant Professor, Department of Physics, Babasaheb Bhimrao Ambedkar 

University, Lucknow.  

The work carried out in the present M.Phil. dissertation is divided into 4 chapters.  

Chapter 1 contains the basic introduction of nanoscience and nanotechnology, nanomaterials, the 

effect of nanoscale on physical and chemical properties of bulk material, an outline for the 

representation of nanomaterial synthesis approach, and also describes the applications of 

nanotechnology in the modern world of science to make human life more comfortable. This 

chapter also includes the basic introduction of graphene- a parent form of all graphitic structures 

of carbon nanomaterial, along with a literature review of graphene oxide-based nanofluids for 

thermal management of microelectronics devices.   

Chapter 2 includes various physical and chemical nanomaterial synthesis methods. Among these 

physical synthesis methods are environment-friendly strategies because these methods do not 

involve hazardous chemicals. Chemical methods can be used for bulk scale production with 

uniform deposition of nanomaterial on a substrate surface. These methods provide high quality 

synthesized nanomaterial for a potential application. This chapter also includes various 

characterization techniques including XRD, Raman spectroscopy, UV-visible absorption 

spectroscopy, FTIR, FESEM, BET surface analysis, and TEM analysis to explore the crystalline 

structure, absorption spectra, surface morphology, surface area of the synthesized material.  

Chapter 3 represents the synthesis of graphene oxide using a modified Hummer’s method and 

Graphene oxide dispersed in ethylene glycol nanofluids. The complete oxidation of graphite 

powder was confirmed by Raman spectrum and FTIR analysis which demonstrates the 

intercalation of various oxygen-bearing functional groups on the edges of graphene oxide 

nanosheet. The expanse in interlayer spacing in between graphene nanosheets is confirmed by 

XRD spectra which is a clear indication of graphene oxide synthesis. The optical attributes of 
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graphene oxide were carried out by UV-visible spectroscopy. The surface morphology was 

observed by FESEM analysis. The TEM micrographs depict the polymorphic nature of graphene 

oxide. BET surface analysis reveals that the material is microporous. The thermal conductivity of 

nanofluids was studied and enhancement in thermal conductivity is reported with increasing mass 

of graphene oxide and temperature in a non-linear fashion.  

Chapter 4 gives the general conclusions drawn from the present dissertation and future research 

work that would be productive in the further understanding of nanofluids for heat removal 

applications.   
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CHAPTER 1 

INTRODUCTION 
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1.1 NANOSCIENCE AND NANOTECHNOLOGY 

Nanoscience and nanotechnology have received worldwide attention from the scientific 

community in recent few decades due to their enormous potential to bring benefits to diverse areas 

of research and technological applications.  Nanoscience is principally concerned with the study 

of the phenomena and the manipulation of materials on the length scale of atoms and molecules, 

and nanotechnology as the design, creation, and utilization of structures, devices, and systems by 

controlling shape and size at the nanoscale scale, conventionally in 1 to 100 nanometers [1].  

 

 

 

 

 

 

 

The birth of nanotechnology is normally attributed to the idea of physicist Richard P. Feynman in 

1959 during his speech entitled- “There’s plenty of room at the bottom [2]. The term 

“Nanotechnology” was coined by the Japanese scientist, Norio Taniguchi as- "Nanotechnology 

primarily consists of the method of separation, consolidation, and deformation of materials by one 

atom or one molecule." According to the National Science Foundation, nanotechnology is regarded 

as the ability to see, manipulate, and control the matter at the number of individual atoms and 

molecules [2]. A nanometer is one-billionth of a meter scale (10-9 m), which is one hundred 

thousand times smaller than the diameter of a human hair and a thousand times smaller than a red 

blood cell or half the diameter of DNA [3]. Nanotechnology engineering leads to the development 

of electronic devices or technologies, at the microscopic and molecular levels within the range of 

one to a hundred nanometers at least in one dimension. At the microscopic scale, electronic gadgets 

and physical systems have unique attributes and employment because of their nanoscale dimension 

and high surface area to volume ratio, which allows them in engineering, biomedicals, agriculture, 

Science Nanotechnology 

Fig. 1.1: Circular interdependent relationship between science and nanotechnology 
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and allied sectors [4-5]. A schematic diagram of size comparison in nanoscience and 

nanotechnology is given in Figure 1.2. 

 

 

 

 

Fig. 1.2: Various aspects of Nanoscience and Nanotechnology [I] 
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1.2 WHAT ARE NANOMATERIALS? 

In recent years, diverse applications of nanomaterials have stimulated huge interest and 

considerable advancement in the synthesis, characterization, properties, and fundamental 

understanding of different nanomaterials.  Nanomaterials refer to substances that have at least one 

dimension in the order of nanometer scale. A DNA molecule is natural nano-sized objects having 

a diameter of 25 nm [6]. The advancement of nanotechnology engineering begins with the 

invention of the Scanning tunneling microscope, in 1981 by IBM researchers Gerd Binning and 

Heinrich Rohrer, and they observe the properties of the material at the nanoscale [7]. 

The word ‘Nano’ comes from the Greek word for dwarf [9]. Nanomaterials have unique electrical, 

optical & magnetic properties, etc. They have lower resistance to electricity, lower melting point, 

and faster chemical reaction because of their nanoscale structure. The two characteristics reasons 

due to which nanomaterials at nanoscale show characteristics properties are increased relative 

surface area & quantum confinement of electronic charge carrier [10]. 

Titanium dioxide, Zinc oxide, and Copper are opaque substances, might become transparent due 

to surface plasmon resonance- the interaction of conduction electrons of metal nanoparticles with 

incident photons [11]. Smaller dimensions of an object compared to the electron's mean free path, 

governs the electrical properties of metals and semiconductors at the nanoscale. Collisions of 

electrons with the surface of nano-objects will increase the electrical resistance of metals and due 

to quantum confinement nature of the energy levels, metals like bismuth becomes semiconductors 

and semiconductor like silicon becomes a dielectric. [12]. 

1.3 EFFECTS OF SIZE 

Unlike bulk solids, the features of nanomaterials are considerably different and unusual due to- 

❖ High surface to volume ratio 

❖ Quantum confinement  

These factors will modify or improve properties such as reactivity due to the large surface area, 

bonding strength, and optoelectronic properties, etc. Nanoparticles have a larger relative surface 

area per given volume compared to larger particles, which makes materials chemically reactive as 

the growth and chemical process and catalytic chemical reactions occur at surfaces [13]. 
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 Some of the effects of nano-size [9] are listed below – 

❖ Properties depend on size, composition & structure 

❖ Nanosize will increase the surface area & surface energy 

❖ Change within the electronic properties 

❖ Change within the optical bandgap & electrical conduction 

❖ Changes thermal & mechanical stabilities 

❖ Different melting and phase transition temperatures 

1.4 QUANTUM CONFINEMENT 

When the size of the nanomaterial is extremely small and comparable to the wavelength of the 

electron, the quantum confinement phenomena are observed. The word ‘confinement’ means to 

confine the motion of a haphazardly moving electron. This phenomenon is directly related to the 

optical and electronic properties of the materials. [14]. It is responsible for the increase of energy 

difference between the bandgap and energy levels. This aspect is directly related to the optical and 

electronic attributes of the materials due to changes in the atomic structures as a consequence of 

the direct influence of the quantum confinement on the energy band structure. The quantum 

confinement effect can be observed once the diameter of the particle is of the same magnitude as 

the wavelength of the electron wave function. 
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1.5 CLASSIFICATION OF NANOMATERIALS 

 Nanomaterials are categorized according to their dimension & chemical composition [6].  

1.5.1 CLASSIFICATION ACCORDING TO DIMENSIONALITY 

Nanomaterials are classified based on their reduced dimensions, which are listed below 

❖ Zero- dimensional (0D) 

❖ One- dimensional (1D) 

❖ Two- dimensional (2D) 

❖ Three- dimensional (3D) 

EEEg E   Eg 
EF   Eg = 0 

Nanoparticles: Atoms 

& Molecules 

Clusters/small 

nanoparticles Eg 

changes with size 

& shape, metal 

nanoparticles can 

also have an 

energy gap. 

Bulk Material  

Increasing size of the system Atom 

 

Bulk 

Fig. 1.3: Effect of Quantum confinement  
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ZERO DIMENSIONAL NANOMATERIALS 

Nanomaterials, with all external dimensions, lies in the nanoscale range are termed as zero-

dimensional materials. 0-D materials are also known as quantum dots- “tiny semiconductor 

particles of 2-10 nm in diameter.” Due to their nanoscale size, quantum dots have unique optical 

and electrical properties. When quantum dots are exposed to light, they can emit light of particular 

frequencies [15]. 

ONE DIMENSIONAL NANOMATERIALS  

1-D nanomaterials are those nanomaterials that have one external dimension of the order of 

microscale and the other two dimensions are of nanoscale range. For example- Nanotubes (rolled 

structure of graphene nanosheet), nanowires, and nanorods which confines electrons laterally [16], 

and then becomes the largest interest for electronics applications. 

TWO DIMENSIONAL NANOMATERIALS  

Nanomaterials with two dimensions at the microscale & the other one is of nanoscale. 2-D 

materials include thin films, nanocoating’s & nanoplates. Nanocoating has novel UV-blocking 

coatings on glass bottles which protect beverage from damage by sunlight. 

(a) 0D- Quantum dots & clusters, (b) 1D- Nanorods & nanotubes, (c) 2D- thin 

films & plates, (d) 3D- bulk amorphous materials 

Fig. 1.4: Dimensional classification of nanomaterials [II] 



 

8 
 

THREE DIMENSIONAL NANOMATERIALS 

Nanoparticles are defined as a small unit of matter which represents bulk material properties, 

which lies in the range of 1 to 100 nm scale. 3-D nanomaterials display’s internal nanoscale 

properties [10]. Examples- Nanocomposites and nanostructured materials with a microstructure of 

intermediate size between microscopic and molecular structures. 

1.5.2 ACCORDING TO CHEMICAL COMPOSITION 

Nanomaterials based on the nature of their constituents are classified as below: 

METAL AND METAL ALLOY NANOPARTICLES 

❖ Silver- antibacterial & optical applications. [17] 

❖ Copper- catalyst, an electrical and thermal conductor 

❖ Gold- drug delivery, cancer detection 

❖ Iron- groundwater contamination treatment due to its bacterial property 

❖ Titanium- aluminum alloys are used in aerospace, bone plant surgeries, and coating 

applications. [18] 

❖ Iron-silicon-boron alloys are used in electronics due to their magnetic properties [12]. 

METAL OXIDES NANOPARTICLES 

❖ Titanium dioxide – water treatment agent, cosmetics, and adhesives.  

❖ Zinc oxide – antibacterial activity [19] 

❖ Cerium oxide – solar cells, fuel oxidation catalysis.  

SEMICONDUCTOR NANOMATERIALS 

The Electrical & optical properties of semiconductors are governed by the energy bandgap. 

❖ Nano silicon – photovoltaics, rechargeable batteries, solar cells. 

❖ Silicon- germanium – heterojunction bipolar transistors for switching applications, 

thermoelectric applications. [20] 

❖ Gallium nitride – flexible & water-resistant light-emitting diode (LED). 
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❖ Gallium arsenide – photodetector in solar cell applications 

1.6 NANOMATERIAL SYNTHESIS METHODS  

Nanoparticle synthesis methods play a key role in preparing the products and determining the 

characteristics of synthesized nanomaterial. We can use metal oxides, ceramics, green leaves (for 

green synthesis) in the synthesis approaches. For the synthesis of nanoparticles, the following two 

approaches are used: 

❖ Top-down approach  

❖ Bottom-up approach  

The top-down strategy leads to slicing or continuous flaking of massive matter to get nanosized 

particles. Ball Milling is a conventional top-down approach. The most prominent obstacle with the 

top-down strategy is the creation of surface defects within the lattice structure and notable 

crystallographic discoloration to the prepared sample. The top-down approach is an environment 

favorable approach and does not involve perilous chemicals. With the help of the top-down 

approach, large scale production & deposition over a large substrate is possible. It produces large 

size particle distribution. 

 

 

The bottom-up procedure assigns to the integration of material from the bottom i.e., the two or 

more atoms or molecules, and smaller particles or monomer are combined to constitute a material 

from atomic to the nanoscale. Colloidal dispersion is a good example of the bottom-up approach. 

All the living beings in nature observe growth by the bottom-up approach. Most of the 

nanomaterials are crystalline in nature, and they possess unique properties. Nanomaterial show 

unprecedented changes in chemical, physical, mechanical, magnetic, etc., when are reduced from 

bulk to nano range. This approach performs a vital part in the invention and processing of 

nanostructures due to the massive number of atoms placed in grain boundaries of small crystallites, 

addressing microscopic dimensions [21]. 
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1.7 APPLICATIONS OF NANOMATERIALS  

Nanotechnology is a boon to the modern world of science and technology.  And due to their unique 

attribute of enhanced surface area to volume ratio, nanoparticles have numerous applications. 

Fluorescence is an example of the optical properties of nanomaterials that becomes a function of 

the particle diameter. There are a wide variety of sectors in which nanotechnology laid the 

milestone for human life [16], which are listed below: 

 
Top-down 

Self-Assembly 

Bottom-up  

Bulk Material 

Atoms 

Clusters 

Fig. 1.5: Representation of nanomaterial synthesis approaches 
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❖ Environment- converting harmful gases such as CO to CO2 using catalysts, CO2 capture, 

converting CO2 into fuels, low carbon future & photocatalysis. 

❖ Biomedical- cancer treatment such as with Au nanoparticles, image contrast detection 

(MRI), biosensors, and monitoring of health with the help of biological sensors. 

❖ Food- coloration & food storage reservoir.  

❖ Electronic- magnetic storage, quantum dot LED, solar cells, optoelectronics. 

❖ Healthcare- drug delivery, sensors, contrast agents in imaging nanomedicine. 

❖ Industrial- paints, colors of glasses, catalysis, spray coatings.  

 

Nanomaterials

Enviorment

Biomedical

Food

Electronic

Healthcare

Industrial

Fig. 1.6: Various applications of nanotechnology  
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1.8 CARBON & ITS ALLOTROPES 

Carbon an organic compound, which is the most important element for all living organisms on the 

earth and provides the framework for all tissues of plants and animals. Carbon products are 

essential components for industrial applications because of their high strength with increasing 

temperatures and high thermal and electrical properties. The atomic number of carbon atom is 6 

and its electronic configuration is 1s2, 2s2, 2p2 with four valance electron that directs the 

arrangement and qualities of carbon material. Carbon has two allotropes- 

❖ Diamond  

❖ Graphite 

The bonding nature between carbon atoms is linked to structural framework, for example- sp1 

bonding (carbyn) has a linear structure, sp2 bonding (graphite) has a planar structure and sp3 

bonding (diamond) has a tetrahedral structure due to which diamond has three-dimensional crystal 

lattice [22]. Graphite is the most delicate material, is a class of carbon that is utilized as a lubricant. 

Carbon nanomaterials (Fullerenes, Carbon nanotubes, and Graphene) have a sequence of qualities 

that makes them key enablers for various applications and production of new goods [23-24].  

Carbon allotropes like graphene have a potential capability in the field of nanoscience & 

nanotechnology.  

1.8.1 GRAPHITE  

The graphite crystal structure consists of a layered parallel 2D graphene sheet (monolayer of 

carbon atoms, arranged in a hexagonal manner) with sp2 hybridized carbon atoms arranged in a 

honeycomb lattice with a separation of 0.142 nm. The distance between graphene sheets is 0.335 

nm & sheets are linked by a weak Van der Walls interaction in the vertical direction [25]. Graphite, 

one of the most delicate materials perceived till is used as a self-lubricant. The different geometry 

of chemical bonds makes graphite soft, opaque, and good electrical and thermal conductors within 

graphene sheets due to in-plane metallic bonding. Graphite is used as electrodes, lubricants, 

neutron moderators in atomic reactors. The class of carbon-based nanostructured from graphite to 

graphene and graphene oxide, containing nanofluid produced by the electro-discharge process 

have potential employment for renewable energy applications due to enhanced thermal & electrical 

conductivity [26]. Graphite intercalation compounds have also a potential application for 
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superconductors & their strength to intercalate with lithium ions, is adopted for energy storage 

devices. 

1.9 GRAPHENE- BASIS OF CARBON NANOMATERIALS 

Graphene, a 2-D form of a crystalline single-layered atomic layer of sp2 covalent bonded carbon 

atoms that are arranged into a hexagonal crystal mesh [27]. A graphene is a parent form of all 

graphitic structures of carbon, such as- graphite, nanotubes & Buckyball’s which can be wrapped 

up into zero-dimensional (0D) Fullerenes, rolled into one-dimensional (1D) nanotubes, and 

stacked into three-dimensional (3D) graphite [28-30].  

Landau & Peierls predicted that 2D crystals are thermally unstable & cannot exist because of 

thermic inconstancies in low -dimensional frameworks which would damage long-range atomic 

arrangement giving rise to the melt of 2D crystal lattices [31-32]. This conclusion has been 

disproved by Geim and Novoselov who discovered single-layered graphene by mechanical 

exfoliation from bulk graphite using scotch tape. Graphene is the first two-dimensional (2D) 

atomic crystal, for which Geim & Novoselov were awarded the noble prize of physics in 2010 

[33]. Graphene is an integral part of the carbon material [34].  

Graphene, an allotrope of carbon in which atoms are regulated in a hexagonal crystal lattice with 

an atomic bond length of 0.142 nm in between carbon atoms with an average span of 0.335 nm in 

between two graphene layers. Graphene layers are stacked with each other by weak Van der Wall’s 

forces which enables the sliding passage of graphene layers that result in the flexibility and self-

lubricating attributes of graphene [27,35]. The mechanical stability of graphene is due to its strong 

in-plane carbon-carbon bonds. The sp2 orbital hybridization of s, px, and py forms the σ -bond while 

the pz electron makes the П-bond which ensures that thermal variations can’t drive to the creation 

of crystal defects at high temperature [32,36]. Microscopic monolayers of graphene are recognized 

as fundamental components of 3D crystal structures, which are grown epitaxially on top of 

monocrystals with coordinating crystal structure [37-38]. Graphene has attracted notable attention 

in the current decade due to its novel physicochemical, mechanical, high thermal conductivity, and 

superior optical transparency. In graphene, the charge carrier behaves like relativistic Dirac 

fermions, which shows an integer quantum hall effect at room temperature. Also, the magnetism 

in graphene caused by defects is a passionate topic for data storage devices. Graphene has a high 

X 
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surface to volume ratio and addresses inherent applicability in high-density bio-functionalization 

drug delivery [39]. Furthermore, it has inherent strength in the fabrication of optoelectronic devices 

like-photodetectors, light-emitting diodes, and also can be adopted for the fabrication of 

biosensors. 

 

 

 

1.10 GRAPHENE- A ZERO BANDGAP MATERIAL  

The behavior of electrons in monoatomic graphene nanosheet is considered as a Dirac fermion 

which moves at speeds approaching the speed of light (about 108 m/s) that they behave according 

to relativistic quantum phenomenon [40] i.e., graphene can be used to explore relativity theory in 

the lab instead of the universe. Graphene is a zero-bandgap material because valance and 

conduction band in graphene, intersect each other at Dirac points where energy dispersion relations 

are linear concerning momentum. So, it cannot be used for nano-electronics applications because 

the energy band gap is crucial to control charge carrier density, which is efficient for switching 

Fig. 1.7: Atomic structure of graphene layer 
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device applications so it is necessary to turn an energy bandgap in graphene [41-42] which is 

attained by the following manner. 

❖ Substrate – interaction - Graphene lies on boron nitride (BN) substrate, a small bandgap 

of (~100 meV) is observed. In germanium/ silicon energy band gap is observed due to 

epitaxial growth of graphene on a 6H-SiC substrate, neglecting symmetry breaking of 

graphene [43-44]. 

❖ Quantum confinement – Carbon nanoribbons are elongated strips of single-layered 

graphene (both Zigzag and armchair edge configuration) with a restricted expanse and have 

pair of dangling bonds on the individual carbon atom, terminated with one H or two H [45]. 

One hydrogen-terminated zigzag GNR is magnetic with antiferromagnetic coupling 

between the edges appears to initiate a tiny bandgap. 

The electronic attributes of GNR depend on [45]:    

• Expanse of nanoribbons. 

• Chemical functionalized edges of graphene nanosheet. 

• The orientation of dangling bonds at the edges. 

• The diameter of the precursor nanotube. 

❖ Chemical functionalization – Adsorption of a functional group, i.e., H, O, OH to the 

conjugated П- system of the carbon framework and hydrogenation of single-layered 

graphene exhibits a bandgap of 3.5eV which has an inherent application in hydrogen 

storage materials for potential prospects in automobile areas. We can employ hydrogen 

plasma treatment for chemical surface modification which alters the hybridization of the 

orbits of carbon atoms and creates an energy gap in graphene [46-47]. Chemical 

functionalization enhances its properties due to enhanced reactive sites for the chemical 

reaction.      

❖ External electric field – The variation in coulomb potential by diverging charge carrier 

density commences controlling the gap between valance and conduction band. On 
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employing an external electric field, the conductivity of single-layered graphene progresses 

linearly with the applied electric field [48-49]. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.11 NATURE OF GRAPHENE EDGES  

Graphene is elongated strips of sp2 hybridized single-layered graphene with a restricted expanse 

(below 100 nm wide) [50], in which the potential barrier transpires near the Dirac point due to a 

parallel charge migration in nanosheets. When the graphene sheet is distorted then the geometry 

of distortion creates edges on the periphery of the graphene sheet and this edge configuration 

determines the distributions of electrons in graphene structure [51] which are responsible for 
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enhanced electronic (which includes tunable bandgap & high charge carrier mobility) and 

magnetic properties. There are two characters of graphene edges along with the crystallographic 

orientations - 

❖ Armchair edge 

❖ Zigzag edge  

Graphene nanoribbons with hydrogen passivated Armchair & Zigzag edge configuration have non 

zero and direct bandgaps. In Armchair edge configuration energy bandgap arises due to quantum 

confinement and edge effects while in zigzag-shaped edges, bandgap arises from a staggered 

sublattice potential due to ordered spin states with energies close to the Fermi level [52-53]. 

Electronic structures and attributes of graphene nanoribbon depend on edge structure. The removal 

of the hydroxyl functional group enhances the electronic conductivity of graphene nanoribbons 

[54].  

 

 

 

 

 

 

 

 

 

The enhanced chemical reactivity of edged graphene nanoribbon is attributed due to the presence 

of bond disorder and several functional groups {Carboxyl (-COOH), hydroxyl (-OH), ketone, 

aldehyde (-CHO), and epoxy (C-O-C)} through covalent or non-covalent bonding. Electrical 

Fig. 1.9: Edge Configuration of Graphene nanosheet  
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properties of edged graphene nanoribbon are associated with edge configuration i.e., Armchair & 

Zigzag Edge & magnetism in Zigzag nanoribbons results from the localization of П- orbital carbon 

atoms near the edges [55-56].  

1.12 PROPERTIES OF GRAPHENE 

Graphene is a zero-bandgap semimetal material because valance and conduction band in graphene 

converge to each other & derivatives of graphene possess extended-spectrum of attributes, due to 

its large relative surface area, optical transparency, biocompatibility, ballistic electron passage 

have procured excellent engagement in electronic, optoelectronics & biological health monitoring 

devices for the well-being of social culture. 

1.12.1 ELECTRONIC PROPERTIES  

Graphene is a zero-bandgap semimetal & its electronic band structure exhibits linear dispersion 

association with momentum & posse’s leading electron mobility of 20000 cm2 V-1 S-1 at room 

temperature due to massless relativistic nature of Dirac fermions [57]. The restricted span of 

electron transport in the 2D plane provokes the Quantum Hall effect at room temperature, which 

addresses graphene as a potential candidate for leading switching electronic devices. The crystal 

order in graphene is of sp2 hybridization, giving an additional electron to the π bond, which is open 

to moving & results in unusual conductivity. A mono-atomic thin single-layer graphene succeeded 

by CVD outlines posse’s electrical conductivity of 10 8 (S/cm) [58], while graphene synthesized 

by chemical reduction by hydrazine hydrate posse’s electrical conductivity of 3.51* 104 (S/cm) 

[59]. Graphene can preserve unusual carrier flow by doping Boron dopants (free charge carrier). 

During the synthesis of graphene enhances electrical conductivity linearly with charge density and 

can be employed as an electrode in supercapacitors [60]. The conversion of nature of hybridization 

carbon atom and origin of the potential barrier at the functionalization site, correlate chemical 

functionalization and electrical attributes of graphene derivatives that are dictated by- (i) covalent 

bonding- reforms sp2 framework into sp3 tetrahedral framework, (ii) π-π interface- does not deform 

the lattice but varies the doping density & lattice exchange [61]. 

1.12.2 OPTICAL PROPERTIES 

Graphene, a monoatomic flat expanse of carbon atoms arranged in hexagonal crystal mesh with 

unhybridized p orbitals overlap with neighboring atoms to form π-bonds, which is capable of 
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extraordinary electrical conductivity and optical attributes because dispersion relation of graphene 

reveals linear relation in moderate energy scale & expects a change in momentum through phonon 

mediation [62-63]. Constant transparency of 99.7% at high frequencies is perceived in the visible 

spectrum (interband transitions) and the optical absorption spectrum is frequency independent in 

the infrared-to-visible electromagnetic spectrum scale [64]. The glassiness of the graphene layer 

is structural defects correlated attributes, displays adequate evidence of the numbers of the 

graphene layer. [65]. A graphene-based lamina can be accepted in dye-sensitized solar cells and 

LEDs as a windows barrier & a broad spectrum of adsorption property utilizes it in ultrafast 

photonics as fiber lasers [36]. 

1.12.3 MECHANICAL STRENGTH  

Graphene is the hardest and lightweight material pressing just 0.77mg/m2 due to the immense 

strength of carbon-carbon atoms with fundamental rupture strength of 130 GPa and a Young 

modulus strength of 1 TPa [66]. Ramanathan et al. studied that doping of 1 wt% of functionalized 

graphene in a polymethyl methacrylate (PMMA) matrix results in, 80% increase in elastic modulus 

& 20% in terminal tensile strength [67]. The doping of 0.6 wt% functionalized flat expanse of 

graphene as a filler substance in polyvinyl alcohol (PVA) and PMMA matrices enhance 

mechanical properties of polymers [68] due to strong H-bonding interaction between oxygen 

associated functional groups on GO surface and hydroxyl groups of the PVA polymer, modifies 

the Vander Waals interactions, addressing them accessible to scatter in polymer matrices & 

supplies reliable load-transfer among the matrix and fiber. The expansion in hydroxyl group 

coverage in flat expanse graphene sheets reduces the Young modulus and surplus strain [69]. 

Silicon doped graphene nanosheets with a variable doping concentration of silicon atoms with a 

strain rate of 0.001/ps along with armchair direction concern decrement in rupture strength, failure 

strain, and Young’s modulus induced by defects added during the chemical reaction, with 

increasing doping concentration [70]. Moreover, graphene has potential strength as a nanofillers 

for producing nanocomposites with enhanced mechanical attributes because stiffness and strength 

are crucial factors in determining the endurance and lifespan of a technological device [71].  

1.12.4 THERMAL PROPERTIES  

Graphene is an attractive heat conductor and has the leading intrinsic thermal conductivity in the 

scale of 4800-5300 Wm-1 K-1 [72] due to the non-scattered passage of high-speed acoustic 
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phonon’s conduction at low temperature along the crystalline surface and covalent sp2 bonding & 

persistence of graphene-based optoelectronics and electronics devices depends on its strength to 

recrystallize against interaction with chemical gases, electromagnetic radiation spectrum [24]. Seol 

et al. experimentally observed degradation of thermal conductivity to 600 Wm-1K-1 for graphene 

thin film deposited over SiO2/ Si substrate surface near room temperature [73] because the thermal 

conductivity of graphene alters with chirality of graphene flakes, heat transportation by acoustic 

phonons, and also owing thermal coupling of phonons, and scattering of phonons with substrate 

imperfections. The irregular edge bearings of graphene nanosheet decrease the thermal 

conductivity by an amount associated with sharp edges due to boundary scattering of graphene 

[74]. Silane-functionalized graphene-based film gives 15-56% enhancement of thermal 

conductivity as a function of the number density of functionalized silane molecules [75] & also 

surface functionalization enhances dispersion of graphene in the base fluid due to hydrophilic 

nature and good agreement with water magnifies the thermal conductivity of graphene-based 

nanofluid which is utilized to dissipate the heat in the realm of microelectronics [76]. Graphene 

functionalized nanocomposites are accepted for advanced applications including thermal 

management of advanced microelectronics devices and gap-filling interfacial material [35].   

Table 1.1: Engineered Properties of Graphene Material  

Engineered Properties Experimental Value 

Charge carrier mobility 

 

20000 cm2 V-1 S-1 [57] 

Transparency ~99.7% [64] 

Bandgap Zero [41,42] 

Thermal conductivity 

 

4800-5300 Wm-1 K-1 [72] 

Specific Surface Area 2630 m2 /g [30] 

Tensile strength 130 GPa [66] 
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Young’s modulus 1 TPa [66] 

 

1.13 APPLICATIONS OF GRAPHENE  

 

 

1.14 LITERATURE REVIEW 

Graphene oxide has inherent highest intrinsic thermal conductivity due to non-scattered passage 

of acoustical phonon in the hexagonal crystal mesh, and due to the hydrophilic nature GO has good 

compatibility with water/ionic liquid and different kinds of the base fluid. A nanofluid is a colloidal 

suspension of nanoparticles in a base fluid (water, ethylene glycol, oil). Nanofluids have novel 
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properties [78], which makes them a potential candidate as a heat transfer fluid and possesses 

enhanced thermal conductivity, and thermal diffusion coefficient.  The following table summarizes 

the literature data on the current state of research on graphene oxide, its nanofluids, and observed 

thermal conductivities. 

Table 1.2: Literature survey on various types of graphene oxide based nanofluids 

 

Material 

 

Base fluid 

 

Dispersion 

method 

 

Concentrated 

method 

 

Thermal 

conductivity 

(W/mk) 

 

Graphene Oxide 

(GO) 

 

Ethylene glycol 

 

Stirring & 

ultrasonication 

 

1.0-5.0 vol% 

 

10.5-61 % (% 

increase at 30°C) 

[77] 

 

GO nanosheet 

 

Distilled water 

 

Stirring & 

ultrasonication 

 

1.0-5.0 vol% 

 

7.5%-30.2% (% 

increase) [78] 

 

GO nanosheet 

 

Glycerol: water 

 

Stirring & 

ultrasonication 

 

0.02-0.1 wt% 

 

0.336-0.347 at 

30°C [79] 

 

Graphene Oxide 

 

Distilled water 

& Ethylene 

glycol 

 

ultrasonication 

 

0.001-0.07 

(mass 

fraction) 

 

0.25-0.328 (at 

50°C) [80] 

 

Graphene oxide 

 

Ethylene glycol 

 

ultrasonication 

 

0.01-0.07 

wt% 

 

30% increase for 

0.07% [81] 

 

Graphene oxide 

nanosheet 

 

Water 

 

Stirring 

 

0.05-0.25 

wt% 

 

47.57% increase 

for 0.25% [78] 
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Graphene oxide 

nanosheet 

 

Propyl glycol 

 

Stirring & 

sonication 

 

0.01-0.10 

wt% 

 

30.2% increase for 

0.10% [82] 

 

GO-Al2O3 

 

Water 

 

Stirring & 

sonication 

 

0.1-1.0 vol% 

 

33.9% increase for 

1.0% [83] 

 

Graphene oxide 

 

Distilled water 

 

ultrasonication 

 

0.01-0.5 wt% 

 

19.9% increase for 

0.5 wt% [84] 

 

SnO2/rGO 

 

Water  

 

Ultrasonication  

 

0.078 vol%  

 

31% increase [85] 

 

Graphene 

 

Water 

 

Stirring & 

sonication 

 

0.2 vol% 

 

27% increase [86] 

 

f-HEG 

 

Water 

 

Ultrasonication 

 

0.05 vol% 

 

16% increase [87] 

 

Graphene-SiO2 

 

Water 

 

Stirring 

 

0.1 wt% 

 

20% increase [88] 

 

Graphene 

nanosheet 

 

Ethylene glycol 

 

ultrasonication 

 

0.5 wt% 

 

21% increase [89] 

 

Graphene Oxide 

 

N-methyl-

pyrrolidone 

 

ultrasonication 

 

0.01-0.1 wt% 

 

11.2%-20% (% 

increase at 40°C 

[84] 
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2.1 NANOMATERIALS SYNTHESIS METHODS 

A nanoparticle is a fundamental component of nanomaterials and serves as a junction between the 

microscopic structures and nanomaterials [1]. So, the synthesis of nanoparticles plays an important 

role, in their physicochemical, structural, and morphological attributes, which yields a variety of 

dimensions and chemical composition of nanoparticles. We have overviewed the current trend in 

the material synthesis that includes high temperature & pressure, vacuumed environment & gives 

better control of structure, phase purity, and craved dimension of nanomaterial. The variety of 

synthesis methods depends on the shape, size, and morphological characteristics & kind of 

materials (metals, semiconductors, ceramics, and polymers) of the nanoparticle, which is related 

to the potential application [2]. To date, there are several synthesis approaches reported in the 

literature for preparing nanoparticles like chemical vapour deposition (CVD), high energy ball 

milling & sol-gel method. Out of this CVD, methods are extensively adopted for the 

semiconductor industry for the deposition of thin films of various thicknesses. The nanoparticles 

fabrication often includes the reduction of metal ions in solvents or high-temperature volatile 

conditions. The enhanced surface energy of these particles due to the enlarged relative surface area 

makes them much reactive, for the potential applications [3]. Different synthesis processes are 

broadly categorized into two parts- 

1. Physical methods  

2. Chemical methods 

Physical methods of nanoparticle synthesis involve evaporation of the material with rapid 

condensation of vaporized nanomaterial to obtain the required particle size [4]. The advantage of 

the physical synthesis method is concerned about reaction safety due to no involvement of 

hazardous chemicals. Physical methods need extra controlled parameters for the nanomaterial 

synthesis. Examples- Ball milling, chemical vapor deposition, spray pyrolysis.  

Synthesis of nanomaterials by chemical methods gives better control over physicochemical, 

structural, and thickness of the chemically integrated nanomaterials. The controlled thickness of 

the nanomaterial gives better operational implications in the fabrication of the devices. Chemical 

methods have advantages to produces nanomaterials in bulk production & cost-effectiveness [5]. 

Moreover, chemical synthesis methods involve hazardous chemicals which is not good for the 

environment.  



 

34 
 

 

 

 
 

 

 

 

Physical Methods                                       Chemical Methods 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1 PHYSICAL METHODS  

2.1.1.1BALL MILLING  

John Benjamin invented a high-energy ball mill in 1970. Ball milling, a top-down mechanical 

strategy principally applies physical forces such as – cutting, breaking, and scraping of powders 

into granular particles [1]. In the ball milling process, rotating balls transports their dynamic energy 

to the milled material ends with the breaking of chemical bonds which yields nanocrystalline 

particles, and due to dangling bonds, newly created surfaces are chemically reactive. The form and 

dimension of particles depend on applied stress, high temperature, high pressure, retention time, 

and material attributes [6]. This method is concerned with the production of a large amount of 

Ball Milling  Epitaxial Growth 

   Chemical Vapour Deposition  

Spray Pyrolysis 

Sol-gel Method 

Electrochemical Exfoliation 

Synthesis Methods  

Fig. 2.1: Representation of synthesis processes 
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highly stable materials such as - amorphous alloys and nanostructured materials. The ball milling 

process can be implemented in high energy mills, vibratory type mills. Green synthesis of nitrogen-

doped carbon material through high energy ball milling technique is accepted as potential 

candidates for fuel cell technology and can be accepted as an electro-catalyst for oxygen reducing 

reactions, with the catalytic activity of 5.2 mA cm-2 kinetic-limiting current density [7]. 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.2 CHEMICAL VAPOUR DEPOSITION 

CVD is a vacuum deposition method of depositing solid material at a high temperature to form a 

thin film (a layer or coating having a maximum thickness of 1 µm or less whose properties are 

different from bulk material) from the volatile gaseous precursors as a consequence of chemical 

reaction and decomposition on the substrate surface [8]. The deposition includes homogeneous 

gas-phase reactions, and/or heterogeneous chemical reactions near the proximity of a heated 

surface driving to the generation of powders of films. CVD model consists of a consecutive 

physical and chemical step during a CVD process, which are given as follows [9] - 

1. Passage of reactant and inert gases at a steady flow rate into the reaction chamber and 

nucleation of the catalyst by chemical etching or thermal annealing. 

2. Diffusion of volatile precursors gases to the substrate surface. 

3. Surface adsorption of reactant gases on the substrate surface.  

Grinding medium 

Materials 

Rotating direction of 

mill 

Fig. 2.2: Schematic diagram of a Ball Mill 
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4. Surface migration, heterogeneous chemical reaction & formation of by-product class. 

5. Adsorption of by-products class & drained from the reaction chamber. 

CVD is the most reliable method for uniform film growth with good reproducibility & having the 

strength to regulate crystal arrangement, surface morphology by regulating CVD method 

parameters. CVD deposited graphene thin film holds increased relative surface area, uniform and 

continuous film of high quality has a potential application in the field of electronics, photonics, 

and spintronics [10]. 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.3 SPRAY PYROLYSIS  

Spray pyrolysis methods are adopted for the deposition of the powder form materials & thin films 

of variable width from the chemical solvent [11]. The thin film deposition is equipped by 

sprinkling a chemical precursor solvent over a passionate substrate surface. The attributes of the 

    Film deposition  
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Heat Source 

 
Gas Precursor inlet 

 

Gas out 

 

Fig. 2.3: Schematic of chemical vapour deposition setup 
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accumulated thin-film depend on the chemical composition of the precursor solvent and 

temperature of the passionate substrate surface [12]. The crystallographic arrangement of the 

substrate surface must be coordinated with the deposition precursor solvent to govern the electrical 

and optical characteristics of the thin film. Spray pyrolysis has a modern utilization for the 

production of semiconductor thin film, electrode materials, and multicomponent ceramic [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 CHEMICAL METHODS  

Precursor solution 

 

Hot plate  

Substrate surface 

Spray  
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Fig. 2.4: Spray pyrolysis process 
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2.2.2.1 EPITAXIAL GROWTH  

Epitaxial growth leads to the condensation of gaseous precursors to deposit a crystalline thin layer 

on a crystalline substrate surface and attributes of the thin film reflect the structure and assets of 

the substrate. The deposition of graphene thin film on silicon carbide (SiC) by thermal 

disintegration in an ultra-high vacuum atmosphere in the temperature scale (1200-1600) induces 

sublimation of silicon (melting point – 11000C) from substrate surface with a pace faster than 

carbon due to high vapor pressure, giving excessive carbon atoms to aggregate and produces high 

crystalline state, carrier mobility and Hall conductive graphene film [14]. The silicon-or carbon-

terminated face of the SiC adopted for graphene formation influences the carrier density, thickness, 

and mobility [15]. SiC is a wide-bandgap (3eV) semiconductor constituted of silicon and carbon 

with excellent thermal conductivity and chemical resistance & as a substrate, it can be accepted 

for electrical measurements. Epitaxial growth on SiC can be attained without sublimation of Si by 

providing the additional carbon by hydrocarbon gas breakdown or by sublimation of a solid carbon 

reservoir. Epitaxially deposited graphene thin film has an inherent application for wafer-based 

electronic devices or components [16]. 

 

 

 

 

 

 

2.2.2.2 SOL-GEL METHOD    

Epitaxial growth 

using carbon source 

Thermal 

decomposition 

Carbide Substrate 

Graphene film 

Fig. 2.5: Epitaxial growth of Graphene on Carbide Surface 
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Sol-gel is a chemical solution process used to make ceramics and glass materials in the form of 

thin films, fibers, or powders [1]. Sol is a colloidal (the dispersed phase is so small that 

gravitational forces do not exist; only Van der Waals forces and surface charges are present) or 

molecular suspension of a solid particle of ions in a solvent [17]. The metal oxide or hydroxide 

sols are sources of ‘colloidal gel’ in which particles are connected by Van der Waals or hydrogen 

bonding [18]. A gel is a semi-rigid mass that forms when the solvent from the sol being to 

evaporate and the particles or ions left behind being to join together in a continuous network. The 

general mechanism of the sol-gel process involves the following steps [19] -  

Hydrolysis:    -M-OR + H2O                        -MOH + ROH 

Condensation:    -M-OH + XO-M-                      -M-O-M- + XOH 

Where M = metal & X = H or R (alkyl group) 

 

 

2.2.2.3 ELECTROCHEMICAL EXFOLIATION  

Fig. 2.6: Schematic representation of different steps involved in sol-gel process 
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The separation of graphene nanosheets through micromechanical cleavage of graphite is 

inappropriate in context with large scale production, restricted periodicity, and inadequate single 

layer selectivity. Electrochemical exfoliation & reduction of graphite oxide are major productive 

ways for mass production of graphene nanosheets [21]. The electrochemical method uses a 

suspension of natural graphite or highly oriented pyrolytic graphite (HOPG) in ionic liquid solvent 

(1-octyl-3-methylimidazolium hexafluorophosphate) & we apply external voltage which causes 

intercalation of ionic liquids to the grain boundary of the crystalline graphite which affects the 

thickness of graphene so that in-plane interlayer spacing in graphite increases & reduces the Van 

der Waals forces which enables the sliding passage of graphene layer. We sonicate the residual to 

exfoliate high quality, monolayer to few-layers functional graphene. The concentration of 

exfoliated graphene nanosheets shows a linear relationship with sonication energy [22]. Graphene-

derived materials will have potential in lithium-ion batteries for energy storage applications. 

Electrochemical flaking of graphite powder or flakes is an inherent approach for the integration of 

graphene nanosheets with a special character and unique surface functionalization with superior 

electronic and optical qualities [23].  

  

Fig. 2.7: Electrochemical Exfoliation of graphite  
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2.2 ADVANTAGES OF NANOMATERIAL SYNTHESIS TECHNIQUE [24] 

❖ Uniform size distribution of nanoparticles. 

❖ Enhanced surface reactivity to tailor the surface morphology 

❖ Bulk synthesis of nanomaterials is easily scaled up by the green synthesis method 

❖ Individually dispersed or monodispersed i.e., no agglomeration.    

2.3 CHARACTERIZATION TECHNIQUES 

The chemically integrated sample is investigated through multiple experimental techniques to 

explore the crystalline structure, surface morphology, specific surface area, and average pore size 

distribution. The XRD spectrum gives the average crystallite size of the sample. UV-visible 

spectroscopy unveils about optical absorbance of the sample. Raman spectroscopy is employed to 

study anatomical information of carbon-based nanomaterials. FTIR spectrum unveils oxygen-

containing functional groups assigned to the surface of the sample. A field emission scanning 

electron microscope with EDS (FESEM) was inquired to perceive the surface morphology and 

chemical composition of the synthesized sample. The transmission electron microscope (TEM) 

micrographs were used for the interpretation of invaluable information on the inner structure of 

the sample.  

2.3.1 X-RAY DIFFRACTOMETER  

X-ray crystallography is a non-disruptive approach for the investigation of crystal arrangement 

and microscopic crystal atomic spacing within the atoms which are the recurrent origin of coherent 

electromagnetic radiation [25]. The monochromatic X-rays are produced by a cathode tube which 

associates with the electronic clouds of the atoms in the crystal framework. The electrons vibrate 

under the impact of incoming X-ray electromagnetic radiation and become a secondary cause of 

EM radiation & secondary radiation is diverged in all directions with the identical frequency and 

unfolds constructive interference (and a diffracted ray) profile because diffraction transpires when 

each object in recurrent pattern diverge coherent radiation [26-27]. The diffraction broadening 

peak, associated with reflection planes, in the XRD spectrum, depicts the carriage of miniature 

nanocrystals in the incorporated nanomaterial. The sharp intense diffraction peak intimates the 

crystalline essence of the specimen, while the broader peak portrays the amorphous character of 

the material. By investigating the XRD diffraction contour, one can determine interplanar spacing 
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by using Bragg’s law, average crystallite size using the Debye-Scherrer equation, intrinsic strain, 

stress, and energy density [28-30]. 

 

Bragg Equation  

 2dsinθ = nλ       …...        (i)  

where d is the interplanar spacing  

Scherer equation 

 Dp = 0.94 λ / βcosθ …….    (ii)  

Where β is an integral half-width, λ is incident source wavelength, D and θ corresponds to the 

average crystallite size and Bragg diffraction angle respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 UV-VISIBLE SPECTROSCOPY  

Fig. 2.8: Working Principle of X-ray diffraction 
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UV-visible spectroscopy unveils optical absorption, transmittance, reflectance, optical bandgap, 

and particle size calculation of the incorporated nanomaterial [31]. UV-visible spectroscopy is 

based on the Beer-Lambert-Bouguer law which relates the attenuation of electromagnetic radiation 

through the molecules of the absorbing species, the length scale of the material, and the 

concentration of the absorbing molecules in the liquid medium [32-33]. The optical absorption of 

UV or visible radiation is caused by the excitation of outer shell electrons, from their ground state 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to an excited state when the material is irradiated with light. The excitation of deuterium produces 

a continuous UV spectrum while a halogen lamp is used as a source of visible/IR light [34].  

In UV-visible optical spectroscopy, the sample is illuminated with electromagnetic radiation of 

various wavelengths (visible, ultraviolet, near-infrared region) of the spectrum. Depending on the 

nature of the substance, the transmitted light is recorded as a function of wavelength by a suitable 

detector, providing the absorption spectrum of the sample [35].  

The optical energy bandgap, Eg, was anticipated from UV-visible absorption spectrum using 

Tauc’s equation [36] 

(αhν)n = B(hν-Eg) …….    (i) 

Fig. 2.9: Schematic of UV-visible spectroscopy 
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Where α, hν, and B are absorption coefficient, photon energy, and a constant relative to the 

material, respectively and n represents the nature of the optical transitions. 

n = 2 (for direct transitions) 

n = ½ (for indirect transitions) 

2.3.3 RAMAN SPECTROSCOPY  

Raman spectroscopy – a scattering technique based on Raman Effect i.e., the shift in frequency of 

the inelastically scattered radiation can reveal structural information of carbon-based nanomaterial, 

electronic structure, lattice vibrations, and flake width of layered nanostructured material [37]. 

Raman spectrophotometer consists of three major components [38]- 

(i) Excitation source - uses a monochromatic laser beam as an excitation source. e.g., Helium-

Neon (He-Ne) 632.8 nm.  

(ii) Sampling apparatus – lens to collimate the light from the excitation source and a bandpass 

filter to isolate the monochromatic radiation.  

(iii) Detector – thermoelectrically cooled photomultiplier tubes, and photodiode detectors.  

 

 

 

 

 

 

 

 

Fig. 2.10: Schematic of Raman Spectroscopy 
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When monochromatic radiation associates with the vibrating molecules of the sample. The photons 

polarize the electron cloud near the nuclei to form a virtual state for this molecule leading to the 

re-radiation of the photons. When the energy of the re-radiated photon is equal to the energy of the 

incident photon, the scattering is called ‘‘Rayleigh Scattering” and does not involve energy 

transfer.  

              When a molecule in the ground state is promoted to virtual state and return to excited state 

corresponds to stokes radiation with lower energy than Rayleigh scattering corresponding 

scattering is known as Stokes scattering. Similarly, when a molecule makes passages from a higher 

energy state and returns to the lower ground state energy, the scattering is called anti-stokes 

scattering. A small fraction of diverged radiation has a frequency distinct from incident radiation 

frequency and constitute Raman scattering. These frequency shifts contain valuable information 

on the vibrational, rotational transitions of the sample molecule. A change in polarizability through 

molecular vibration is an imperative condition to acquire Raman spectra [39-40].  

2.3.4 FTIR SPECTROSCOPY  

Fourier transform infrared spectroscopy (FTIR) spectroscopy is used for the identification of 

unknown oxygen-bearing functional groups and chemical bonding of the sample material. FTIR 

spectra is a plot of absorption (in percent transmission) as a function of wavelength (in µm) or 

wavenumber (in cm-1). The working principle of FTIR spectroscopy is based on Beer’s law [41], 

which states that – the decrease in intensity of medium due to absorption phenomena when 

radiation passes through any medium is given by the relation  

I = Ioe
-αx 

where Io is incident radiation, I is transmitted intensity, α is the attenuation coefficient, and x is the 

length of medium or length traveled by radiation in the medium.  

Beer’s law for the liquid solution 

I = Ioe
-€λcl

or A = log (Io/I) = €λcl 

Where A is the absorption coefficient, C is the concentration of the solution, €λ is the extinction 

coefficient or absorptivity. 
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The electromagnetic radiation emerging from the source is passed through an interferometer to 

interact with the sample. The sample will absorb and transmit the light and also light source 

penetrates the sample and reaches the detector end. The detector end records the intensity change 

and produces a spectrum attribute. The signal is magnified and transformed into a digital signal by 

using an ADC (analog-to-digital) converter taking Fourier transform of the signal. The IR-

spectrum can be obtained in all three states of matter i.e., solid, liquid, and gas [42-43]. FTIR is a 

widespread instrumentation technique to reveal the frequency of vibrational stretching of atomic 

bonds and provides a precise measurement method with no external calibration. FTIR 

spectroscopy has a greater optical throughput. The degree of oxidation of carbon-based 

nanomaterial was investigated by FTIR spectra [44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11: Schematic diagram of FTIR spectroscopy  
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2.3.5 SCANNING ELECTRON MICROSCOPY 

A scanning electron microscope (SEM) is capable of the investigation of surface morphology, 

microstructures within the nanostructured material by scanning the surface with a focused electron 

beam to create a high-resolution image.  

Electrons generated from an electron gun (like Tungsten, Lanthanum Hexaborate LaB6) will act 

as a source of an electron beam, interact with the surface of a specimen, and re-produce low energy 

secondary electrons. The secondary electrons are caused by the interaction of the primary electron 

beam which ionization the loosely bound outer electrons of the surface atoms. The intensity of 

these secondary electrons is directed by the surface texture of the specimen, incident angle of the 

primary beam to the surface element. The detector counts the secondary electrons and visualize an 

SEM image by measuring secondary electron intensity [45-46].   

 

 
Fig. 2.12: Schematic diagram of SEM [52] 
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Fig.2.12 represents a schematic of SEM which consists of many components and each component 

has its importance. The working of the main components [47] is described below: - 

(i)Electron gun - the electron gun is an assembly of cathode and electrode, connected to the high 

voltage source, serves as a source of an electron. e.g., Tungsten filament, LaB6  emitter.  

(ii) Electromagnetic lenses – the stream of the electron which is accelerating downward due to 

potential difference are condensed by a condenser lens to control the amount of current of the 

electron beam. The second condenser lens makes the beam narrower and focused.  

(iii) Detectors – the detector is a device that collects the intensity of secondary electrons and 

converts the signal into an electrical pulse for processing to form an SEM image.  

2.3.6 TRANSMISSION ELECTRON MICROSCOPE  

Transmission electron microscopy (TEM) is a microscopic technique that involves high energy 

electron beam to pass through the specimen in the form of a thin film. TEM analysis is used for 

the quantitative measurement of nanoparticles, grain size, particle size distribution, morphology, 

and crystallographic structure of the nanostructured material. TEM image mapping has better 

spatial resolution and capability for additional analytical measurements [48-49].  

A transmission electron microscope uses an electron source to generate a primary electron beam, 

which is accelerated by an electric potential difference, passes through the thin film. While passing 

through the sample, the electron beam interacts with the specimen an image is formed by the 

interaction of the electrons transmitted through the specimen reaches the imaging system. The 

image is amplified by electromagnetic lenses and the image is projected on a fluorescent screen or 

a CCD camera [50-51].  

 



 

49 
 

 

 

 

Fig. 2.13: Schematic diagram of TEM [53] 
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION 

OF GRAPHENE OXIDE BASED 

NANOFLUIDS & STUDY OF ITS 

THERMAL CONDUCTIVITY 
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3.1 INTRODUCTION 

   Thermal management and cooling of electronic and photonic technologies are extremely vital 

for better operational execution and need innovative cooling technology. The conventional base 

fluids (water, ethylene glycol, transformer oil) [1] which are employed for cooling purposes owns 

moderate heat transfer properties. Therefore, to increase the thermal conductivity of the base fluid, 

carbon-based nanomaterials were dispersed into the base fluid, consequently the enhanced thermal 

conductivity of resultant nanofluids [2].  

   Nanofluid-a solid-liquid suspension of nanometer-sized particles less than 100 nm with large 

relative surface area [3], performs a crucial function in the energy and power transfer processes in 

multiple industries like- air conditioning, power generation because nanofluid has an enhanced 

thermal conductive profile associated with the traditional base fluid [4]. The enhanced thermal 

conductivity of nanofluids is because when the particle size attains the nanoscale dimension, 

interfacial thermal resistance between the particles and surrounding fluids becomes notable [5]. 

   Graphene oxide (GO), a heterogeneous oxidized product, concerned by chemical oxidation of 

graphite powder is a non-conductive hydrophilic material due to the carriage of ample oxygen 

functional groups [6]. Due to the excellent intrinsic thermal conductivity, graphene oxide has 

potential applications as a heat transfer fluid. Esfahani et al. [7] have shown increased thermal 

conductivity up to 19.9% with the 0.5 wt% of graphene oxide dispersed in water compared to an 

increment of 8.7% t with 0.1 wt%. Wei et al. [8] examined the thermal conductivity of GO-PG 

(propyl glycol) based nanofluid with a volume fraction of 5.0% and inscribed 62.3% improved 

thermal conductivity associated with base fluid. Jyothirmayee et al. [9] revealed an enhancement 

of 6.5% in thermal conductivity of reduced graphene nanosheets and ethylene glycol base fluid 

(GN-EG) at 25°C for the volume fraction of 0.14%. A theoretical paradigm adopted by Kumar et 

al. [10] described the enhancement in effective thermal conductivity transpires due to the large 

surface area contributed by the nanoparticle. The synthesis of GO was carried out by modified 

Hummer’s method by using KMnO4 as an oxidizing agent, and NaNO3 in the carriage of H2SO4.  

   Modified Hummer’s method has great success over Brodie’s method because it advances the 

reaction safety by replacing explosive ClO2 with KMnO4 and the use of NaNO3 instead of fuming 

HNO3 eliminates the accumulation of acid smoke throughout the reaction [11]. The different mass 
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concentrations of GO were dispersed in the ethylene glycol base fluid and the liquid suspension is 

constrained to ultrasonic vibrations to produce enduring and well-dispersed GO-based nanofluid.  

   The objective of my work is the synthesis of Graphene oxide (GO) by modified Hummer’s 

method, and characterization of the synthesized sample is to investigate its structural, optical, 

surface, and morphological properties. Further, GO-EG based nanofluid was prepared with 

different mass fractions of GO dispersed in EG base fluid and study of thermal stability of prepared 

nanofluid.   

3.2 STRUCTURE OF GRAPHENE OXIDE  

Graphene oxide, a unique 2D monoatomic layered nanomaterial, is integrated by strong oxidation 

of graphite flakes [6]. The chemical functionalization of graphene oxide alters the properties and 

become more adaptable for optoelectronics, biodevices, and as a drug-delivery material. The 

electronic energy bandgap of graphene oxide is tunable by manipulating the chemical composition 

and atomic structure and also bandgap is associated with oxygen functionalization and bandgap 

increases with the order of oxidation. The electronic structure and attributes of graphene oxide 

depend on the surface edges and the width of the nanosheet. 

 

 

 

Fig. 3.1: Structure of Graphene Oxide 
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3.2.1 CHARACTERISTICS OF GRAPHENE OXIDE 

Crystal size 21.14 nm 

d spacing 0.93 nm 

Number of layers 1-3 

Layer thickness 0.76-0.84 nm 

Stack thickness 1.00-2.20 nm 

Raman (ID/IG) ratio 0.79 

Tensile strength 0.13 GPa [12] 

Elastic modulus 23-42 GPa [13] 

Electrical conductivity Non-conductive 

Dispersibility in water Highly dispersible 

3.3 EXPERIMENTAL DETAILS 

3.3.1 MATERIALS  

Graphite powder (100µm), Ethylene glycol, Potassium permanganate, Hydrogen chloride, 

Sulphuric acid, Hydrogen peroxide, and Sodium nitrate were of analytical grade and used as 

without any further purification. 

3.3.2 EXPERIMENTAL METHOD  

Modified Hummer’s method was chosen for the chemical integration of GO by using graphite 

flakes as a precursor [14-15]. Graphite powder (1.2 gm), Sodium nitrate (2 gm) were mixed with 

50 ml sulphuric acid in a flat bottom conical flask, and stirred the mixture with a magnetic stirrer 

Table 3.1: Properties of graphene oxide 
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for 2 hours in contact with an ice bath in the temperature range (0-5°C). Then, 6 gm of potassium 

permanganate was poured into the mixture very slowly and kept the mixture below 5°C, and stirred 

magnetically for 2 hours. The color of the liquid suspension turned brownish because of the 

oxidizing agent - MnO3+. Now remove the ice chamber and pour 100 ml deionized water slowly 

into the mixture in the temperature range (30-35°C) and stirred for two hours. 

   Further, the temperature of the mixture was raised to 80°C by using a magnetic stirrer hot plate 

for another 30 minutes. Subsequently, a mixture of suspension was diluted with 200 ml of 

deionized water (DI) and again stirred for 15 minutes at 25°C. 12 ml of H2O2 solution was added 

into the mixture by using a dropper so that the color of the liquid suspension changes to bright 

yellow. The mixture was stirred for an hour and again diluted with adding 200 ml of deionized 

water and stirred for another 30 minutes. Further, the mixture was kept overnight so that particles 

can settle down at the bottom of the flask. This mixture was filtered with Whatman filter paper, 

and the residual was stored and washed with 10% HCl and DI water subsequentially. After this 

resulting mixture was dried at room temperature and centrifuged to separate the sample material. 

The sample was dried in the muffle furnace at 60°C for 6 hours for removing moisture content. 

The resultant final loose material is a brown color powder. 

   The general mixture of Sulphuric acid, sodium nitrate, and potassium permanganate oxidizes the 

graphite powder. The graphitic surface was decorated with oxygen-bearing functional groups 

which reduce the strength of Van der Waals attraction force between the graphite layers, which 

causes the increase in interlayer spacing between the graphite sheets.  A schematic flow diagram 

of the synthesis method is shown underneath. 
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3.3.2.1 FLOW DIAGRAM OF SYNTHESIS METHOD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3 CHARACTERIZATION TECHNIQUES  

The prepared Graphene oxide (GO) sample was investigated through multiple experimental 

techniques to explore the crystalline structure, surface morphology, surface area, and average pore 

Dilute the mixture by adding H2O2 & DI Water  

 

Addition of KMnO4 and DI water   

 

Washing the residual with 10% HCl and DI water 

 

Raise the temperature of the mixture to 80°C 

 

Fig.3.2: Flow diagram for synthesis method 
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size distribution, etc. The XRD spectrum was recorded by Miniflex 600 X-ray diffractometer with 

Cu-Kα radiation (λ = 1.54056 Å). UV-visible spectroscopy unveils about optical absorbance of 

the GO sample, which is designated by an Epoch 2 microplate reader, Biotech, USA with an 

operating range between 200-800 nm. Raman spectrum of the sample was analyzed by Renishaw 

Raman Spectrophotometer (Germany) to investigate structural information of carbon-based 

nanomaterials. For the identification of surface functionalized oxygen-bearing groups, the FT-IR 

spectrum was recorded on Nicolet 380 FT-IR spectrometer in the transmittance mode (Thermo 

Nicolet Corporation, USA).  

   A field emission scanning electron microscope with EDS (FESEM- sigma300, Zeiss) was 

inquired to perceive the surface morphology and chemical composition of the synthesized sample. 

Brunauer-Emmett-Teller (BET surface analysis) was carried out by Micromeritics (FlowPrer 060, 

Gemini VII, USA) to measure specific surface area and average vesicle size spread. The 

transmission electron microscope (TEM) micrographs were used for the interpretation of surface 

morphology, which was carried out by TECHNAI G2 20 TWIN (Czech Republic), with an 

accelerating voltage of 200 KeV. 

3.4 RESULTS AND DISCUSSION 

3.4.1 X-RAY DIFFRACTION SPECTRUM (XRD) 

X-ray diffraction spectrum analysis gives the average interplanar spacing, average crystallite size, 

and crystalline structure of nanomaterial. The XRD spectrum was recorded in the range of angle 

2θ from 10°-90° with step size (2θ) of 0.0260° and the operating accelerating voltage is 45 kV. 

The X-ray diffraction pattern of incorporated graphene oxide (GO) shows a most intense peak at 

2θ = 11.43° assigned to the (002) crystalline plane. Further, the full width at half maximum 

(FWHM) is 1.6837°, and using Bragg’s equation (2dsinθ = nλ) where λ = 0.154 nm, the interplanar 

spacing between the planes is found to be 0.77 nm.  

   The expanse in interlayer spacing validates the oxidation of the graphitic domain. The average 

crystallite size was found to 7.09 nm using the Scherer equation (Dp = 0.94λ / βcosθ) with stacking 

height (Lc = 0.89λ / βcosθ) [16] of 4.75 nm and the crystalline layers are 8. 
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3.4.2 RAMAN SPECTRA 

Raman spectra were investigated to inquire about structural information of carbon-based 

nanomaterial. The central aspect of the Raman spectrum for graphene oxide is the appearance of 

the G band (at 1589.10 cm-1) because of the in plane stretching of the carbon-carbon (C-C) 

vibrations of sp2 bonded carbon atoms [17] regulated in a hexagonal mesh and unveils the lattice 

imperfections.  
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Fig. 3.3: XRD spectrum of graphene oxide 
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A notable peak at 1362.28 cm-1 corresponds to the D-band, associated with the anatomical 

imperfections due to out of plane vibrations [18]. The disorder parameter ID/IG (i.e., intensity ratio 

of D band and G band) is 0.91, measures the presence of localized sp3 imperfections within the 

hexagonal mesh. The average crystallite size using Raman spectra was given by equation. 

La (nm) = (2.4*10-10) *λ4 *(ID / IG)-1    [18] 

Where λ is the laser source wavelength and the average crystallite size was calculated about 4.68 

nm. 

3.4.3 UV-VISIBLE SPECTRUM 

 

 

Fig. 3.4: Raman spectra of graphene oxide 

Fig.3.5: UV-visible absorption spectrum of synthesized GO 
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The UV- visible absorption spectrum of processed GO, shows an acute absorption peak at the 243 

nm associated with (π-π*) transition of aromatic C-C bonds [19] and the shoulder peak assigned 

to 332 nm (n-π*) transition of aromatic C=O bonds [16]. The optical absorption characteristics of 

GO is governed by π-π* plasmon peak and intensity shift in absorption peak agrees to layer number 

change. The optical energy band gap Eg was anticipated from UV-visible absorption spectra using 

Tauc’s plot  

                           (αhν)n = B(hv-Eg) 

Where α, hv, and B are the absorption coefficient and n interpret the nature of the optical 

transitions. (n=2, for direct transitions & n=1/2 for indirect transitions) [5]. GO have an optical 

band gap of 3.48 eV. 

3.4.4 FTIR SPECTRA  
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Fig.3.6: FTIR spectrum of graphene oxide 
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FTIR spectrum validates the intercalation of oxygen-bearing groups upon chemical oxidation of 

graphite powder that is accountable for the chemical reaction. The strong absorption peak at 1717 

cm-1 correlates to a carboxylic acid (-COOH) and carbonyl groups assigned to stretching vibration 

modes of C=O [6]. An excessive absorption peak emerges at 1562 cm-1 is because of the skeletal 

vibrations of the aromatic C=C group. An intense absorption peak at 1387 cm-1 is associated with 

-OH bending vibrations of the alcohol group. The peak corresponding to 1204 cm-1 describes the 

C-OH stretching. The appearance of an absorption peak at 1082 cm-1 agrees with the vibrational 

mode of C-O (epoxy group). FTIR spectra dispense the OH hydroxyl functional group in a high-

frequency extent of 3000-3400 cm-1. The appearance of -OH hydroxyl groups reveals the 

hydrophilic essence of graphene oxide. 

3.4.5 FESEM ANALYSIS  

The field emission scanning electron microscope (FESEM) provides surface morphology and 

structural information of the synthesized GO sample. Micrographs of GO was represented in figure 

3.7 at different magnification scale. From the FESEM micrographs, it can be concluded that 

graphene oxide has multiple sheet-like structures that are stacked together and EDS elemental 

analysis reveals that there is 63.3 wt% of carbon content and 36.7 wt% oxygen content is present 

in the synthesized graphene oxide sample. 

 

Fig. 3.7: SEM micrograph and EDS elemental mapping 
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3.4.6 BET SURFACE ANALYSIS  

The N2 adsorption/ desorption isotherms were studied at 77°K to include the specific surface area 

and pore size distribution of the GO specimen. The volume of adsorbed gas is associated with the 

relative area of the nanomaterial including pores. BET surface analysis addresses the relative 

surface area of 72.65 m2/g and average pore diameter (4V/A) is 1.9054 nm and the material is 

microporous (<2 nm). BJH adsorption aggregate volume of pores was estimated by about 0.006254 

cm3/g in the pore diameter expanse of 17-3000 Å. 

3.4.7 TEM ANALYSIS  
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Fig. 3.8: N2 adsorption-desorption isotherms of GO 
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Figure 3.9 shows TEM-SAED micrographs of synthesized GO which depict the layer formation 

of the GO sheets. Figure 3.9 (a, b, and c) shows a non-uniform wrinkled structure with an average 

particle size below 15 nm. The micrographs show a semi-transparent multilayered structure of 

stacked GO. Figure 3.9 (d) shows the SAED profile at 100 nm scale, with concentric rings 

demonstrates the polymorphic nature of GO.    

 

 

 

Fig. 3.9: TEM micro images of graphene oxide 
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3.5 APPLICATION  

3.5.1 NANOFLUID PREPARATION  

Nanofluid is a suspension of the solid-liquid phase of nanometer-sized particles dispersed in a base 

fluid (ethylene glycol) with high thermal stability. Graphene oxide-based nanofluids are prepared 

with varying mass concentrations (0.05, 0.15, and 0.25 wt%) are dispersed in ethylene glycol base 

fluid. The mixture was stirred so that it can get disperse well, and the mixture is subjected to 

sonication for 2 hours at 24°C by digital ultrasonic cleaner Axiva (40 kHz) with a power capacity 

of 80W obtain the well-dispersed uniform GO-EG based nanofluid sample. The thermal stability 

of nanofluids was studied by UV-visible absorption spectroscopy & dynamic light scattering 

(DLS) instrument, and the measurement of thermal conductivity of nanofluids was carried out by 

the Hot-Disc TPS 500S thermal constant analyzer with Kapton sensors in the temperature range 

of 10°C to 50°C. 

Name of sample Weight percentage (%) 

Graphene oxide Ethylene glycol 

GO-1 0.05 99.95 

GO-2 0.15 99.85 

GO-3 0.25 99.75 

 

 

 

3.5.2 STABILITY OF NANAOFLUIDS 

3.5.2.1 DLS MEASUREMENT  

The experimental stability of GO-EG nanofluid was investigated by Dynamic light scattering 

(DLS) instrument since GO has good hydrophilic nature because of the intercalation of hydroxyl 

groups through the oxidation process. The particle size distribution of GO-EG nanofluid as a 

function of mass concentration of GO dispersed in EG base fluid was shown in the figure. About 

6% and 13% of nanoparticle are lying in the size span of 122 nm & 615 nm with 0.5% mass 

concentration as we increase the mass concentration, about 21.8%, and 29.8% particles show the 

Table 3.2: Description of GO-EG based NFS 
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particle size of 513 nm for 0.15% and 0.25% mass concentration of GO in the base fluid which 

shows good stability of GO-EG nanofluid. 

 

 

 

3.5.2.2 UV-VISIBLE SPECTRA OF NANOFLUIDS  

The UV-visible absorption spectrum of GO-EG nanofluid with different mass concentration was 

obtained to measure the colloidal stability of the nanofluid. There is a slight intensity change in 

the absorption spectrum of GO-EG nanofluid with increasing mass concentration of dispersed 

graphene oxide when spectra were recorded after 21 days. 

 

 

Fig. 3.10: DLS particle size distribution of GO-EG NFS  
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3.5.3 THERMAL CONDUCTIVITY OF NANOFLUIDS 

The thermal heat transfer profile in the solids is the sum of crystal lattice vibration contribution 

and the electronic contribution [5]. 

k = kp + ke              (i) 

where kp is thermal conductivity due to acoustic phonons, and ke is electronic thermal conductivity. 

The thermal conductivity of carbon-based nanomaterial is governed by acoustic phonon vibration 

because of strong in-plane sp2 bonding in between carbon-carbon atoms present in the crystal 

lattice and this leads to enhanced thermal conductivity.  

Heat transfer in GO is along with two directions - 

in-plane direction – parallel to the graphene plane (highest thermal conductivity due to C-C bonds). 

(b) 

Fig. 3.11: UV-visible spectra of nanofluids (a) initially, (b) after 21 days 
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 out-of-plane directions – perpendicular to graphene plane, lower thermal conductivity due to weak 

interaction between layers. 

Nanoparticle passes within the molecules of the base fluid (ethylene glycol) and collides 

individually and increases dynamic energy [20]. When the collision occurs, solid-solid heat 

transfer characteristics depend upon the particle size and could improve the thermal transport 

phenomena. Since Brownian motion of nanoparticles is a diffusive process with diffusion constant 

D which depends on temperature and leads to higher thermal conductivity. Heat conduction is also 

termed diffusion which is the direct transfer of dynamic energy of particles from the higher 

temperature region to the lower temperature region.  

 

Fig.3.12: Thermal conductivity of nanofluids 
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The dependence of thermal transport phenomena of GO-EG nanofluids was investigated with 

different mass concentrations (0.05%, 0.15%, and 0.25%). Fig. 3.12 depicts the variation of 

thermal conductivity (TC) of different nanofluids with variable mass concentration, and 

temperature ranges from 10 to 50°C.  It is evident from figure 3.12, that the the thermal 

conductivity of nanofluids dispenses enhancement with increasing mass concentration in a non-

linear manner and enhanced thermal conductivity is given by [21] 

 

where knf is the thermal conductivity of nanofluid and k0 is base fluid conductivity. From fig. 3.12 

it can be observed that the thermal transport profile of nanofluid has a temperature-dependent 

relationship and the thermal conductivity will also increase with increasing mass concentration 

and sample number 3 shows maximum thermal conductivity enhancement with 36.72% at 10°C. 

So, with the enhanced thermal conductivity nanofluid can be used as a potential candidate for 

cooling applications. 

3.5.3.1 PARAMETERS AFFECTING THE THERMAL CONDUCTIVITY OF 

NANOFLUIDS 

The thermal conductivity of nanofluids is strongly dependent upon base fluid, temperature, 

nanoparticle concentration, and nanoparticle size. The thermal conductivity increases with 

increasing the nanoparticle concentration; with an increase in temperature thermal conductivity 

increases in a linear/nonlinear manner. The increased relative surface area leads to increased 

thermal conductivity [22-23].   

 

 

 

 

 

 

 

TC enhancement (%) = (knf – ko)/ko * 100 
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CONCLUSION AND FUTURE 

SCOPE 
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This chapter focuses upon the conclusions drawn from the investigations carried out on the 

synthesis and characterization of graphene oxide based nanofluids & study of its thermal 

conductivity. It also provides the strategies for further research work in the field of heat transfer 

applications. The concluding remarks made and the recommendations suggested for future works 

are as follows- 

4.1 CONCLUSION  

1. Graphene oxide was successfully synthesized by modified Hummer’s method. 

2. The surface morphology was examined by FESEM and TEM analysis which confirms the 

layered structure of graphene oxide.  

3. The average crystallite size, stacking height, and the number of graphene layers is 

investigated by XRD spectra.  

4. The order of oxidation of graphite flakes was confirmed by Raman spectroscopy and 

intercalation of oxygen-containing functional groups was examined by FTIR analysis.  

5. The optical bandgap of graphene oxide was investigated by UV-visible spectroscopy and 

the obtained bandgap is 3.48 eV. 

6. The relative surface area of graphene oxide was estimated by BET surface analysis and 

measured the area of 72.65 m2/g.  

7. The homogeneous and stable nanofluids were prepared with different mass concentrations 

and their thermal stability and thermal conductivity were measured. 

8. An increase in temperature led to enhanced thermal conductivity and shows a semi-linear 

relationship in the range of 10 to 50°C. 

9. Enhanced thermal conductivity is observed with increasing mass concentration in the base 

fluid. 

10. Among all samples of nanofluids sample, 3 shows the highest thermal conductivity with 

increasing temperature. 



 

78 
 

11. The heat transfer profile of GO is a favorable combination of degree of oxidation, high 

aspect ratio, particle size and geometry, and low thermal interface resistance between 

graphene oxide sheets. 

4.2 FUTURE SCOPE  

1. Cooling efficiency can be increased by applying nanoparticles in host fluids 

2. The addition of nanoparticles in fuels (nano fuels) can improve combustion in IC engines 

and reduce the emission of harmful gases during combustion. 

3. The enhanced heat transfer profile of nanofluids makes them suitable for the next 

generation heat transfer fluids for microelectronics industries. 

4. Nanofluids can be used as a targeted drug-delivery method.  
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