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Abstract 
The current study investigates the variation in structural, morphological, and dielectric 

properties of GNPs annealed at temperature ranging from 300-1100 OC under vacuum 

conditions. Commercially available purified GNPs powder has been used to prepare pellets of 

the sample. The change in physical properties of as-prepared and annealed samples of GNPs 

have been studied using X-ray diffraction, Field Emission Scanning Electron Microscopy, 

Raman spectroscopy and LCD meter. 

The structural study has clearly showed the improvement in the crystallinity, 

enhancement in number of graphene layers and grain size by annealing. A slight shift in 

difiaction peak (002) toward lower and higher angles (20) has also been observed with 

corresponding change in lattice parameters for all heat treated samples. Raman spectra 

reveals that defects ratio (I&) have reduced from 0.368 to 0.314 in the annealed samples up 

to 700 OC and then have increased abruptly from 0.314 to 0.550 above 700 OC due to 

breakage of C=C bond in hexagonal network of GNPs. FESEM images has displayed that 

during thermal annealing of GNPs, their platelet like overlapped morphology is increased by 

increasing temperature from 300 to 11 00 OC and agglomerated with irregular boundaries. The 

dielectric properties of GNPs have calculated from lOOHz to 5MHz frequency range. A 

significant change in dielectric constant and dielectric loss at low frequency has been 

observed. Also at fixed frequency, dielectric constant has varied with defects while dielectric 

loss tangent has decreased by annealing. The AC conductivity of GNPs is found to be 

increased linearly with increasing frequency and then started to decrease at relatively high 

frequencies for all annealed samples. Similarly The AC conductivity of GNPs is considerably 

increased with increasing defects by annealing the samples. 

These results demonstrate that this easy, environmentally-fiiendly and low-cost 

technique (vacuum thennal annealing) to improve quality of Graphene Nano platelets is 

reliable and promising. Therefore, it is suggested that to improve the quality of GNPs through 

vacuum thermal annealing, 700 OC is the optimal temperature to obtain GNPs with least 

defects. 

To our knowledge, this is the first reported research work of this particular (GNPs) 

carbon nanostructured material. 



CHAPTER NO.1 

1 INTRODUCTION 

1.1 Nano-Materials 

Nanoscience concerns with synthesis, characterization, investigation and utilization of 

nanostructured materials. These materials have at least one length in the nanometer 

dimension. A nanometer (nm) is defined as one billionth part of a meter or lo4 m. One 

nanometer length is almost corresponding to diameter of 5 silicon or 10 hydrogen atoms [I]. 

The structure, properties and processing of materials with grain size ranging fiom 10 

to 100 nm are research field of main concern during the last two decades. A major revolution 

in medical, engineering and material sciences is going on as investigators discovery new ways 

to design, fabricate and techniques to identify materials at nanoscale. Novel materials with 

remarkable optical, mechanical, magnetic and electrical properties are speedily developed for 

use in environmental, energy, information technology, medicine and bioengineering 

applications [2]. 

At nanometer scale, some chemical and physical properties of the materials can 

fluctuate considerably from the bulk structured materials with same composition. Crystals 

have a low melting point and decreased lattice constants at nanometer scale, for the reason 

that the number of surface atoms to the total number of atoms becomes a significant and the 

surface energy presents a key function in the thermal stability. Therefore, many material 

properties must now be re-examined in view of the fact that a significant enhancement in 

surface/volume ratio is associated with the reduction in dimension of the material at 

nanometer scale, possessing a significant influence on material efficiency [3]. 

1.2 Nanostructured Carbon Materials 

1.21 What is Carbon? 

The word Carbon comes fiom Latin carbo and French charbon meaning charcoal. 

Carbon is simultaneously one of the hardest (diamond) and softest (graphite) material exist in 

nature. Carbon (by mass) is the fourth highest bountiful element in the universe after H, He, 

and 0 and the 15& most bountiful element in the Earth's crust. Carbon is also found in all 

living organisms and is the 2nd most bountiful element in the human body (18% of body 

weight) after Oxygen. In Periodic Table, it is placed in Group 14, Period 2 element and having 



P Block. Sumerians and Egyptians discovered it around 3750 BC. In 1789, Carbon as an 

element was identified by Antoine Lavoisier [4]. 

1.1.2 Physical Properties of Carbon 

Table 1- 1 : Physical properties o f  carbon 

1 Physical properties of carbon ..I I 

Name 

Symbol 

Group, period, block 
I 

Carbon 

C 

14, 2, p-block 

Classification 

Phase 

b 
Protons 

I 

Non-metal 

Solid 

Atomic number 

Electronic configuration 

Number of Electrons or 

6 

ls2, 2s2, 2p2 

- 

Number of Neutrons 

Atomic mass 

tsotopes 

I Density (at room temp.) Graphite : 2.26 g/cm3 
Diamond : 3.56 dcm3 

6,7,8 

12 amu 

*c, U ~ ,  14c 

Allotropes 

Crystal structure 

Graphite, Diamond, Graphene, Fullerene 
Amorphous,, Carbon nanotubes 

Hexagonal (Graphite), Cubic (Diamond) 

1 Melting point (Graphite) 1 3652.0 OC 

Color 

Oxidation State 

Grey(Graphite), Clear (Diamond) 

+ 4 (CCI,) to  - 4 (Sic) 

I ( Diamond: 900-2300 w . ~ - ~ . K - ~  

Boiling point (Graphite) 

Refractive index 

4827.0 OC 

2.417 ((Diamond) 

1.2.3 Carbon Structure and Isotopes 

Thermal Conductivity 

Carbon is the basic building block of graphene and graphite. It is placed at sixth 

position in the periodic table and contains six electrons, six protons while having different 

numbers (6,7 and 8) of neutrons. Carbon having atomic number six and seven produces 12c 
and 13c as stable isotopes while atomic number eight generates '*c as radioactive isotope. 12c 

Graphite: 119-165 W - ~ - ~ . K - '  
Regroduced 6wn: www.americanel~ts.com 



having zero nuclear spin is the most common isotope with 99% of all C-atoms, while 13c with 

half nuclear spin is only 1 % in nature as shown in Fig. 1 - 1. 

Figure 1-1: Natural isotopes of carbon [5] 

14c traces are extremely in trivial amount (1 part per trillion) in nature which decays in 

to % emitting p- particle. Despite I4c exits in extremely small amount, it is an essential 

isotope studied for chronological dating. On account of its half-life of 5730 years, 14c is 

mostly practiced to evaluate the age of dead plant or animal by calculating its absorbed 

amount in that dead sample. On the whole, carbon is the essential part of all organic 

molecules and hence, responsible for life on earth [S]. 

As carbon has six electrons, its electronic configuration is ls2 2s2 2p2. First two 

electrons occupy 1s-orbital which is insignificant for chemical reactions due to closeness of 

nucleus while other four electrons fill outer 2s and 2p-orbitals. Out of four, 2 electrons occupy 

2s-orbital and remain 2 electrons fill 2p-orbital. The 2p-orbital is divided in to sub-orbitals 

2px, 2py, and 2pz. Out of 2, one electron fills 2px and other 2py sub-orbital while 2pz sub- 

orbital remains empty. The variation in energy between 2s and 2p orbitals is 4 eV. When 

carbon atom forms covalent bond with hydrogen, oxygen and other carbon atoms, less energy 

(4 eV) is required to excite 1 electron from the 2s-orbitals to the 2p- orbitals, as compared to 

1 s orbitals as shown in Fig. 1-2. 



ground state excited state 
(-4eV) 

Figure 1-2 Electronic configuration of carbon atom [S] 

1.2.4 Hybridization in Carbon 

Orbitals of the same atom can overlap, merge and undergo a process of hybridization 

to form a new set of hybrid atomic orbitals that have a definite shape and orientation. In 

hybridization process, atomic orbitals involved yield the same the number of hybrid orbitals. 

These hybrid orbitals (sp, sp2, sp3, sp3d and sp3d2) are mathematical models used to explain 

localized bonds and cannot be directly studied or measured. 

Hybridization can be classified in to three categories on the basis of hybridization index. 

1. sp3 or Tetrahedral Hybridization: In sp3 hybridization, one 2s and three 2p orbitals 

participate, following in making of four sp3 hybridized orbitals as shown in Fig. 1-3. 

Figure 1-3: sp3 Hybridization [q 



Figure 1-4: sp2 Hybridization [l 

Figure 1-5: sp Hybridization [7] 

2. sp2 or Trigonal Hybridization: In sp2 hybridization, one 2s and two 2p orbitals 

participate, consequent in the development of three sp2 hybrid orbitals known as Trigonal 

Hybridization as shown in Fig. 1-4. 

3. sp or Diagonal Hybridization: In sp hybridization, one 2s and one 2p orbital participate 

in hybridization, subsequent in the development of two hybrid orbitals called as sp hybrid 

orbitals as shown in Fig. 1-5. 

The hybridized orbitals made strong (covalent) a-bonds while the non-hybridized 

orbitals built weak n-bonds. The sigma-bonds are oriented so as to have highest possible angle 

between one another. As a result carbon can form linear chains, planar sheets or bulk material 

depending on the hybridization. The linear form of carbon is identified as carbyne, the planar 



sheet as graphene and the bulk material as diamond. If there is no long range order but a mix 

of sp, sp2 and sp3 bonds, the structure is amorphous [6] .  

1.25 Carbon Allotropes 

Diamond, graphite and amorphous carbon are well-known carbon allotropes since 

thousands of years. They reflect the versatility of carbon. Diamond is abrasive while graphite 

is a good lubricant and amorphous carbon exists in both phases (diamond and graphite like 

structure) depending on the degree of sp3 hybridization. 

Figure 1-6: Different allotropic forms of carbon [8] 

Graphite 

Graphite is dynamically the best stable carbon structure under standard conditions. 

The structure of graphite had been elucidated by Debye, Scherer, Grimm, Otto, and Bernal in 

1917. The basic unit of graphite is called graphene. It is characterized by a sequence of 

graphene layers that spread over a xy-plane. These layers are stacked along z-direction and 

bounded together with weak van-der Waals [9]. 



Figure 1-7: Three dimensional structure of graphite [lo] 

In each graphite layer, carbon atoms are organized in a hexagonal network with carbon 

to carbon distance is 0.142 nm, and the planes are separated by 0.335 nm as shown in Figure 

1-7. Graphitic carbons fundamentally consist of sp2-hybridaized carbon atoms which are 

organized in a planar "honeycomb-like" network. Vander Wads forces are responsible for a 

weak cohesion of the graphene layers generate layered graphite structure. Graphite powder 

has bulk density between 1.3 and 1.95 g/cm3 and surface area 8.5 m21g. Graphite being the 

stiffest material has Young's modulus around 1060 MPa, which is many times large than clay 

[S]. At room temperature, it has an excellent electrical conductivity of 104 Slcm. and the 

electricity is only passed within the plane of its layers. It is also a good conductor of heat and 

has a high melting temperature of 3500•‹C. Graphite is remarkably resistant to acid, extremely 

refractory, chemically inert, and has a low coefficient of iiiction. Its layered structure also 

provides a large anisotropy in the properties of graphite [l 11. 

Graphite has two different modify cations, the hexagonal a-graphite, and the 

rhombohedra1 P-graphite. The rhombohedral P-graphite is relatively abundant in natural 

graphite and may be transformed into the thermodynamically more stable hexagonal form by 

the action of heat. The discrete graphene layers in the hexagonal structure are stacked 

according to an order ABAB with the atoms of a layer B being positioned above the centers of 

the hexagons in a layer A, and vice versa (Figure 1.8 a). 



Figure 1-8: Arrangement of layers in hexagonal and rhombohedra1 graphite [12] 

The third layer is congruent with the z-projection of the first one. The hexagonal unit 

cell consists of four carbon atoms, and the dimensions (2.456 x 2.456 x 6.708) A3. In 

rhombohedral graphite, the layers are stacked in an ABCABC sequence (Figure 1.8 b), bring 

about to a bigger unit cell (2.456 x 2.456 x 10.062) A3 that also contains four carbon atoms. 

Rhombohedra1 form is converted into a-form above 1025 OC, while the reverse transformation 

may be attained by milling. The enthalpy of formation is about 0.06 kJ mol-' higher for 

rhombohedral than for hexagonal graphite [13]. 

Diamond 

The word diamond comes from the Greek word meaning unbreakable. In contrast to 

soft graphite, diamond is known hardest natural material. Diamond is an insulator with a wide 

band gap (5.5 eV). In diamond, each carbon atom has four immediate neighbors positioned at 

the corners of a tetrahedron. All carbon atoms are sp3- hybridized and the bond length 

uniformly is 154.45 pm. The crystal lattice of normal diamond is face-centered cubic (FCC) 

with a lattice constant of 356.68 pm and its unit cell has eight atoms. 

I Diamond Structure of I I Diamond 
Unit cell of 
diamond 

Figure 1-9: Diamond and its crystal structure 1141 



Diamond also displays a great resistance to compression due to its tetrahedral 

structure. To measure the hardness of a crystal, Friederich Mohs developed a scale called 

Mohs, which grades compounds according to their ability to scratch one another. Diamond is 

known hardest material due to its highest value 10 on Mohs scale and has ability to scratch all 

other materials. Diamond is the best conductor of heat, conducting heat five times more than 

that of copper. Sound waves can pass through it, but not electricity. As diamond is a good 

insulator, its electrical resistance, chemical inertness and optical transmissivity are 

congruently remarkable. Additionally, diamond scatters light with refractive indices for red is 

2.409 and for violet light are 2.465. Therefore, it works like a prism to dispersed visible 

spectrum (white light) into rainbow colors [15]. 

Table 1-2: Comparison between properties of graphite and diamond 

1 Physical properties of graphite and diamond I 
Properties / Graphite / Diamond / 

Color 

Density @ 293 k (g/cm3) 

Black with metallic 
luster 

2.26 

Refractive Index (at 546 nm) 

Specific resistance 

Amorphous carbon 

Amorphous carbon (also called diamond-like carbon) does not have any crystalline 

structure. These materials are free, reactive and can be made stable by removing dangling-x 

bonds with hydrogen atom. Then these stable carbon materials are known as hydrogenated 

amorphous carbon. General amorphous carbons are symbolized by aC, hydrogenated 

amorphous carbons by aC: H or HAC and tetrahedral amorphous carbons by ta-C. 

In mineralogy, soot, coal, carbide-derived carbon, and other impure forms of carbon 

which are neither diamond nor graphite, are all types of amorphous carbon. However, the 

Colorless 

I 3.514 

Hardness (Mohs) 

Thermal Conductivity (w.~-'.K-') 

Band gap (eV) 

Electrical Conductivity (S cm-') 

Combustion Enthalpy (K J-mol-') 

Charge mobility (cm2.~-l.~-') 

Mohs hardness scale 

2.15 1( ; 1.81~ 
0.5 x lo4 fi cm ; 
0.2-0.1 n cm 1 

2.43 

10"-1016 cm 

1 11 ; 4.5 1 
25-470 

0 

4000, Conductor 

393.5 

200,OOO 

1-2 

10 

2500 

5.5 

10-*, Insulator 

295.4 

100,OOO 

10 - 



crystal structure of these materials is similar to polycrystalline materials, rather than truly 

amorphous [ 161. 

True amorphous carbon has localized .n electrons and nature of bonds, bond length and 

distances are all irregular as compared to any other allotrope of carbon. The concentration of 

dangling bond in these materials is very high; thus causing deviations in interatomic spacing 

of more than 5% along with observable change in bond angle. 

Figure 1-10: Ball & stick models of several amorphous carbon networks (red, blue and grey spheres 
are the sp4, sp3 and sp2 atoms, respectively) [17] 

The most important technique for characterizing these carbon materials is to evaluate 

the ratio of sp2 /sp3 hybridized bonds. Graphite and Diamond have sp2 and sp3 hybridized 

bonds in their structure respectively. Therefore, materials that have high concentration in sp3 

hybridized bonds are called tetrahedral amorphous carbon (due to the tetrahedral shape made 

by sp3 hybridized bonds) or diamond-like carbon (due to the resemblance of diamond's 

physical properties) [ 1 81. 

1.2.6 Carbon-based Nanostructure Materials 

Diamond, graphite and amorphous carbon are known carbon allotropes since 

thousands of years while its low dimensional allotropes form collectively called as carbon- 

based nanostructure materials. These materials synthesized and characterized at nano level 

have following three important forms: 

i. Fullerenes 

ii. Carbon Nanotubes 

iii. Graphene 



In 1985 Richard Smalley, Harold Kroto and Robert Curl described the discovery of the 

buckminsterfbllerene ("Bucky balls") [19], a discovery that awarded them the Nobel Prize in 

Chemistry in 1996. Through this discovery the science field of carbon based nanostructured 

materials was introduced. Fullerenes are categorized as zero dimensional (OD) lacking 

extension beyond a nanometer. Another type of Bucky balls (Fullerenes) in tubular form of 

diameter ranging fiom 1 to 10 nm known as carbon nanotube (CNT) was discovered in 1991. 

Multiwall nanotubes are designed in a carbon Arc Discharge observed by Sumio Iijirna in 

1991, and after two years, single-wall nanotubes are independently developed by Iijirna and 

Donald Bethune at IBM [20]. Carbon nanotubes are known as 1D carbon materials. In 2004 

Andre Geim and Kostya Novoselov at Manchester University succeeded to extract the 

structure 2D material graphene from bulk graphite with a simple technique using adhesive 

tape [21]. Their work on graphene leaded to award them the Nobel Prize in Physics in 2010. 

1.2.7 Carbon Nanostructured Materials of Different Dimensionalities 

Different methodologies are in practice to categorize carbon nanostructured materials. 

The proper grouping system is influenced by the field of application of the nanostructured 

materials [22, 231. Carbon nanostructured materials are categorized in to four classes on the 

basis of dimensionalities: 

i. Zero dimension structures (e.g., fullerenes, diamond clusters) 

ii. One-dimensional structures (e.g., carbon nanotubes) 

iii. Two-dimensional structures (e.g., graphene) 

iv. Three-dimensional structures (e.g., nanocrystalline diamond, graphite) 

Technically, a graphene sheet can be considered as a basic building block for other 

carbon nanostructured materials. Wrapping sheet spherically forms OD fullerenes, rolling into 

cylinders forms 1D Carbon nanotubes, and stacking layers into piles forms 3D graphite as 

shown in Fig. 1 - 1 1. 



Figure 1-1 1 : Graphene as a basic building block for all Graphitic forms [24] 

Zero-Dimensional Carbon: Fullerenes 

Materials having all spatial dimensions within the nanoscale (no dimensions, or 0-D, 

or less than 100 nrn) are said zero-dimensional nanomaterials. Fullerenes have cage-like 

structure which can be considered as zero dimension (OD) carbon material. In 1985 Kroto et 

al. were able to produce C60 molecules, which have been named as Buckminsterfullerene, 

after Buckminster Fuller whose geodesic domes it resembles [25]. The discovery of CfjO 

provided a strong signal for scientific community of the options of carbon materials and 

started gold rush in carbon research. Since discovery of Cm, many other fullerenes have been 

synthesized varying from the smallest fullerene Czo to CM [26]. Also gigantic fullerenes 

consisting hundreds of atoms have been proposed [27], see Figure 1-12. All fullerenes are 

extremely strong cage structure which can bear high temperatures and pressures without 

breaking or changing the original shape. 

Fullerenes have general formula C20+2n and consist of hexagonal and pentagonal facets. 

In Fullerenes carbon atoms are sp2 hybridized which are organized to the spherical-like 

configuration. The pentagonal facets try to bend it to spherical form while the hexagons tend 

to keep the surface flat. CM (consists of isolated pentagonal facets) is the smallest possible 

fullerene. The isolated pentagonal facets will lower the energy of Ca and make it energetically 

more stable than smaller fullerenes. While Czo structurally minutest Fullerene is extremely 



reactive, distinctly curved and it is very challenging to synthetize it without any surface 

contaminations [28,29]. 

Figure 1-12: Different structures of Fullerenes (a) Czo (b) C40 (c) C240 and (d) C540 [30] 

One-Dimensional Carbon: Nanotubes (CNTs) 

One dimensional (ID) materials are those in which crystal size is negligible in two 

dimensional but not restricted in third dimensional. Carbon nanotubes are 1D cylindrical 

molecule and discovered experimentally by S. Iijirna in 1991 with transmission electron 

microscopy, see Figure 1 - 13. The diameter of CNT is of nanometer size and its length can be 

as long as 18.5 cm. The scientific importance of CNTs is due to their exceptional electronic 

properties which are influenced by chirality. By modifying the diameter of carbon nanotubes 

and attaching different atoms on its surface, these can be either semiconducting or metallic in 

nature. Mechanical properties of the CNTs are also distinctive compared to other 1D 

nanostructure. In axial direction they are very strong but in radial direction nanotubes are 

quite soft. CNTs are very flexible and can withstand cross-sectional and twisting distortions 

and compression without fkacture. These desirable mechanical properties make CNTs 

potential candidates for many applications relevant to everyday consumer [3 11. 

Various techniques to synthesize CNTs have been developed. The most common 

methods are Chemical Vapor Deposition, Laser Ablation and Arc Discharge. The first CNTs 

were formed using Arc Discharge by Iijima in 1991. If one CNT is contained within another 

then it is categorized as a double-wall carbon nanotube (DWCNT) and if the CNT consists of 

more than two layers it is termed a multi-wall carbon nanotube (MWCNT). 



Figure 1-1 3: Different types of CNTs, Surface of (a) armchair (b) chid CNTs, (c) Schematic 
presentation of Multi-Wall CNT [30] 

Two-Dimensional Carbon: Graphene 

Two-dimensional materials are those whose two dimensions are not confined to the 

nanoscale but are restricted in one dimension. For example, graphene is a 2D carbon material. 

Three-Dimensional Carbon: Graphite 

Three-dimensional materials are those whose no dimension is confined to the 

nanoscale. Diamond and graphite are the most well-known form of three-dimensional carbon 

material, which has been discussed in previous section (carbon allotropes). 

1.3 Graphene 

Graphene is a two-dimensional (2D) carbon material with thin sheet of carbon atoms 

that are organized in a hexagonal structure like honeycomb network. Graphene sheets with an 

interplanar spacing of 0.335 nm stack to form graphite and carbon to carbon bond distance is 

0.142 nm. For many years it was understood that graphene does not exist in free state but is 

arranged to stacks forming graphite [32]. 



graphene 

graphite 

Figure 1-14: Isolation of graphene from graphite [33] 

Though graphite had been used for centuries, individual graphene layers were isolated 

for the first time just recently by Novoselov et al. In each one of these sheets, carbon atoms 

occupy the vertices of hexagons in the honeycomb lattice. They form a very strong a bond 

with the three adjacent atoms through sp2 hybridization. The remaining 2p orbital is then 

available to form a 7-c bond with adjacent atoms. The so formed extended z-electron network 

permits the flow of electrons in graphene and decides its optical and electrical properties [34]. 

One of the most significant achievements in 2 1 st century is the discovery of graphene and its 

experimental observations. For this groundbreaking experiment, the Nobel Prize in Physics 

was given jointly to Konstantin Novoselov and Andre Geim in 201 0. 

1 . 3 ,  k Electronic Structure and Bonding of Graphene 

Graphene is the atomically thin layer of carbon atoms in sp2 arrangement. The angle 

between the sp2 orbitals are 120' and carbon atoms binding only to other carbon atoms in this 

configuration will reduce in a honeycomb crystal lattice, infinitely wide but only one atom 

thick. With atoms forming only three bonds out of the available four, graphene is left with an 

out of plane delocalized x-bond network is shown in Figure 1-15. The primitive cell in 

reciprocal space, the Brillion zone in graphene is shown in Figure 1-1 6. The bonding and anti- 

bonding orbitals meet at Dirac points in the K- and K'-points of the Brillion zone forming 

Dirac cones with increasing energy gap towards the M- and r-points. Figure 1-1 7 illustrates 

the electronic band structure in the Brillion zone of graphene. Independent of the viewpoint 

the result is an exceptionally high electron mobility and correspondingly low resistivity [35]. 



Figure 1-1 5: sp2 hybridization in graphene [36] 

Figure 1-16: Graphene and its reciprocal lattice (a) Lattice structure of graphene, a, and a2 are the 
lattice vectors. Shaded area shows graphene unit cell holds two carbon atoms A and B. 
(b) g, and g, are the reciprocal lattice vectors of graphene. The corresponding fmt 
Brillion zone is depicted as the shaded hexagonal. The Dirac cones located at K and K' 
points [37]. 

Figure 1-17: Schematic representation of band structure of graphene with two in-equivalent k- and kt- 
points, at the vertex of Brillion Zone display no energy band gap between two sub lattices 
1381 

Isolated from any surroundings, graphene would have lower resistivity than silver. 

However, electron scattering due to phonon interaction fiom contact surfaces at room 



temperature decreases the electron mobility and increases resistivity. Other extraordinary 

properties of graphene include a thermal conductivity exceeding that of diamond which is 

otherwise known as the best conductor of heat. According to Changgu Lee et al., graphene is 

to date the strongest material known to man with contravention strength 200 times greater 

than that of steel [39]. 

1 Why Graphene is Important? 

b It has the capability of replacing silicon in the field of electronics for the next generation 

devices 

b Its planar structure helps to develop electronic devices and has multiple electrical 

properties 

b It measures one-atom in thickness, and can help to develop nano-scale devices 

b Graphene is a good electric and thermal conductor and can be used to make computer 

parts and semiconductor circuits 

It also facilitates laboratory tests in physics that involve quantum mechanics and relativity 

Table 1-3: Comparison between properties of graphene and carbon nanotubes 

Properties 

Dimensions 

Density @ 293 k (&m3) 

I Specific surface Area 1 2630 1 400 1 

I 

Graphene 

Thermal Conductivity 
(w.~-'-K-') 

I Electrical Conductivity (S cm-l) 1 lo6 1 5000 1 

Carbon 
nanotubes 

* 

2D 

2.26 

1 D 

1.33 

5000 

1.33 Single, Double and Multilayer Graphene 

The electrical and electronic properties of graphene are influenced significantly by the 

number of layers (Geirn and Novoselov, 2007). Normally the graphene community 

differentiates among mono-layer, double-layer, few-layer and multi-layer graphene. One sheet 

of graphene placed on top of another is known as bilayer layer graphene and when the number 

of layers is in the range 3-9 it is known as few-layer graphene. Multi-layer graphene is a 

structure consisting of more than 10 and less than 100 graphene layers and bulk graphite as 
s'*t. 
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the number approachinfinity. Stacked graphene can also form turbostratic carbon if the sheets 

are slightly shifted fiom the graphite (optimum) alignment [40,41]. 

Single-layer Graphene 

Single-layer graphene is consists of a honeycomb like structure of carbon atoms as 

depicted in fig. 1-18(a). Its unit cell (shaded area) contains two sublattices represented by A 

and B. All carbon atoms are bounded by sp2 hybridization which make sigma bond with each 

other while delocalized pi electrons form pi bond. It has zero band gaps [42,43]. 

Bilayer Graphene 

Two layers of graphene bounded together in AB (Bernal) arrangement is called bilayer 

graphene [44] as displayed in figure 1-1 8(a). Graphene unit cell (shaded area) contains A and 

B layers. The distance between these two stacked layers is 0.334 nm and lie directly above or 

below each other [45]. 

Figure 1-1 8: 2D primitive cells of Graphene with different stacking sequences 1461 

Multilayer Graphene 

A two dimensional material, (either as a substrate-bound coating or Eree-standing 

flake) contains 2-10 stacking structure of graphene layers is called multi-layer graphene [47]. 

A range of different stacking structures is possible in multilayer graphene due to weak 

Van der Wads forces among layers, giving different electronic properties [48]. The AB- 

stacking is recognized as the most stable arrangement of graphene layers. In this stacking 

arrangement, sublattice A on one honeycomb layer lies exactly below (or above) sublattice B 

on the other honeycomb layer as shown in figure 1-18(b). If graphene layers are stacked of 

more than 3 layers, then two arrangement of layers are possible as ABA (Bernal or hexagonal) 

[49] and ABC (rhombohedral) stacking [50] as displayed in figures 1-18(c) and 1-18(d), 



respectively. In natural graphite, the ABA stacking arrangement is common and highly stable, 

while ABC takes some portion partly. 

Stacking arrangement sensitively influences the electronic band structure of multilayer 

graphene. Multilayer graphene with ABA-stacking sequence, the spectrum comprises of 

superimposed linear (like monolayer graphene) and quadratic bands (like Bilayer graphene) 

[51], whereas the ABC multilayer graphene order has an absolutely dissimilar spectrum [52]. 

Optical measurement techniques are extensively implemented to calculate the electronic 

properties of layered graphene system, while Rarnan spectroscopy is implemented to evaluate 

the number of layers and stacking structure [53]. 

1.4 Graphene Nano-Platelets (GNPs): Our material of interest 

Graphene is a mono-layer of carbon atoms arranged into a hexagonal lattice having 2D 

structure. It has highly applicable electronic properties that depend on the number of graphene 

layers. For a number of layers of about 2-5, they are called few layered graphene, graphene 

layers stacked 3-10 layers are known as multi-layer graphene, around 10-100 layers of 

graphene are known as Graphene Nanoplatelets (GNPs) [54, 551. Graphite consists of 

hundreds to thousands of graphene layers. Graphene Nanoplatelets are structurally considered 

in between graphene and graphite; neither they are like single sheet of graphene, nor graphite. 

Thus on the basis of number of layers, graphene, GNPs and graphite can easily be 

differentiated. GNPs are inexpensive as compared to carbon nanotubes and single sheet of 

graphene. They have normally grain size in nano-meter thickness (stacking height) with micro 

sized diameter, giving them high aspect ratio (thickness/diameter). 

1.4.1 Why Graphene Nanoplatelets are Important? 

Graphene Nanoplatelets (GNPs) are effectively used in providing barrier properties 

due to their unique size and platelet morphology, whereas their pure graphitic configuration 

proves them outstanding thermal and electrical conductors. GNPs can also be used to enhance 

mechanical properties like surface hardness, strength, and stiffness of the matrix material 1561 

During the last several years, graphene research has developed at a very rapid pace. 

However at present, high cost and low yield of graphene have been hampering its research and 

application. In recently years, GNPs which are comprised with several stacked graphene 

sheets have emerged to offer more possibilities for expanding the on-going development of 

graphene. Compared with graphene, GNPs have much lower production cost and better 



stability. GNPs and their composites exhibit good mechanical and electrical properties [57- 

591 which enable them for potential applications such as in protein detection [60, 611 

photomechanical actuation [62] and in thermo conductive materials [63]. 

142 Characteristics of Graphene Nanoplatelets (GNPs) 

GNPs have very high Young's modulus (- 1,000 GPa) and high strength (-130 GPa 

estimated). 

In composite materials, GNPs can offer an efficient moisture barrier 

GNPs have excellent electrical Conductivity along the plane (- 20,000 S/cm). 

They have density 2.26g/cm3 which is four times lower than copper 

GNPs have thermal Conductivity equal to 5,300 w ~ " R '  which is five times more than 

that of copper. 

GNPs have high range of specific surface area &om 20 to 1500 m21g depending on their 

methods of preparation 

They have density (2.26 g/cm3) much lower than steel but have strength 50 times stronger 

than steel 

They have very good opposition to gas infiltration. 

They can be dispersed in common solvents and many polymers 

Due to their nano-scaled size, they can be used as filler for composites. 

GNPs in nano-composites have high loading up to 75 wt.% [64] 

1.43 Applications of Graphene Nanoplatelets 

Graphene Nanoplatelets (GNPs) are an excellent additive to plastics of all types, and 

can be an energetic constituent in coatings or inks as well as compatible with almost all 

polymers. Due to non-oxidizing nature and a pristine graphitic surface of sp2 carbon 

molecules, GNPs are exclusively useful in high thermal or electrical conductivity locations 

WI. 
b GNPs are used in Ultra capacitor electrodes 

b They are used as anode materials for lithium-ion batteries 

b Graphene Nanoplatelets can be used as Conductive additive for battery electrodes and for 

making lightweight composites 

b GNPs are used in electrically conductive inks 

b Flexible touch displays, solar cells and photovoltaic can be made by GNPs 

b They are used in making thermally conductive films and coatings for EM1 shielding 



b GNPs are used as substrate for chemical and biochemical sensors 

b They have tremendous application as barrier material for packaging 

b GNPs can be used as additive for super-strong concrete and metal-matrix composites 

b Due to their absorptive behaviors (great chemical bonding to a wide range of resins), 

GNPs are used in areas of energy production for a cleaner environment 

b GNPs are also used as a filter, for purifjring harmful organic and in-organic materials 

(heavy metals and radionuclides) fkom wastewater and ground water. 

Conclusively, in future GNPs will be the part of electronic circuits due to their nano-scaled 

size, lower resistance, lower voltage and faster in current conduction. 
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Figure 1-1 9: Overview of Applications of Graphene Nanoplatelets (GNPs) [66] 

1.5 Heat Treatment 

Heat treatment states the heating and cooling processes required to modifj the 

characteristics of ceramic materials, alloys plastic and metals. Heat treatment means when a 

material has been heated beyond a certain temperature, it experiences a structural modification 

on cooling to room temperature. 

The objective of heat treatment is to attain any one or more aims cited as follows: 

b To eliminate strain hardening of a cold worked metal and to elevate its ductility 



b To release inner stresses established during coldhot-working treatments 

b To enhance the cutting ability and to improve grain structure after hot working a metal 

b To increase magnetization property of steels 

1.%1 Thermal Annealing 

Thermal annealing or simply annealing is a type of heat treatment in which a material 

attains a structure near to the equilibrium one after heating to certain temperature. In thexmal 

annealing, a material is placed in a high temperature environment for a long time period and 

then gradually cooled. 

Annealing is performed to relative stresses, enhance softness, ductility and create a 

particular microstructure. In thermal annealing, temperature of heating relies on the 

configuration of material and the specific type of the process. 

The process of thermal annealing comprises of three phases: 

(i) Heating the material to the required temperature 

(ii) Holding the material at that temperature for a specific time 

(iii) Cooling slowly, generally to room temperature 

In thermal annealing processes, time is a key factor. Temperature gradients exist I 
! 

between the interior and outside parts of the material during annealing process. The I 

magnitude of temperature gradients basically depends on geometry and the size of the heating 

material. The temperature gradients are typically 30-200•‹C/h. If the magnitude of temperature I 

1 
gradients is too great, then stresses may be produced inside the material that may give an 

I 

increase in folding and cracking. 

1 .  Recovery, Recrystallization and Grain Growth 

When a material (normally metal) is plastically deformed at low temperatures (- 25 

OC) a change in microstructural and property occurs. These include: 

b A variation in grain size and shape 

b Strain hardening 

b An enhancement in dislocation density 

The changes in structure and property of the mataial can revert back to the pre-cold 

worked states by proper thermal annealing, i.e. heat treatment. Such reclamation of properties 

is the result of two dissimilar processes i.e., recovery and recrystallization that happen at high 

temperatures. Recovery occurs at comparatively low temperatures and recrystallization at 

higher temperatures. 



Recovery 

This term means that all alterations only involve in the fine structure and it does not 

alter the shape and size of grains. In the course of this process, some of the stowed inner strain 

energy is released as a result of displacement motion and increased atomic dispersion at high 

temperature. Also, thermal and electrical conductivities are recuperated to thei 

worked states. 
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Figure 1-20: Grain size verses annealing temperature is displayed. Grain structure during Recovery, 
Recrystallization and Grain Growth phases are presented [67] 

Recrystallization 

It is a process in which nucleation and growth of new grains occur with minimal 

structural defects. As a result of Recrystallization, completely new most often equiaxed 

crystals are created. The variation in inner energy between the strained and unstrained 

material is the chief dynamic force to create this new grain structure. The new grains generate 

at the cost of small nuclei and grow until they totally devour the parent material. This process 

comprises of short-range difision and may be used to improve the grain structure. 

Grain Growth 

In the course of recrystallization process, the nucleation of new grains happens in the 

areas of the maximum dislocation density, generally at the boundaries of distorted grains. The 

larger the plastic deformation, the more recrystallization centers develop in a metal. These 

centers are basically submicroscopic zones with the minimum amount of point and linear 

defects in the structure. These regions grow due to reorganization and limited demolition of 

dislocations. With the passage of time, centers of new grains increase in size as a result of 

transport of atoms from the distorted portions to a more perfect lattice [67]. 



CHAPTER N0.2 

2 MATERIAL AND METHODS 

2.1 Sample Preparation 

Commercially available purified Graphene Nanoplatelets (KNG-150, Xiamen Knano 

Graphene Technology Co., Ltd, China) powder with carbon content of 99.99% were used to 

prepare pellets using Desk-top Powder Presser (Model YLJ-24T). 

Figure 2-1: Desk-top Powder Presser (Model YLJ-247') [68] I 

I 

2.1.1 Procedure I 

Graphene Nanoplatelets (GNPs) in the form of powder are put on the center of the 

working stage. The spinning screw is turned down toward the sample. The oil release valve 1 

I 

was opened. Then swang the rocker 3 to 4 times forth and back and tighten the oil release I 
! 

valve. The pressure was increase up to 20 MPa. This pressure was kept for 15 minutes before 

opening the oil release valve. GNPs were pressed in to pellets of diameter 13 mm and of 

thickness 3 mm. These pellets had almost same weight, diameter and thickness and pressed 

for same duration. 

2.2 Vacuum Annealing of Prepared Samples 

The simple annealing experiment was performed in the quartz tube reactor described 

in Figure 2-2. Before starting the annealing process, the furnace was evacuated by vacuum 

pump to create vacuum in the tube. The five out of six pressed pellets of GNPs were 

introduced into the furnace and thermally annealed at 300,500,700 900 and 1100 OC for one 

hour under vacuum condition. The heating rate was 5 OC per minute. The annealed pellets 

were named as G300, G500, G700, G900 and GllOO heated at temperatures 300, 500, 700, 



900 and 1100 OC respectively and one un-treated sample named as Grt (rt means room temp.). 

Afier thermal annealing, the annealed samples were cooled down to room temperature and 

drawn from furnace for further analysis. 

Figure 2-2: High Temperature Vacuum Tube Furnace with block diagram for annealing of GNPs [69] 



CHAPTER N0.3 

3 CHARACTERIZATION TECHNIQUES 

To characterize Graphene Nanoplatelets structure and their morphology, different 

techniques like X-ray Diffraction, Field Emission Electron Microscopy and Raman 

spectroscopy have been used. In characterization, we determine the physical properties and 

morphology of a nano structured material. 

To characterize nanostructures materials different techniques has been used such as: 

b X-Ray Diffraction (XRD) 

b Field Emission Scanning Electron Microscopy (FE-SEM) 

b Raman Spectroscopy 

b LCRMeter 

Among these, XRD is the most commonly used technique for quantitative analysis. A 

brief description of XRD technique is given below. 

3.1 X-Ray Diffraction (XRD) 

XRD stands for X-Ray Difbction. In 1895 a German Physicist Sir William Rontgen 

discovered X-ray during investigation of Crooke's tube experiment. It is the best way to know 

the given material whether it is crystalline, polycrystalline or amorphous and also assistances 

us to calculate the crystal structure, size and shape. Roentgen revealed that when a beam of 

electrons strike with any target material, it emits radiations. These radiations were named as 

X-rays. 

3.1.1 Working 

X-ray diffractometers contain three main parts: an X-ray tube (source of radiation), a 

sample holder, and a radiation detector. X-ray tube contains a filament (cathode) which emits 

electrons on heating. These electrons are accelerated towards anode (Tungsten) by high 

voltage. 

Characteristic X-rays are generated, when these high energy electrons hit inner shell 

electrons of the target (Tungsten) to eject them. The wavelengths of the emitted X-rays 

depend on of the type of target material (Cupper, Chromium, Ferric and Molybdenum). X- 

rays of mono wavelength required for crystal dieaction, are produced using filter. 



Figure 3-1 : Main parts of X-ray Difiactometer [70] 

For diffraction of a single-crystal, Cu is commonly used element for target material, 

with Cupper K, radiation of wavelength 1.5418A. These parallel and in line X-rays are 

focused onto the material. The intense reflected X-rays are recorded (in the form of peak) due 

to constructive interference on rotating the material and detector. Constructive interference 

only occurs if conditions satisfy Bragg's Law. However, destructive interference will occur if 

this condition is not satisfied and no peak will be seen. The reflected X-rays are processes and 

convert them to a count rate which can be seen on output devices such as computer monitor or 

a printer [70]. 

3.1.2 Bragg's Law 

Bragg's law was discovered by Physicist Sir William Lawrence Bragg in 191 2. He and 

his father (William Henry Bragg) awarded jointly Nobel Prize in 1915. According to this law, 

when a parallel and in line beam of X-rays having specific wavelength are incident on the 

atoms of a crystal with a certain incident angle 8, they are reflected with same angle 8 fkom 

the crystal planes producing diffraction in the crystal lattice. When the path difference d of 

two incident waves is an integral multiple of the wavelength of X-rays, then a constructive 

interference will occur otherwise a destructive interference will occur when this condition is 

not satisfy. This law can be written in mathematical form as 

n = 2d sin 0 -------------------------------------- (I) 
Where, h is the wavelength of X-rays, d is the inter planer distance, 8 is the incident angle 

and n (an integer) is the order of reflection [71]. 

XRD diffraction profile is plotted by taking the intensity of the diffracted X-rays along Y-axis 

and measured diffraction angle 28 along X-axis. This diffraction profile is used to find the 

crystal structure, phases and size [72]. 



. . e m . .  13rzass's Law 

Figure 3-2: Schematic diagram of Bragg's Law [71] 

The crystallite size, can be estimated using Scherer's 

L = k h/ p cos 0 ......................................................... ----- (2) 

Where P is the full width at half maximum (FWHM), K is the constant of proportionality (the 

Scherer constant) which depends on the shape of the crystal. K actually varies from 0.62 to 

2.08. L is the size of the crystallites [73-751. 

3.2 Microscopic Studies 

Electron Microscopy is that particular field of science in which an electron microscope 

is used as an instrument which generates an image of a material with the help of electrons 

beam [76, 771. A vacuum is created in Electron Microscopy (EM) and with the help of 

electromagnetic lenses, beam of electron is focused and finally a magnified image is obtained. 

To generate image, EM uses electrons of very smaller wavelength (h = 0.005 nrn) in 

comparison with visible light of wavelengths (h = 400-700 nm) [78]. 

Electron microscopy has two main types: 

1. The scanning electron microscope (SEM) 

2. The transmission electron microscope (TEM) 

Though SEM and TEM were developed within the same decade, they vary largely in 

their applications and uses. Briefly, in SEM, images are created by secondary electrons which 

are 3D image in nature, while the TEM projects electrons through a very thin piece of the 

sample and generate a 2D image [79]. 

3.2.1 Scanning Electron Microscopy 

SEM is commonly used to characterize nanostructures, in particular to estimate their 

morphology (width) and not able to measure nano-sized powders. The working principle of a 



SEM comprises an electron source (thermal field emission) that generates an electron beam, 

which is focused and deflected (raster-scanned) by a system of electromagnetic lenses over 

the sample surface, as schematically represented in figure 3.3a. Samples must be (partially) 

electrically conductive in order to avoid charging effects. The point at which the beam of 

primary electron strikes, secondary electrons (SE), backscattered electrons, X-rays and light 

are generated. The SE, having energy below 50 eV, are emerging directly from the uppermost 

nanometers of the sample. On a sloped surface more electrons are produced. The secondary 

electrons are collected by an in-lens SE detector. The beam is scanned above the surface and 

the position dependent intensity of SE is used for topographic imaging. The whole SEM 

chamber must be under vacuum, since otherwise the electrons would be dispersed by air 

molecules. A working distance (the distance between the sample and the final lens) of 1.5-5 

mm and an electron acceleration voltage of 3-15 kV were adjusted, producing a maximum 

resolution of 1 nm. SEM was done after all other characterization techniques, due to the 

irreversible effect of beam of electron on the imaged material [80,8 11. 

Figure 3-3: Schematic representation of SEM and TEM, showing their main components [78] 

3.2.2 Energy Dispersive X-Ray Spectroscopy (EDS or EDX) 

EDX is a chemical microanalysis method used in combination with SEM. The EDX 

system identifies X-rays radiation released from the material when a beam of SEM electrons 

hit the material electrons to identify composition of the element of the examined material. 



Principle of EDX 

When beam of SEM electrons is hit on the sample under observation, electrons are 

released from the surface atoms of the sample creating vacancies. The electrons from a higher 

energy state fill those vacancies, and an X-ray is released of energy equal to energy variation 

between the two electronic states. This X-ray energy is specific to the element from which it 

was radiated. 

Figure 3-4: EDX basic principle with EDX spectrum [82] 

Working of EDX 

Typically Si (Li) detector is used to detect X-rays emitted from the sample. When an 

incident X-ray hits the detector, it generates a current pulse corresponding to the X-ray energy 

as shown in Fig.3-5. 

Figure 3-5: Schematic representation of an energy-dispersive spectrometer [82] 

This current pulse is changed in to voltage signal using preamplifier and then sent to a 

multi-channel analyzer where these signals are separated and further sent to computer for 

display. To find the composition of elements of a material, x-ray energy spectrum versus 

counts is calculated as shown in Fig.3-4. 



3.2.3 Transmission Electron Microscopy 

In order to reach atomic resolution of GNPs, TEM was used at room temperature. If a 

sample is thin enough, electrons can be transmitted through the sample (direct and scattered). 

The increase in resolution of TEM compared to SEM has two origins. First higher electron 

energy corresponds to a shorter de Broglie wavelength, and secondly the thin sample provides 

a smaller interaction volume. In a TEM, electrons fiom an electron source are made into a 

parallel beam by a (electromagnetic) condenser lens (figure 3.3b). This beam passes through 

the sample and is then focused by an objective lens onto a Charge Coupled Device (CCD) 

with a scintillator material that converts incident electrons to light, or directly onto an electron 

detector. Spherical and chromatic aberration correctors enhance the resolution. The image 

information in high-resolution TEM depends on phase-contrast (one kind of operation mode 

of TEM). In phase-contrast imaging, interference of the scattered electrons leads to 

an image with atomic resolution. It was operated at a pressure below 10-7 mbar and voltage 

of 80 kV in order to reduce the radiation damage of the GNPs by electron bombardment [84]. 

3.3 Raman Spectroscopy 

A further analysis step in the detection and investigation of Graphene Nanoplatelets is 

Raman Spectroscopy. Raman spectra for single, double, and multi layers reveal variations in 

the electron bands and permit clear and non-destructive identification of graphene layers [85]. 

Defects in the GNPs can also be identified and analyzed by this method. 

3.3.1 What is Raman Effect? 

The Raman Effect insistences on inelastic scattering of monochromatic light released 

fiom a laser source. It indicates that in monochromatic light, the frequency of photons alters 

when it interacts with atoms of the sample. The sample absorbs photons of the laser light and 

then reemits photons. The frequency of the reemitted photons is increased or decreased with 

respect to the original monochromatic frequency. This is called the Raman Effect. These shifts 

in frequencies provide information about rotational and vibrational changes in the molecules. 

Due to this Raman Effect, molecular distortions take place in the presence of an electric field 

E. 



Figure 3-6: Block diagram of Raman and Rayleigh scattering 1861 
. 

Basically, a laser beam can be recognized as an oscillating electromagnetic wave 

having electrical field vector E. When monochromatic laser light with frequency uo interacts 

with the molecule it produces an electric dipole moment P = aE where a is called molecular 

polarizability and P is dipole moment which is responsible to deforms molecules. These 

molecules start vibrating with a certain frequency u ~ b  due to periodical deformation. Such 

oscillating dipoles emitted light of two different frequencies: 

1. Rayleigh Elastic scattering 

2. Raman in-elastic scattering 

2.1. Raman Stokes frequency 

2.2. Raman Anti-Stokes fkequency 

3.3.2 Elastic Rayleigh Scattering 

This type of scattering has no Raman-active modes and the molecule absorbs an 

incident photon of light with frequency uo. After absorbing photon, the molecule goes in to 

excited state and then returns back to the same vibrational state and radiates light with the 

equal frequency uo as shown in Fig.3-6. This phenomenon is called elastic Rayleigh scattering 

3.3.3 Raman in-elastic Scattering 

3.3.3.1 Raman Stokes frequency 

It is a type of inelastic scattering, in which an incident photon of light with frequency 

uo is absorbed by a Raman-active molecule in its basic vibrational state. Part of the photon's 

energy is consumed to transfer the molecule to the Raman-active mode with frequency 

and as a result the frequency of reemitted light is decreased to UO-UG~. This decreased 

frequency is called Stokes frequency, as shown in Fig.3-6. 



3.3.3.2 Raman AntiStokesfiequency 

It is also a type of inelastic scattering in which an incident photon of light with 

frequency uo is absorbed by a Raman-active molecule, which is already in an excited 

vibrational state at the time of interaction. Part of the energy of the excited Raman active 

mode is absorbs; the molecule goes to a lower vibrational state and as a result the frequency of 

reemitted photon is increased to uo + u~b. This increased fiequency is called Anti-Stokes 

frequency [87]. 

Figure 3-7: Raman Effect (Top) and (b) Raman spectrum (Bottom) [88] 

A sketch of the Rarnan Effect and a typical Raman spectrum is shown in Fig.3-7. 

From Fig.3-7 (bottom) it is clear that stokes and anti-stokes peak appear at symmetric 

positions of either side of 0 cm-'. Normally stokes bands are stronger than anti-stokes, 

depending on the sample temperature and on the energy spacing of the vibrational levels (anti- 

stokes band should not appear at OK). 

In spontaneous Raman, almost 99.999% of all photons of incident light experience 

elastic Rayleigh scattering. This form of signature is impracticable for applied determinations 

of molecular characterization. Merely 0.001 % of photons of incident light generates inelastic 

Raman spectrum with increased frequencies uo + u ~ b  [87]. 

Raman spectroscopy is a very important analysis technique in the field of carbon 

research and has historically presented a significant role in the structural characterization of 



graphitic materials [94]. In fact, this spectroscopy technique allows distinguishing clearly 

between single and multilayer graphene [89]. Fig 3-8 shows a Raman spectrum of monolayer 

graphene with respect to Raman spectrum of multilayer graphite. 

Figure 3-8: Raman spectra of (a) Graphene (top) and Graphite (bottom) [go] 

Graphene has two important peaks: a first peak at 1580 cm" called the G peak, and a 

second peak at 2700 crn-' named 2D peak. In monolayer graphene, the shape of the 2D peak is 

sharp, thin and centered at 2700 cm-'. This peak broadens in thicker sheets, is the resulting 

envelop of four sub-peaks as shown in Fig. 3-9 [91]. 

A suitable tool to study the formation of defects in mono- or multilayer graphene is 

Raman spectroscopy. This is due to a so-called "defect peak" D present in the graphite and 

graphene spectra. The D peak intensity increases as the amount of defects increases. 

Figure 

Raman spectroscopy has been used to examine carbon-based materials due to the 

explicit response to any modification in carbon hybridization state, as well as to investigate 

defects. To study defects, graphene is a perfect material due to its two dimensional structure. 



It is easy to move, add or remove (defects) carbon atoms in graphene honeycomb network as 

compared to graphite or carbon nanotubes. Therefore, graphene being a perfect material can 

be used to study the nature of defects by Raman spectrum. Moreover, information about the 

impurity of the sample can be obtained fiom the IdIG intensity ratio [92,93] (see Fig. 3-1 0). 

I Raman shift, dv(arri) 

showing how D peak grows with increasing defects [92] 

3.4 Dielectric Properties Measurements 

The Electrical properties of the Graphene Nanoplatelets samples can be measured 

using LCR Meter over a specific frequency range. 

3.4.1 What is LCR meter? 

A LCR meter is an instrument used to compute the inductance, capacitance and, 

resistance of a sample. Inductance (L) is defined as when a current is passed through a 

conductor, it induces a voltage proportional to the rate of change in current in the conductor. 

In Electronics, capacitance (C) is the capacity of a body to store (or separated) an electrical 

charge for a given electric potential. The electrical resistance of an electrical element 

measures its opposition to the pathway of an electric current. 



Figure 3-1 1: The 7600 Precision LCR Meter with LD-03 Dielectric Cell was designed to find 
Dielectric Constant and Dissipation Factor measurements [93] 

3.4.2 Measurement Principle 

The traditional LCR meter is a measurement system whose working principle is based 

on the "automatic balancing bridge method", as shown in Fig.3-12. 

I Virtual ground 

Figure 3-1 2: Principle Drawing of Automatic Balancing Bridge of LCR meter 1941 



At this stage, phase angles of El and O2 of E2 are calculated at the same time, and Z, 

is calculated from above eq. (4) and then capacitance and dissipation factor are determined 

[95,96]. 

3.4.3 Working of LCR meter 

The sample in the form of pellet is sandwiched between homemade two probe 

(electrodes) assemblies of LCR meter. An AC voltage is applied between the electrodes to 

find electrical properties of the sample. The voltage (V) across, and the current (I) through the 

sample are monitored by LCR meter. From the ratio of voltage and current, the meter can 

calculate the magnitude of the impedance (i.e. opposition offered by a current when it flows 

through a circuit). Then from impedance we can also find dissipation factor (D.F.) by dividing 

real part of impedance to imaginary part of impedance [95,97]. 

USES 

b It is used in production Testing of LCR Components 

b It can be used for frequency Response, Component & Sensor Characterization 

b It can be used for Component Screening 

b It is also used for Material Testing 

b It is also used in Quality Assurance Testing 

b It is useful to calculate Dielectric Constant by means of Standard Test Cell [97,98]. 



CHAPTER N0.4 

4 RESULTS AND DICUSSIONS 

4.1 Structural Analysis 

XRD pattern of un-annealed and annealed samples of GNPs in range of 20 (2O0-80') 

are displayed in Fig (4-1). The two prominent difiaction peaks at 20 values as 27.1" (002) 

and 55.2" (004) in XRD patterns are matched with the standards peaks of hexagonal graphite 

phase corresponds to JCPDS card No. (41-1487). No extra impurity phases are detected. In 

Fig (4-2) a high intensity and broad difiaction peak of (002) plane positioned at 27.1" 

represents the nanoscale crystallite size of GNPs samples. 

XRD pattern presented in Fig (4-2) has revealed a shift in difiaction peak (002) in 

both direction of angle 20. This shift is due to variation in lattice parameters (a, c) of GNPs 

which have been calculated fiom the XRD data using Eqs. (2) & (3) [99]. 

(a) A room temp. 

20 (degree) 
Figure 4-1: XRD pattern of GNPs samples (a) G-rt, (b) G300, (c) G500, (d) G700, (e) G900 and ( f )  

GI100 annealed from 300 to 1 100 OC for 1 hour in vacuum. 



22 23 24 25 26 27 28 29 30 31 32 

20 ( degree ) 
Figure 4-2: Extended XRD pattern of GNPs samples for (002) plane 

For annealed samples G300, G700 and G900, diffraction peak (002) is shifted in lower 

value of angle (20) due to increase in lattice parameter values (a, c) as shown in Table 4-1. 

While for annealed samples G500 and G1100, difiction peak (002) is shifted toward higher 

value of angle (20) due to reduction in lattice parameters values as illustrated in Table 4-1. 

This variation in lattice parameter and increased crystallite size produces a lattice strain in the 

crystal structure. This may be described on the basis of defects existing in the sample. 

4.1.1 Calculation of FWHM, d-spacing, grain size, and number of layers 

Table 4-1: Calculation of FWHM, d-spacing, particle size, intensity (cps) and no. of layers for (002) 

planes of GNPs samples. 

bz- Lattice parameters Intensity Grain No. of 
Samples 20 (002) m3'HM Spacing 

Degree rad. (cP~) Size layers 
[A1 a (nm) c (nm) (nm) 

G r t  27.1885 0.3346 3.27997 0.242 0.6550 28298 24 73 
G300 27-1774 0.3739 3.28127 0.243 0.6554 27255 22 66 
G500 27.3276 0.3542 3.26358 0.241 0.6520 28591 23 70 
G700 27.2086 0.2558 3.27758 0.242 0.6547 25396 3 1 96 
G900 27.2486 0.2755 3.27287 0.241 0.6540 25208 29 90 
GllOO 28.4998 0.1968 3.20034 0.227 0.6257 1259 4 1 128 



Table 4-1 has also displayed a noticeably decrease in the and FWHM values of 

(002) peaks during the thermal annealing of samples from 300-700 OC. This might be 

happened due to the removal of intercalated water molecules and defects [loo] which 

demonstrate that degree of crystallinity of annealed samples is increased. However during 

annealing of GllOO at 1100 OC FWHM has become squatter due to increase in grain size 

(from 22 nm to 41 nm) and a sharp decrease in peak intensity (From table 1) shows poor 

crystallinity of annealed samples due to breaking of in-plane carbon bond (C=C). 

From the XRD data d~~~-spacing, grain size and no. of layers of all samples have been 

calculated as shown in Table.4-1 using Eqs. (4), (5) and (6). 

Further, Grain size LC (stacking height) is also obtained from XRD data by applying Debye- 

Scherer Equation to carbon materials [ 10 1 - 1041. 
* 

LC = 0.890 h / pcos eoo2 ------ - (5)  

Where k=0.89 Scherer constant for GNPs and P. is called Full Width at Half Maximum 

(FWHM). 

From Scherer's equation, the number of GNPs layers (N) can be calculated by applying the 

equation given below [ 103- 1 061 

N = ho2 / bO2 --"""----""- .............................................. (6) 

Fig.4-3 and Fig.4-4 show a variation in d-spacing and FW of GNPs samples with 

increasing temperature. As temperature increases, value of d-spacing decreases from 3.28 to 

3.200 nm and FWHM fi-om 0.374 to 0.197 attributed to the removal of intercalated water 

molecules [42]. Fig.4-5 and Fig.4-6 show an increase in grain size fiom 22 to 41 nm and no. 

of layers fi-om 66 to 128 of GNPs with increasing temperature h m  300 to 1 100 OC. This 

confirms the multilayer platelets structure of our samples (> 10 layers). The chief driving 

force to create this large grain structure at the expense of small one's is due to the process of 

nucleation and the variation in inner energy between the strained and unstrained material [67]. 
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Figure 4-3: Variation in d-spacing cl& of GNPS with inkeasing Temperature 
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Figure 4-4: Variation in FWHM of GNPs with increasing Temperature 
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Figure 4-5: Variation in Grain Size of GNPs with increasing Temperature 
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Figure 4-6: Variation in number of GNPs layers with increasing Temperature 

4.2 Analysis of Raman Spectra 

The Raman spectra of Grt, G300, G500, G700, G900 and GI100 have shown in Fig.4-7. The 

Raman spectra of the un-annealed (Grt) and annealed samples of GNPs have displayed a G 
I 

peak at 1604 cm-I, a D peak at 1374 cm-' and a 2D peak at 2751 an-'. The G peak is a I 

I 

Raman signature of graphitic sp2 materials and appears due to C-C broadening of all pairs of 

sp2 carbon atoms in both chains and rings [108]. The D band is the result of breathing modes I 
I 

of sp2 atoms in rings and an indication of defects introduced in GNPs [log]. The defects could I 

I 

be edges, dislocations, cracks or vacancies in the sample. Vacuum thermal annealing has been I 

implemented to remove these defects. 

The Raman spectrum of GNPs of 2D band is the result of a two phonon double resonance 

Raman process. This band is normally used to estimate the number of layers due to 

sensitiveness to the number of graphene layers [I 10-1 121. The intensity ratio has a good 

connection with the number of graphene layers present. From table 4-2, it is clear that the 

L / I ~ D  ratio of our samples is ranging 1.5-1.95, with average 1.75 (> 10 layers) which is 

greater than the value (IG/12D -1.03) for few-layered graphene (2-10) processing by Arc- 

Discharge method [113]. This shows that our samples have multilayer structure (> 10 layers) 

which is also confirmed by XRD data. 

Raman spectra has revealed that as the samples are annealed fiom 300 to 1100 OC, a decrease 

in frequency 8 an-' (Red shift) for D and G band and 7 cm-' (Red shift) for 2D band is 

observed as shown in table 4-2. Basically the down shifted (red shift) means that frequency of 



phonons interacting with incident photon is decreased, possibly reasons may be annealing, 

strain and structural changes in the material [114, 1151. 

1 1 G 1 1 W  
-GgOO 
B G 7 W  

2D - G500 
-G3m Grt IIOO~C A 

- 
I  
I  
I  

900 OC 

I  
I 

I 700 OC 
I 
I 

500 OC A I 

I  
I  
I 

300 OC 
I  
I  
I 

room temp. 
I 
I 

I  
I  

I  
I  

I 

I  
1 

I 
I 

I  
m - a  1 a 1  

900 1200 1500 1800 2100 2400 2700 3000 

Raman Shift (cm-') 

Figure 4-7: Raman spectra of the GNPs samples annealed at 300-1 100 OC, showing D, G and 2D bands 

Table 4-2: Calculations of peak position of D, G, 2D bands and peak intensity ratio I& of GNPs 
annealed at 300-1 100 OC 

D-band Gband 2D-band 
D G 2D I& W ~ D  

Sample position position position 
-1 -I -1 (intensity) (intensity) (intensity) (Defect caye* 

(cm cm ,,tio no. ratio) 

G300 1374 1604 275 1 16910 45946 24361 0.3680 1.89 

G500 1374 1604 275 1 14023 40455 20742 0.3466 1.95 
G700 1371 1604 2749 14727 46898 26826 0.3140 1.75 
G900 1371 1604 2749 15572 47670 27868 0.3266 1.71 
GllOO 1366 1596 2744 9215 16827 11529 0.5476 1 S O  

Red 
Shift 8 



Table.4-2 has also showed that I& (Disorder/order) ratio (defect) is first decreased 

fiom 0.368 to 0.314 with increase in temperature fiom 300 to 7 0 0 ' ~  and then abruptly 

increased from 0.314 to 0.5476 with increase in temperature from 700 to 1100'~. A decrease 

in defect ratio up to 700 OC, may be due to removal of defects (intercalated water molecules) 

while a large increase in the disordering ratio in temperature range 700-1 1 0 0 ' ~  is due to in- 

plan bond cracking (C=C) of GNPs. These results are in accordance with XRD data. I& 

intensity ratio of G700 is lowest, while GllOO has highest value as illustrated in Fig.4-8. 

Therefore, the quality of GNPs have improved as the temperature is increased fkom 300 to 

7 0 0 ' ~  and then decreased sharply as the temperature is increased fiom 700 to 1100'~. 

I I Defect ratio I 
t - Gauss Fit of Defect ratio I 

Annealing Temperature ( C) 
Figure 4-8: Variation in Defects (Peak intensity ratio I&) of GNPs with increasing Temperature 



4.3 Morphology of Graphene Nanoplatelets 

Fig. 4-9 has displayed the FE-SEM images and EDX pattern of un-annealed Grt and 

annealed samples G300, G700 and GllOO of GNPs. We annealed three samples under 

vacuum condition at 300 OC, 700 OC, and 1100 OC. The GNPs annealed at 700 OC is 

marginally larger than those annealed at 300 OC and have uneven edge as a result of ceaseless 

accumulation of small carbon clusters. At an annealing temperature of 1100 OC, the GNPs 

grow affectedly bigger but with reduced quality due to Smoluchowski ripening, which 

describes the diffusion of small islands and relaxation of large islands to equilibrium [116]. 

Figure 4-9: FE-SEM images (a) un-annealed GNPs (b) GNPs annealed at 300 OC (c) 

GNPs annealed at 700 OC and (d) GNPs annealed at 1100 OC for 1 hour 

The FESEM images have also indicated that their platelet like overlapped morphology is 

increased by increasing temperature from 300 to 1100 OC. Overlapping and agglomeration of 

GNPs are due to strongly Van der Wads forces. This enhancement in overlapped morphology 

leads to an increase in the particle size as in line with XRD data. To obtain ideal sizes and 

high quality of GNPs, this investigation offers new information about the influence of 



annealing temperature on GNPs and could be favorable to well controlling the growth of 

GNPs. 

4.3.1 EDX analysis 

EDX pattern in fig. 4-10 reveals that as-prepared sample Grt and heat treated samples 

G300, G700 and GI100 are composed of only carbon element with atomiclweight percentage 

100 and no other impurities are present in the samples. EDX pattern also has displayed that 

the higher annealing treatment of GNPs samples leads to no change in percentage of carbon 

atoms. 

I$ (b) G300 

Figure 4-1 0: EDX spectra of (a) un-annealed GNPs (b) GNPs annealed at 300 OC (c) GNPs annealed 
at 700 OC and (d) GNPs annealed at 1 100 OC for 1 hour in vacuum 



4.4 Measurement of Dielectric Properties 

Generally, the complex relative permittivity E of materials is known as 

& = &' + j &" ................................. - ---------------- ----------------- (7) 

The real part of effective permittivity E' is a measure of the ability to storage the 

external electromagnetic energy in the material, which is due to electric polarization effects 

and dielectric relaxation involving unpaired point defects, bound charges and polarized 

interfaces [117, 1 181. The imaginary part of effective permittivity E" relates to ability of a 

material to dissipate the energy from an external electromagnetic filed and convert it into heat, 

which is mainly due to the presence of free electrons in the material [119]. 

Prepared pellets of GNPs of diameter 13 mm and thickness 3 mm are used to measure 

dielectric properties using LCR meter. Capacitance (C) and dissipation Factor (D) of all the 

pellets of GNPs were calculated with LCR meter in the frequency range of 100 Hz to 5MHz. 

4.4.1 Variation in dielectric constant with frequency 

The dielectric constant (E ' )  was calculated from the equation [I451 

Dielectric Constant = E' = (t x Cp) / (A x Q) ............................ (8) 

Where t is thickness of the pellets, C, is the corresponding parallel capacitance acquired 

experimentally, A is the area of the pellets and EO is permittivity of vacuum (Q = 8.854 187 x 

1 0-l2 F/m (farads per meter). 

The variation in dielectric constant due to increase in frequency for GNPs is 

represented in figure 4-1 1. This Fig. has revealed that dielectric constant is extremely high 

ranging from 1012 to 1013 at low frequencies and then decreases at higher frequency and 

eventually becomes constant. It is noticed fkom the figure that the maximum dispersion of 

dielectric constant take place when frequency changes fiom 1kHz to 10 kHz. This is due to 

the existence of different forms of polarization mechanisms like electronic, ionic orientation 

and space charge polarization [120]. Koops suggested that the effect of grain boundary on 

dielectric constant is very high at low fkequencies [I 191. In space charge polarization, when 

electric field is applied on the dielectric material, charge carriers gather at the grain 

boundaries and dipole moments are created [121]. When the frequency of the applied electric 

field is further increased than a certain limit, space charge carriers can not follow the 

variations of applied field and their directions lag behind the field. Hence polarization 

decreases causing a decrease in dielectric constant at higher frequency [122]. This type of 

Interfacial polarization is called Maxwell-Wagner-Sillars polarization. This polarization is the 

main reason of improvement in dielectric permittivity of GNPs at low fkequency [123]. A 



slight hump in dielectric constant is observed for all samples at low fiequency range 1-10 k 

Hz [131]. 

2 3 4 5 6 

In f (Hz) 
Figure 4-1 1: Variation in dielectric constant as a function of fiequency of GNPs samples annealed at 

300-1 100 OC 

4.4.2 Variation in dielectric constant with temperature 

The change in dielectric constant with increasing annealing temperature for GNPs 

samples is shown in figure 4-12 at constant fiequency 100 Hz. Dielectric constant of 

nanostructured materials depends on many factors like frequency, annealing temperature, 

grain size, grain boundaries, defects, porosity etc. Figure 4-1 1 displays that almost all samples 

of GNPs have high dielectric constant ranging from 1012 to 10') at fixed frequency. At fixed 

frequency 100Hz, the high value of dielectric constant of Grt and GI100 is mainly due to 

variation in defects which are strongly dependent on temperature [124]. Due to these defects, 

interfacial polarization increases due to gathering of space charge caniers at the grain 

boundaries which results very high dielectric constant of GNPs E125-1271. As temperature 



increases from 300 to 700•‹c, the values of dielectric constant has decreased due to decrease in 

volume of defects and then abruptly increased from 10" to 1013 with increase in temperature 

fiom 700 to 1 1 0 0 ~ ~  due to increase in density of defects. These results are well agreement 

with Rarnan defects ratio (I&) as shown in Fig. 4-8. In-plan bond breaking (C=C) and sp2- 

sp3 conversion in GNPs may be the main source of these defects. 

4.00E+013 /+ Dielectric Constant vs ~emp.1 
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Figure 4-1 2: Variation in dielectric constant of GNPs with increasing temperature 

4.4.3 Variation in dielectric loss with frequency and temperature 

The dielectric loss (E") was calculated fiom the multiplication of E' with the dissipation 

factor D obtained experimentally. 

Dielectric Loss = E" = (dissipation factor) *(permittivity of vacuum) = D * EO ------ (9) 

Fig. 4-13 displays the change in dielectric loss as a function of fiequency for annealed 

GNPs at temperatures range of 300-1100 OC. All annealed samples show high values of 

dielectric fiom 100 Hz to 1 k Hz fiquency range and then decreases at higher fiequency. The 

initial low value of dielectric loss vs. fiequency is exceptional as polarization does have 

changing time response capability to the fkequency of an applied field. At fiequency 100 Hz, 

dielectric loss is small due to molecules having large relaxation time with delayed polarization 



processes. Different causes are assumed to be intricate in such polarizations i.e., electronic, 

ionic, and space charge displacements [128-1301. 

A peaking nature in dielectric loss is observed for all samples at low frequency range 

100-500 Hz which is explained by A.Thakur [131], according to this theory, peaks observed 

when jumping frequency of electrons is equivalent to the applied field frequency i.e. o z =1 

Where z represents the relaxation time which is inversely proportion to the jumping 

probability. 

In f (Hz) 
Figure 4-13: Variation in dielectric Loss as a function of fiequency of GNPs samples annealed at 300- 

1100 Oc 

At high frequencies (500 Hz - 5 M Hz), the decrease in Dielectric loss with frequency 

can be described by Koop's Theory [119]. This theory explains that the structure of a 

dielectric material acts as an inhomogeneous medium of the Maxwell-Wagner type [133]. 



4.4.4 Variation in Dielectric loss tangent with frequency and temperature 

The dielectric loss tangent was calculated fiom the equation [I461 

Tan 6 = &"/&I ..................................................... ........................ (10) 

The variation of dielectric loss tangent (tan6) as a function of frequency for GNPs has 

represented in figure 4-14(a). The value of dielectric loss tangent is almost zero at low 

frequencies up to lo4 Hz. At higher frequencies fiom 10' to lo6 Hz, these materials exhibit 

almost negative dielectric loss which suggests that GNPs are lossless materials (having no 

dissipation of electrical or electromagnetic energy) at higher frequencies. 

In f (Hz) Anmaling Temperam ( C) 

Figure 4-1 4: Variation in Dielectric loss tangent, as a kction of (a) frequency and (b) temperature of 
GNPs samples annealed at 300-1 100 OC 

Dielectric loss tangent of nanostructured materials depends on frequency, grain size, 

grain boundaries, defects, porosity etc. The variation in Dielectric loss tangent with annealing 

temperature can be explained with change grain size. From Fig. 4-14(b), it can be seen that the 

sample G300 annealed at 300 OC with grain size 22 nm (from XRD data) has small negative 

value of dielectric loss tangent while sample GI100 with a grain size of 128 nm (fkom XRD 

results) annealed at 1 100 OC has a large negative value for the dielectric loss tangent (tan 6). 

These results have revealed that the dielectric loss tangent decreases as annealing temperature 

(grain size) increases. This increase in grain size results a decrease in the number of interface 

boundaries and also lesser volume of defects that results different type of polarizations and 

hence a decrease in dielectric loss tangent [134]. 



4.4.5 Variation in A.C conductivity with frequency 

The AC conductivity was calculated from the equation given below [I351 

oat = 2nf E, E' .......................................................... (11) 

Where tan6 = E"/ E' (eq. 10) 

The variation of A.C conductivity (Cat) as a function of frequency for GNPs has 

represented in figure 4-15. The enhancement of A.C conductivity was explained by many 

authors on the basis of excess ion vacancies due to the high conduction of the space charge 

layer. The A.C conductivities of all annealed samples (G300, G500, G700,G900 and G1100) 

is low as 0.001 S/m at low fiequency region 100 Hz and then increases with increase in 

fiequency fiom lk Hz to 100 kHz according to power law, which states that C, is directly 

proportional to AC frequency as shown in Fig.8a. At higher frequencies above 0.1M Hz, there 

is decrease in oaC which can be described due to polarons. A polaron has two types i.e., large 

and small which depends on how its radius equates to the lattice constant of the material. The 

conductivity of a large polarons is due to band mechanism at all temperatures and decreases 

with increase in frequency while the small polarons conduct in bands at certain temperature, 

and their conductivity increases with increase in frequency [136, 1371. 

2 3 4 5 6 7 

log frequency 

Figure 4-15: Variation in A.C Conductivity with frequency of GNPs samples annealed at 300-1 100 OC 



A peaking nature in A.C conductivity (0,) against frequency is observed for all 

samples at frequency range lo3-lo5 Hz as shown in fig. 4-15 which is described by Thakur 

[13 11. This theory states that the peaks are detected when the jumping fiequency of electrons 

is equivalent to the applied field frequency i.e. w z =l. It is clear that the relaxation peak 

height increases with increasing in grain size. The frequency dependent data showed that 

maximum value of o, is due to large grains size rather than surface conduction or grain 

boundary 1138, 1391. Fig.4-15 shows that value the a,, of GI100 is maximum (0.012 S/m) 

due to large grain size 41nm, while G500 sample has lowest value (0.001 S/m) due to smallest 

grain size 22 nm. 

4.4.6 Variation in A.C conductivity with temperature (defects) 

In graphene, grain boundaries are non-hexagonal rings defects at the boundaries 

between two domains with different crystallographic orientations [ 140-1 431. These defects 

can disturb the movement of delocalized n-electrons and efficiently disperse the electrons 

which normally reduce the conductivity of a material [141-1431. 

-1OKHz 
-1-100 KHz 
+ 1 M H z  

GNPs samples annealed from 300 to 1 100 OC 

Figure 4-16: Variation in k C  conductivity with increasing Temperature at Fixed Frequency 

Our results have revealed that defects improve the AC conductivity of GNPs which is 

counter-intuitive as reported in [141]. Fig. 4-16 clearly shows that there is significant change 



in AC conductivity of GNPs with increasing temperature from 300 to 1100 OC. High value of 

aaC at room temperature (Grt) and 1100 OC (GI 100) for all frequency ranges is due to the 

existence of defects. These line or dislocation like defects serves as trapping center of 

electrons which increases the electrical conductivity of GNPs [140, 1441. As the temperature 

is increased, value of o,, is decreased due to reduction in defects until temperature range 700 

OC as shown in Fig. 4-16. Above 700 OC, there is an increase in a, which is due to large 

volume of defects as a result of C=C bond breaking [145]. This enhancement in conductivity 

with defects is well agreement with Raman defects ratio (I&) and dielectric constant vs. 

temperature graph as shown in figure 4-8 and figure 4-12 respectively. 



5 CONCLUSIONS 

The prepared GNPs have been successfully annealed at different temperature to tune 

the physical properties. The structural study has clearly showed the improvement in the 

crystallinity, enhancement in grain size and number of graphene layers by annealing. 

Rarnan spectra have revealed a decrease in fkequency of D, 2D and G bands for all 

annealed samples. The intensity ratio IG/IZD of prepared samples have showed multilayer 

structure (> 10 layers) which is also confirmed by XRD data. The quality of GNPs has 

improved as the temperature is increased fiom 300 to 700 OC and then decreased sharply 

above 700 OC. 

The FESEM images have indicated that during thermal annealing of GNPs, their 

platelet like overlapped morphology is increased. This enhancement in overlapped 

morphology leads to an increase in the particle size as in line with XRD studies. EDX patterns 

have revealed that the heat treated samples are contained only carbon atoms and no other 

impurities are present in the annealed samples. 

Considerable variation in dielectric constant, dielectric loss and dielectric loss tangent 

of GNPs has been observed by annealing at fixed frequency. Similarly, AC conductivity of 

GNPs has significantly varied by increasing temperature and frequency. 

Our results conclusively show that high-quality GNPs can be achieved by vacuum 

annealing at 700 OC temperature and their high dielectric constant and enhanced electrical 

conductivity can be used to fabricate high dielectric-based electronic and energy storage 

devices. 
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