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ABSTRACT: With excellent electrical, optical, magnetic and mechanical properties as well as large specific surface area,
graphene has been applied in next-generation nano-electronics, ultra-high frequency device, transparent electrical
conductors, composite materials, and superior energy capacitors etc. Functionalization of graphene has become a focus of
extraordinary interest, because they cannot only stabilize, but also induce new properties of graphene. This review concise
the properties of graphene and enormous application, from a science perspective.
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1 INTRODUCTION

Graphene, which consists of a two-dimensional (2D) sheet of covalently bonded carbon atoms, forms the basis of both 3D
graphite and 1D carbon nanotubes. It has attracted massive attention in recent years owing to its large specific surface area
and unique electrical, mechanical and thermal properties [1, 2, 3, 4, 5]. It exhibits excellent physical and chemical properties,
which makes it promising for variety of applications in the areas such as solar-cells,[6] energy storage,[7] field effect
transistors,[8] catalyst support,[9] sensors,[10] and nanocomposites.[11] In 2004, Geim and co-workers at Manchester
University first isolated single-layer graphene samples from graphite is shown in (figure 1).

Graphene is a thrilling material. It has a large theoretical specific surface area (2630 m 2 g'l), high intrinsic mobility
(200000 cm?v ~'s %), [12, 13] high Young’s modulus (~ 1.0 TPa) [14] and thermal conductivity (~ 5000 Wm ~* K ™), [15]
and its optical transmittance (~ 97.7%) and good electrical conductivity merit attention for applications such as for
transparent conductive electrodes, [16 , 17] among many other potential applications. Graphene has been experimentally
studied for over 40 years, [18, 19, 20, 21, 22, 23, 24] and measurements of transport properties in micromechanically
exfoliated layers [25], of graphene grown on (SiC) [26], large area graphene grown on copper (Cu) substrates.

Graphene has been characterized by a variety of microscopic and other physical techniques including atomic force
microscopy (AFM), transmission electron microscopy (TEM), scanning tunneling microscopy (STM) and Raman spectroscopy
[27, 28, 29, 30,2]. This literature is a comprehensive overview of all major recent experimental results related to graphene
properties and its applications.
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Figure 1. Single layer graphene was first observed by Geim and others at Manchester University. Here a few layer flake is
shown, with optical contrast enhanced by an interference effect at a carefully chosen thickness of oxide [1].

2 SYNTHESIS OF GRAPHENE

Researchers are now making rapid progress toward generating process able graphene. After fine-tuning, the technique
provided high-quality graphene crystallites up to 100 um in size, which is adequate for an in-depth study of its properties. So
far, several techniques have been established for graphene synthesis. However, mechanical cleaving (exfoliation) [31],
chemical exfoliation [32, 33], chemical synthesis [34], and thermal chemical vapor deposition (CVD) [35] synthesis are the
most commonly used methods today. Some other techniques are also reported such as unzipping nanotube [36, 37, 38 ] and
microwave synthesis [39] however, those techniques need to be explored more extensively. Mono-layer graphene was first
produced and reported in the year 2004, where Mechanical exfoliation using AFM cantilever (adhesive tape) was used to
continually slice down the graphene layers on a substrate single-layer graphene is obtained by the reduction of single layer
graphene oxide, CVD and other methods besides micromechanical cleavage. Few-layer graphenes are prepared by the
conversion of nanodiamond, arc discharge of graphite and other means.
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3 FUNCTIONALIZATION OF GRAPHENE

Graphene has been functionalized by both covalent and non-covalent means in order to disperse or solubilize them in
different solvents [30, 2]. Using covalent modification, Haddon and co-workers had achieved functionalization of graphene
by surface —OH and —COOH groups which was first reacted with SOCI, to create —COCI groups, followed by reaction with a
long chain aliphatic amine to obtain the amide derivative soluble in nonpolar solvents [40].Soluble graphene layers in THF can
be generated by the covalent attachment of alkyl chains to graphene layers via reduction of graphite fluoride with alkyl
lithium reagents [41]. Such covalent functionalization enables solubilization in organic solvents such as CCl;, CH,Cl, and THF
[42]. Graphene can be functionalized through m-mt non-covalent modification structure by wrapping with surfactants or
through interaction with aromatic molecules such as 1-pyrenebutanoic acid succinimidyl ester (PyBS) and the potassium salt
of coronene tetracarboxylic acid [42].Fabrication of graphene-based devices and nanocomposites are exploiting the
chemically oxidized graphene, namely graphene oxide (GO) and reduction graphene oxide (RGO).Generally, GO is produced
using different variations of the Hummers’ methods [ 43 ] in which graphite is oxidized using strong oxidants such as KMnO4 ,
KCIO3 , and NaNO2 in the existence of nitric acid or its mixture with sulfuric acid. GO can be exfoliated into single or few
layered nanosheets under mechanical forces such as ultrasonication.Thermally reduced GO can be produced by rapid heating
of dry GO under inert gas and high temperature. The reduced graphene oxides (rGO) prepared via the two routes shows
highly electrical, thermal conductivity, and ambipolarity [44]. Graphene-based polymer nanocomposites can be produced via
in situ intercalative polymerization of monomers, melting blending, solution-based processes.

4 ELECTRONIC PROPERTIES
4.1 BAND GAP

Monolayer graphene shows a so-called ambipolar characteristic, where electrons and holes coexist symmetrically against
the Fermi level. The first Brillouinzone has two in equivalent points K and K’ (called Dirac points). The tight-binding approach
considering only the first nearest neighbor interaction provides the dispersion relation of the electrons near the K/ K’ points
[46, 47]. The energy band structures and dispersion relations for graphene are illustrated in (figure 3).

N Iy 1
Ei(K)zit(1+4cos3—kxcosky—a+4coszky—a)5 (1)
2 2 2

Where a = \/3acc , A is the carbon-carbon bonding length (0.142 nm), and t is the transfer integral is the nearest
neighbor hopping energy with a magnitude of about 2.8 eV.
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Figure 3. A schematic illustration of graphene’s band structure from tight-binding bonding [47].

Due to the honeycomb lattice structure, graphene has two types of carrier transport: one is along with the armchair edge
and the other is along the zigzag edge shown in (figure 4).
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Figure 4. (a) Carrier transport for monolayer graphene and (b) band gap opening for chirally stacked bilayer graphene. [48]

Graphene nanoribbons exhibit an energy spectrum with a gap between the valence and conduction bands for armchair
transport depending on the nanoribbon width dr [49].

e, = v {p?+ (h/d,)n?}: @)

where v = 108 cm/s is the characteristic velocity of the electron (upper sign) and hole (lower sign) spectra, p is the
momentum along the nanoribbon, h is the reduced Planck constant,and n=1, 2, 3, ... is the sub band index. A-B stacked
bilayer graphene exhibits an energy gap Eg between the valence and conduction bands [50].

edVy
w

E = (3)

Where d = 0.36 nm is the effective spacing between the graphene layers in the graphenebilayer (GBL) which accounts for
the screening of the electric field betweenthese layers, W is the distance between the gate and the graphene layer, and Vg is
thegate-source voltage.

4.2 ULTRA-HIGH MOBILITY

The mobility of graphene is not significantly depend on temperature in the measurement. Thus, mobility of graphene is
found to be ultra-high (exceeding 15, 000 em” V' st at room temperature [5]. In the meantime, theoretically, electrical
resistance of grphene calculated from the ultra-high mobility values can be as low as 10° Q'cm, which is even lower than that
of silver. However, electrical resistance of graphene in real application may not reach its theoretical value due to effect of
solid substracts, phone scattering from graphene to environment, so that the mobility and electrical resistance of graphene
are usually restricted.

5 MECHANICAL PROPERTIES

The mechanical properties of monolayer graphene including the Young’s modulus and fracture strength have been
investigated by numerical simulations such as molecular dynamics [51, 52, 53]. Defect-free graphene is the stiffest material,
with Young’s modulus of 1.0 TPa, ever reported in nature and also has superior intrinsic strength, ~ 130 GPa [5]. The average
Young’s modulus and the highest fracture strength of functionalization, assembly, and cross-linking of graphene sheets [54]
obtained were ~ 32 GPa and ~ 120 MPa [55]. The elastic properties and intrinsic breaking strength of free-standing
monolayer graphene were measured by nano indentation using an AFM (atomic force microscope). The mechanical
properties of this ‘graphene oxide paper’ were improved by introducing chemical cross linking between individual platelets
using divalent ions[56] and polyallylamine [57]. The mechanical properties as prepared graphene papers were investigated by
tensile, bending, indentation, and superior hardness test.

5.1 TENSILE TEST

Stress and strain amounts based on their dimensions and following equations:

& =U,, (4)
F
g, = Z' (5)
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g= 140 (6)
E
Where E is the Young’s modulus, F the tensile force, A the cross section area, v the Poisson’s ratio, u and g, the
displacement and the strain in x direction, o, and o, the stresses in x and y directions. Stress-strain curves of Graphene paper

(GP) and Graphene attachment with octadecylamine (G-ODA) shown in (figure 5) straightening behavior at the starting
roughly linear [58, 59].
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Figure 5. (a) Stress-strain curves of GP and G-ODA strips. (b) Stiffness vs stretch of GP and G-ODA strips. [60]

Stiffness (S) which is an extensive material property, can be defined as a resistance of elastic body to stretch (6)

S ZZI (7)

F=—, (8)

Where L is the length of strip. From (figure 5.b) shows that GP has greater Young’s modulus and ultimate strength but G-
ODA sheets exhibit higher stiffness.

Bucky papers prepared by different synthesize methods; Young’s modulus (0.8—-24 GPa), ultimate tensile strength (10-74
MPa) and strain (1.5%-5.6%). Maximum Young’s modulus and ultimate tensile strength of our GP samples are 31.69 GPa and
78.294 MPa [61]. Young’s modulus of 20-40 GPa, ultimate tensile strength of 70-80 MPa, and ultimate tensile strain of
0.3%— 0.4% were stated as mechanical properties of GP and graphene oxide papers [58, 59].

5.2 INDENTATION TEST

Spherical indenter of radius 100 um as the most suitable indenter for thin films was selected to measure hardness, elastic
modulus, yielding strength, and Poisson’s ratio of GP, G-ODA. Indentation tests were carried out by an ultramicro indentation

system (UMIS) and repeated on several points of GP, heat treated GP (thickness: 3 um) and G-ODA (thickness: 7 um) [60].
There followed this equation: [62]

1 _(1-9% " 1-9'?

E* E E' "’ ©)
_ P
E=-", (10)
Hardness is calculated as,
P
Hy =—, (12)

Hardness, yielding strength of materials can be appraised as

ISSN : 2351-8014 Vol. 17 No. 2, Aug. 2015 307



A Review of Functionalized Graphene properties and its application

Table 1. Dimensions and tensile test results of GP and G-ODA strips [63, 64].

Length Width Thickness Ultimate Ultimate Young’s Stiffness Maximum
(mm) (mm) (um) strain Strength modulus (N/mm) stretch
(MPa) (GPa) (mm)
GP(1) 30 5 3 0.0040 78.294 31.6969 15.8485 0.1205
GP(2) 30 5 3 0.0056 70.257 21.1987 10.5993 0.1697
G-ODA(1) 30 6 7 0.0023 31.058 15.4701 21.6582 0.0715
G-ODA(2) 30 6 7 0.0059 52.729 12.3094 23.4998 0.1302

53 BENDING TEST

Modulus of elasticity and bending rigidity of GP and G-ODA sheets were ascertained via bending test. Deflection equation
of intensively loaded circular plate is:

—_F [r,23,1 2 _ .2
W= [Zr In - + (g —7r )], (12)
Eh3
= aon’ (13)

Where r, is the inner radius of ring, r the radial distance of intensive load to the sheet’s center, F the concentrated force,
D the bending rigidity, E the modulus of elasticity, h the sheet thickness, and w the deflection of sheet. Two flat rings of 3 mm
inner radius were prepared; GP and G-ODA sheets with 3 and 7 um thicknesses were firmly stuck with glue on the flat surface
of these rings. For GP bending modulus of elasticity was 3.0440 TPa and for G-ODA was 0.7647 TPa [64, 65].

6 OPTICAL PROPERTIES

One of the most widely renowned optical properties of graphene is that it can act as a strong quencher for various
luminescent dyes and nanoparticles [66] .This is accredited to two possible competitive processes: photo-induced electron
transfer and intra-molecular energy transfer facilitated by a through-bond mechanism due to covalent binding of the
luminophore [67].Graphene’s transparency is more closely related to quantum effect than natural material properties. The
zerogap Dirac band structure avail a fine-structure constant of graphene which can be expressed by following equation:

eZ

a = E' (14)

Where dynamic conductivity (G) of graphene is constant (e’/4h) [68], Transparency (T) and reflectance (R) of graphene
can be calculated by following this equation:

T=1-na, (15)

n2a?T?
4

R = , (16)

Its constant transmittance (T = 97.7%) of incident light has been experimentally observed in the visible-infrared range
(300-2500 nm) and the transmittance linearly decreases withthe number of layers for n-layer graphene.
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Figure 6. (a) Photograph of a 50-um aperture partially covered by graphene and its bilayer. The line scan prof le shows the
intensity of transmitted white light along the yellow line. Inset shows the sample design: a 20-um thick metal support structure
has apertures 20, 30, and 50 um in diameter with graphene flakes deposited over them; (b) Optical image of graphene flakes
with one, two, three, and four layers on a 285-nm thick SiO,-on-Si substrate [69,70]

7 MAGNETIC PROPERTIES

Occurrence of magnetism in graphene has been a topic of considerable interest. The magnetism in graphene can be
induced by vacancy defects or by hydrogen chemisorption [70]. Some researcher suggest that the zig-zag edges are
responsible for the magnetic properties of graphene [71]. Graphene could have certain magnetic features including
paramagnetism, spin-glass behavior and magnetic switching phenomena (ferromagnetic or antiferromagnetic) [72].

At room temperature ferromagnetism in graphene samples with very small saturation magnetization values from 0.004
to 0.020 emug-1 after subtracting the diamagnetic background [73] Magnetic properties of graphene samples prepared by
EG, conversion of nanodiamond (DG), and arc evaporation of graphite in hydrogen (HG) show divergence between the field-
cooled (FC) and zero-field-cooled (ZFC) data, starting around 300 K. In Figure 1(a) shows the temperature dependence of
magnetization of EG and HG samples measured at 500 Oe and The graphene samples show magnetic hysteresis at room
temperature (Figure 1b) and the MS increases with increase in temperature. HG shows the best hysteretic features with
saturation. While DG shows saturation magnetization, MS, it is low when compared to HG.
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Figure 7. (a) Temperature variation of magnetization of few-layer graphenes EG and HG at 500 Oe, showing the ZFC and FC
data. The insets show the magnetization data at 1 T. (b) Magnetic hysteresis in EG, DG, and HG at 300 K. Inset shows magnetic
hysteresis in DG at 5 K. [74,75]
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Recently modification of graphene with magnetic nanoparticles is usually accomplished by in situ reduction of iron, [76]

cobalt [77] or nickel [78] salt precursors, or assembly of the pre-synthesized magnetic nanoparticles [79] on the surface of
graphene-based frameworks.

8 SURFACE AREA AND GAS ADSORPTION

Single layer graphene (SG) is theoretically prophesied to have a large surface area of 2600 m’ g_1 [80], however the
surface area of few layer graphene (FG) is 270-1550 m’ g_1 [81]. H, adsorption on FG samples prepared by the EG and
transformation from nanodiamond (ND, DG) have revealed a H, uptake value of 1.7 wt% at atmospheric pressure and 77 K
[82]. Adsorption of H, was found to be directly proportional to the surface area of the samples (Figure 8a). A maximum
adsorption of 3 wt% was achieved at 298 K and 100 atm for EG. The CH, uptake of the graphene samples varies between 0

and 3wt% at 273 K and 5MPa. (Figure 8b) shows the CO, and methane uptake of graphene samples as well as activated
charcoal against their surface areas.
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Figure 8.(a) Linear relationship between the BET (Brunauer-Emmett-Teller) surface area and weight percentage of hydrogen
uptake at 1 atm pressure and 77 K for various graphene samples.[81] (b) Plot of weight percentage of CO, uptake (at 195 K and
1 atm) and methane uptake (at 298 K and 5 MPa) versus surface area for different graphene samples. [82]

9 SUPERCAPACITOR

Electrochemical supercapacitors with different graphene samples as electrode materials in aqueous H,SO, as well as in
an ionic liquid (N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide, PYR14TFSI) that were used as electrolytes
[83] . High-surface-area graphite prepared by ball milling showed a large specific capacitance of 33 F cm ™ in aqueous
medium, which might be due to high open surface area, lattice defects, and oxygen functional groups in the sample [84]. EG
and DG exhibit high specific capacitance in aqueousH,SO,, the value reaching up to 117 and 35 Fg_l. Chemically modified
graphene sheets obtained by the reduction of graphene oxide with hydrazine when used as electrode material in
supercapacitors gave specific capacitances of 135 and 99 F g_1 in aqueous and organic electrolytes [85]. Graphene/polyaniline
composites capacitance is 1046 F g and Graphene/Co(OH),is 972.5F g .

10 OTHER PROPERTIES

Graphene is an inimitable gift of modern century. It have also some remarkable properties like Field Emission and Blue
Light Emission [86, 87, 88 ], Molecular Charge Transfer [89, 90] Decoration with Metal and Oxide Nanoparticles [91].

11 APPLICATION
11.1 ELECTRONIC AND PHOTONIC APPLICATIONS FOR ULTRAHIGH-FREQUENCY GRAPHENE-BASED DEVICES

Due to its unique carrier transport and optical properties, including massless and gapless energy spectra graphene uses in
electronic devices is as the channel material in FETs. The optical properties of graphene can provide many advantages in
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optoelectronic applications. One typical example is ultrasensitive, ultrafast photodetector and phototransistor operation of
graphene in junction and graphene-channel FETs.

11.2 NANOSIZED GRAPHENE IN MIATERIAL SCIENCE

Nano-sized graphenes play very significant roles in materials science for its good self-assembling and charge transporting
properties, and unusual absorption and emission behavior. Tuning the water solubility and preserving the fluorescence of
nano-sized graphenes are the key issues for bio-imaging applications.

11.3 INn CERAMICS

Graphene-incorporated ceramic nanocomposites are also explored for Ni removal from water. MnO,—graphene
composite is studied as an absorbant for removing toxic Ni content from the water through a chemical sorption process.
Graphene addition to MnO, is stated to enhance the adsorption capacity and mechanical intension of the composite, which
improves the Ni adsorption efficiency by 52% over MnO, alone [92].

11.4 ANODE FOR LI-lON BATTERY

Graphene has been explored as a second-phase addition to silicon for Li-ion battery anode material [93]. Graphene, as an
addition to silicon, is a potential solution to this problem because of its good conductivity, chemical stability, and mechanical
properties. The presence of graphene in Si improves its suitability as a Li-ion anode material.

11.5 SUPERCAPACITOR

Due to high surface area of the composite along with the excellent electrical conductivity from both graphene and
platinum makes Pt—graphene a very promising material for supercapacitors. Thus composite structure shows 19 times larger
capacitance than graphene alone.

11.6 SoLAR CELL

Graphene has been and is being used as a transparent conducting electrode material in various types of inorganic,
organic, and dye-sensitized solar cells, and also as counter electrodes in DSSCs (Figure 9).

a Transparent b Iransparent
graphene electrode graphene electrode Electron
blocking
layer  Polymer/
graphene
active layer

P layer |ntrinsic Light
= layer
n layer

Back reflector Electrode
electrode

Transparent
graphene
electrode

Figure 9.Schematics of graphene-based solar cells: (a) inorganic, (b) organic, and (c) dye-sensitized solar cells. [94]
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12 CoNCLUSION

In concise, we discuss recent advances in the unique electronic, optical, magnetic, surface area, and mechanical
properties of functionalized graphene materials. We should inform that the electrical conductivity of graphene is extremely
high, and functionalization of graphene is helpful for the utilization of this property. Various magnetic features of graphene
can be induced through both covalent and non-covalent-functionalization (atom adsorption) of graphene sheets. Optical
properties of electroluminescence was recently reported in pristine graphene and Optical properties of electroluminescence
was recently reported in pristine graphene. Recently Graphene use in LED display, Bullet proof jacket even in medical science.
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