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Preface

The thesis consists of seven chapters of which the first chapter provides a brief
overview of graphene. Chapter 2 deals with the synthesis and characterization of graphene.
When graphene research was initiated in our laboratory, there was little information available
on synthesis and characterization methods. This necessitated exploration of various methods
of synthesis. Different synthetic routes namely, exfoliation of graphite oxide, conversion of
nanodiamond, chemical vapor deposition and reduction of graphene oxide, including newly
discovered arc discharge route and radiation induced reduction of graphene oxide have been
described. The samples so obtained have been characterized by utilizing different techniques
such as electron microscopy, Raman spectroscopy and atomic force microscopy.

Chapter 3 describes different ways of functionalizing graphene. Amidation and
reaction with organo silane or tin solubilize graphene in organic solvents whereas wrapping
with surfactants gives water soluble graphene. Noncovalent ©-m interaction with a pyrene
derivative solubilizes graphene in dimethylformamide.

Chapter 4 presents some properties of few-layer graphenes and comprises six parts.
Part 1 deals with the surface properties and uptake of H,, CO, and CH4 by graphene. Part 2
and 3 presents magnetic and electrochemical properties of graphene respectively. Magnetic
properties of different graphene samples have been investigated and magnetism in graphene
could be tuned by adsorption of certain specific molecules. Electron transfer kinetics of
different graphenes and their use as electrode material in supercapacitors have been
investigated. Part 4 deals with emission properties of graphene based materials and part 5

gives patterning and lithography based on graphene.

X



In Chapter 5, investigations on interaction of graphene with electron donor and
acceptor molecules and different metal nanoparticles have been presented. The G, D and 2D
bands in the Raman spectra of graphene have been employed to examine the interaction of
electron donor and acceptor molecules as well as of different metal nanoparticles with
graphene.

Band gap engineering of graphene can effectively be achieved by doping it suitably.
Chapter 6 describes different routes of doping graphene with boron and nitrogen. The arc
discharge technique to prepare graphene has been effectively employed to chemically dope
graphene.

Chapter 7 presents chemical storage of H, by graphene. To chemically store hydrogen

in graphene, Birch-reduction and H, plasma treatment have been employed.
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CHAPTER 1

GRAPHENE: AN OVERVIEW

1.1 Nature of graphene and related aspects

1.1.1 Allotropes of carbon

Carbon is one of the most interesting elements in the periodic table and it plays a
unique role in nature. The formation of carbon (Figure 1) in stars as a result of the merging of
three helium nuclei, known as triple alpha process, is the initial step in the formation of many
heavy elements.!) Carbon has the ability to form very long chains of interconnecting C-C

bonds which is known as catenation. Due to catenation, carbon forms the highest number of
B
P L
“'ff<’ N
@. "

12[‘;

0 Proicn ¥ Gamma Ray

Figure 1. Overview of the triple-alpha process.
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compounds compared to any other element. The capability of carbon atoms to form

2] is fundamental to organic chemistry and forms the basis for the

complicated networks
existence of life. Elemental carbon forms many allotropes (Figure 2) such as diamond,

graphite, fullerenes”™ and nanotubes.'®

h 3

oD

Figure 2. 3D, 1D and 0D allotropes of carbon.

1.1.2 Brief history of graphene

The two-dimensional form of carbon called graphene (or ‘2D graphite’) is the
mother of all graphitic forms. It is a single-layer of carbon atoms tightly packed into a
honeycomb lattice which can be either wrapped up into 0D fullerenes, rolled into 1D

nanotubes or stacked into 3D graphite (Figure 3). Although there has been a great surge in
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graphene research recently, graphene-related materials produced from graphite oxide (GO)
were already reported in 1962, and the chemical modifications of graphite were performed as

early as 1840. In the 1940s'”! a number of theoretical studies suggested that the graphitic

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

aaaaaaaa
;;;;;;;;;;
........

&

b

0D Buckyball 1D Nanotube 3 D Graphite
Figure 3. Mother of all graphitic forms. (From ref. [15]).

layers in their isolated form might exhibit extraordinary characteristics. Following the
theoretical studies, later, several researchers made attempts to prepare graphene by
employing different procedures like thermal deflagration of GO, mechanical exfoliation of
GO followed by reduction,”® sublimation of silicon from single crystals of silicon carbide
(0001),”” and by micromechanical approach.l'” ' Most of these procedures resulted in
multi-layered graphene and the products were not characterized properly. In 2004 Geim and
co-workers employed the same “micro-mechanical approach” reported by Roscoe et al.!'!!

and found that the approach enables the generation of extremely thin graphene films with a
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single layer or few layers.'> *! Also, by applying the same technique they could obtain two-
dimensional crystals of other materials, including boron nitride, high-temperature
superconductor Bi-Sr-Ca-Cu-O and some dichalcogenides.!'¥ The graphene samples have
been characterized by a variety of microscopic and other physical techniques like atomic
force microscopy (AFM), transmission electron microscopy (TEM), scanning tunneling
microscopy (STM) and Raman spectroscopy.!'™ It has been showed that graphene is a two-
dimensional semi-metal with a tiny overlap between valence and conductance bands.
Graphene exhibits a strong ambipolar electric field effect with very high concentrations of
electrons and holes, up to 10"*/cm” and room-temperature mobilities of ~10,000 cm*/V.s
(Figure 4).1'% 1t is interesting that single-layer graphene placed on a silicon wafer with a 300
nm thick layer of SiO,, becomes visible in an optical microscope.'

Types of graphene: Graphene can be classified as three types: single-, double- and
few- (3 to <10) layer graphenes. Films containing more than 10 layers can be considered as
thin films of graphite. It was shown that the electronic structure of graphene rapidly evolves
with the number of layers, approaching the 3D limit of graphite at 10 layers."'”! Moreover,
only single- and bi- layer graphenes have simple electronic spectra: they are both zero-gap
semiconductors (they can also be referred to as zero-overlap semimetals) with a single type
of electrons and holes. After more than two layers, the spectra become increasingly

complicated by the overlapping of the conduction and valence bands!'” and thus by the

appearance of several types of charge carriers.
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Figure 4. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer
graphene flake with thickness ~3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
(AFM) image of 2 um by 2 um area of this flake near its edge. Colors: dark brown, SiO; surface;
orange, 3 nm height above the Si0; surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO; surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of ~0.4 nm. (D) Scanning electron microscope image of an experimental device

prepared from FLG. (E) Schematic view of the device in (D). (From ref. [12]).

1.1.3 Stability of graphene

Graphene is the two-dimensional counterpart of three dimensional graphite,

exhibiting high crystal quality and ballistic conduction. But according to some earlier reports,

[18-22

perfect two-dimensional crystals cannot exist in free state. ] This discrepancy can be

resolved by considering the graphene structures studied so far to be an integral part of a
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larger, three-dimensional structure, either supported by a substrate or embedded in a three-
dimensional matrix.>?*) But surprisingly, individual graphene sheets (Figure 5) freely

suspended on a micro fabricated scaffold in vacuum or in air have also been reported.**! At

19, 20 [27, 28]

first more than 70 years ago, Peierls! ] and Landau raised questions about the
existence of a strictly two-dimensional (2D) crystal. They showed that, in the standard
harmonic approximation,® thermal fluctuations destroy the long-range order which leads to
the melting of 2D lattice at any finite temperature. Later, Mermin and Wagner proved that a
magnetic long-range order could not exist in one and two dimensions*” and later extended

the proof to crystalline order in 2D.** Importantly, number of experiments on thin films

were in agree with the theory, showing that below a certain thickness, typically of dozens of

Figure 5. TEM image of a suspended graphene membrane.

(Scale bar, 500 nm) (From ref. [26]).
atomic layers, the films segregate into islands or decompose unless they constitute an

130321 However, although the theory does

inherent part of a three-dimensional (3D) system.
not allow perfect crystals in 2D space, it does not forbid nearly perfect 2D crystals in 3D

space. Indeed, a detailed analysis of the 2D crystal problem beyond the harmonic
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[

approximation has led to the conclusion®?*! that the interaction between bending and

stretching long-wavelength phonons could in principle stabilize atomically thin membranes

through their deformation in the third dimension.””!

1.1.4 Electronic structure

Graphene honeycomb lattice is composed of two equivalent carbon sublattices A and
B, as shown in Figure 6a. Figure 6b shows the first Brillouin zone of graphene, with the
high-symmetry points M, K, K’ and I marked. Note that K and K’ are two inequivalent
points in the Brillouin zone. The s, px and py orbitals of carbon atoms form ¢ bonds with
neighboring carbon atoms. The & electrons in the p, orbital, one from each carbon, form the
bonding m and the anti-bonding ©* bands of graphene. Dispersion relation of these -

electrons is described by the tight binding model, incorporating only the first nearest

36, 37]

neighbor interactions [Eq.(1)]: [

Figure 6. (a) Graphene lattice. @, and a, are the unit vectors. (b) Reciprocal

lattice of graphene. Shaded hexagon is the first Brillouin zone. 51 and l;z are the

reciprocal lattice vectors.

k,a k a
E+(kxaky)=i7/0\/1+4008\/§§"acos ; +4cos2% (1)
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where a :\/gacc, dec 18 the carbon — carbon distance (1.42 All) and y , the transfer

integral, is the matrix element between the m-orbitals of neighboring carbon atoms and its
magnitude is ~ 3eV. The — sign in Eq.1 refers to the n-band which is fully occupied in
graphene and the + sign corresponds to the totally empty anti-bonding n* band. The © and
n* bands touch at the K and K’ points. A Taylor expansion of Eq.1 around K or K’ points

yield linear dispersion bands [Eq. (2)].
E*(k) = iy‘é‘ )

Here, k is measured with respect to the K-point, y =#v, = \/gaj/o /2 and v, is the Fermi

group velocity. The linear bands, a result of graphene’s crystal symmetry, are a hallmark of
graphene, giving rise to many of the interesting physical properties such as half-integer
quantum Hall effect, Berry’s phase and Klein—paradox.*® *' Within the linear—band
approximation, the constant energy contours are circles around the K and K’ points. The
effective Hamiltonian near the K-point can be expressed by the Dirac equation with zero

mass [Eq. (3)].

H

0 -
* =hv, ok 3)
w0
Here o is the 2d pseudospin Pauli matrix. Physically, this implies that the electronic states
near the K- point are composed of states belonging to different sublattices A and B and their

relative contributions is taken into account using two component wave functions (spinors).

The eigen functions near K are given by Eq. (4).

- 1 1 ik .7
vy, (F)= ﬁ(se—gkje 4)
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where s = & 1 is the band index and 6. is the polar angle of the wavevector k. Eq.4 reflects

that the pseudospin vector is parallel to the wavevector k in the upper band (s = 1) and is
anti-parallel in the lower band (s = -1). The wavefunctions at K and K’ are related by time-
reversal symmetry. The pseudospin and Berry phase may be manipulated by application of
an inhomogeneous lattice distortion. Interestingly, a non-constant lattice distortion can lead
to a valley-Hall effect, analogous to the spin-Hall effect in semiconductors. "’

The electronic dispersion of bilayer graphene is different from that of single-layer
graphene. The lattice structure of a bilayer graphene is shown in Figure 7a and b, where the
top and bottom layers are represented by solid and dashed lines, and indexes 1 and 2 label the
sublattices of the bottom and top layers, respectively. The A, sublattice of the top layer is
exactly on top of the sublattice B; of the bottom layer. In addition to the in-plane nearest

neighbor hopping energy y,(A;-B; or A,-B»), there is interlayer hopping energy y, (Az-B)).

Taking only these two energy scales and neglecting all other hopping energies (B2-A1, Ax-A;

or B,-B)), the Hamiltonian of a bilayer graphene near the K-point can be written as Eq. (5).

0 % 0 0

H = w0 oy 0 (5)
0 7 0 %
0 0 »m O

The eigen values of this Hamiltonian are given by Eq. (6)

2

£ =o (2] 0wy [ ©

where s =+ 1 is a band index j is a subband index (j = 1,2). Figure 7c shows the electronic

dispersion of the bilayer, where y, is the energy separation between the two subbands in
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conduction or valence bands. There is no gap between the valence band and the conduction
band. However, a gap can open on application of an electric field perpendicular to the bi-

[41.42] A band gap has been observed by angle-resolved photo-emission experiments on

layer.
a chemically doped bilayer graphene,* where the electric field arises due to charge transfer

from the dopants to the carbon atoms. A direct application of top-gate electric field to the

Top view ®) Side view

1
Ty g 7
Hopping energies

Figure 7. (a) Top and (b) side view of a bilayer graphene. A;, B; are the sub
lattices of the bottom layer and A,, B, are sublattices of the top layer. (¢) Energy
dispersion of a bilayer graphene. Here y, is the energy separation between the

two sub bands.

back gated bilayer field effect transistor gives a controlled way to manipulate the band gap,
presenting a possibility of electrostatically controlled graphene-based devices.!*!
Quantum Hall Effect: The massless Dirac Fermion nature of carriers in single-layer

graphene has interesting consequences on the energy spectrum of the Landau levels (LL)

produced in the presence of a magnetic field perpendicular to the graphene layer.****) The

energies of the Landau levels, indexed by integer j, are given by £, = J_er,/2| j|ehB . Notice

10
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that £, is proportional to~/B, in contrast to conventional 2-dimensional electron-gas with

parabolic bands where £, = ( i +%)heB/ m* . Furthermore, since the bands touch at the K

and K’ points, the j=0 Landau level is shared equally between electrons and holes, whereas in
parabolic bands, the first LL is shifted by zeB/2m* . These peculiarities of the Dirac
Fermions lead to anomalous quantum hall effect (QHE) with half—integer quantization of the
Hall conductivity, instead of an integer QHE. The Hall conductivity, o, in single-layer

2

. .1 . . .
graphene shows a plateau quantized at ( j+ Ej as a function of carrier density, ng, at a

fixed magnetic field or as a function of B at a fixed n;. Another interesting feature is that the
splitting between the LLs (j=0 and j=1) is 240 meV at 45 T which makes the observation of
[47]

QHE possible at room temperature.

For bilayer graphene, the quasi-particles are chiral but with a finite mass. The Landau

levels in this case are given by £, = if;:;fw/ j( j —1), leading to two degenerate levels j=0

and j=1 at zero energy. This results in the absence of the zero energy plateau, o, = jae’ lh,

where j is an integer except j=0.1**! The opening of a gap in bilayer graphene by the electric
field is also reflected in the quantum hall plateaus.*”!

1.5 Phonons and Raman Spectroscopy

Single-layer graphene belongs to the D,, point group which reduces to D34 for the AB

bilayer and ABC trilayer and Dsj, for the ABA trilayer. The zero-wavevector (q=0) optical
phonons in single-layer graphene belong to the irreducible representations E,, (R) and B,

where R and IR refer to Raman and infrared active modes. The eigen vectors of these optical

11
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modes (Figure 8a) show that the E>, mode (degenerate transverse optic (TO) and longitudinal
optic (LO)) is an in-plane optical vibration with the frequency ~ 1582 cm™.*°! The two
neighboring atoms vibrate opposite to one another, resulting in large bond distortions. In the
B, mode, the carbon atoms move perpendicular to the graphene plane. For bilayer graphene
with AB stacking with 4 atoms per unit cell, the optical modes are 2E, (R) + 2E;, (IR) + Ay,

(IR) + 2 By,. The eigen-vectors of E, and E;, are shown in Figure 8b. The IR active E;,

mode is slightly higher in frequency (~7cm™) as compared to the Raman E, mode.

@) 5ingle layergraphenes

& & & @ @ @
& L * - -
3 & & = -
¥ L ] L ] - ] T
& ] 4 & s
El L) L] -a - -
E., .
- _\‘r# -

2y Bilavergraphens

g g a*;'v
= T a—3
gy | ool S
n'n il"i
Py g g g
g =, @ g s

14, B

() 0 madea
? . ]
@ 2
.
&
T =

Figure 8. (a) Atomic displacements for the E,, (TO/LO) modes at I' in monolayer
graphene. (b) For bilayer, atomic displacements of E, (R) and E;, (IR) modes at I". Here
one mode for each degenerate pair is shown. (¢) Atomic displacements for the highest TO

mode at K. (Ref. [51]).
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Vibrational properties of ultra thin n-layer graphene (n=1-7) have been studied using
first-principles density functional theory.” It is found that a low frequency optical phonon
(~110 cm™) with out-of-plane displacements exhibits a large sensitivity to the number of
layers, although the interlayer spacing does not change appreciably as n varies. This low-
frequency mode is yet to be observed experimentally and can prove to be a marker for the
number of layers.

Figure 9 shows the phonon dispersion of single-layer graphene using density
functional theory.”!! The branch indexed as ZA refers to the out-of-plane acoustic mode

which has a q*-dispersion, in contrast to the linear q dispersion of the longitudinal and
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Figure 9. Phonon dispersion for monolayer graphene. (From ref. [51]).

transverse acoustic modes. Many recent calculations have discussed the important issue of
electron-phonon coupling in graphene.”*” The degenerate Es; phonon at I' and the highest
TO phonon at K have strong electron-phonon interactions, resulting in Kohn anomalies in the
phonon dispersion. The Kohn anomaly refers to the anomalous screening of phonons of

wavevector ¢ which can connect two points k; and k; on the Fermi surface such that
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k; = k; + q.””) For graphene and metallic nanotubes, the Kohn anomalies occur at g= 0 and q
= K. The eigen vectors of the phonon modes responsible for the Raman D-band transform
according to the A; and B, representations of Cg, are shown in Figure 8¢c.’! The two
sublattice atoms move circularly in opposite directions.

Raman spectroscopy is a powerful probe for characterizing sp® and sp’ carbon
materials — be it graphite, diamond-like carbon, diamond, poly-aromatic compounds,
fullerenes and carbon nanotubes. Raman fingerprints of single, bi- and few layer graphenes
are different and have been investigated by several groups.”**"! A typical Raman spectrum
of single-layer graphene is shown in Figure 10. The symmetry allowed E,, mode at the I'-

point, usually termed as the G-mode, appears at ~1583 cm™. The other Raman modes seen

_ G (1583) 1 2609)

D130 .

" 4G (2647) -

_ A A [ (1620) AJ\JD, {3245) 220G [1290} ]
e — o S

Int, (a.u)

1n00 1500 20040 1500 3000 1500 4000 4500
Raman shift (cm™)

Figure 10. Typical Raman spectrum of single-layer graphene prepared by mechanical

exfoliation method. The excitation laser wavelength was 514.5 nm.

are at ~1350 cm'(D-mode), 1620 cm™(D’-mode), 2680 (2D or D mode), 2950 (D+G),
3245(2D’) and 4290 cm'1(2D+G). The mode at ~ 1350 cm™, termed as the D-mode, is a
disorder — activated Raman mode and is associated with the TO — branch near the K-point.

Its frequency depends on the incident laser energy (~50 cm™/eV) and has been
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understood®**® based on the double resonance Raman process shown in Figure 11. The

Raman tensor can be written in fourth order perturbation theory as Eq. (7)

R= Z MerMefdefMepM er
- SE -E,~iy)E —~ho! -E, ~iy\E ~ho! —E, —iy)

(7)

Here, Ey is the energy of the incident laser photon, M’s are the matrix elements and v is the
life-time broadening of the intermediate electronic states a, b and c. Figure 11a shows the
four steps involved in defect —assisted Raman process: step one is the electron — radiation
interaction with matrix element M,,, the second step is the electron-phonon interaction (Mcp)

making a phonon assisted inter-valley transition, the third step is defect-assisted transition

(2) D mode (b) D’ mode
phonon
- = ;
/
Inter-valley Intra-valley
(TO mode near K) (LO mode nearT')

Figure 11. Double resonance Raman scheme for the (a) D and (b) D’ modes.
Vertical solid lines represent interband electronic transitions accompanied by
photon absorption or emission. Dashed arrow represents phonon emission and
horizontal dotted line represents the defect scattering.

M. ¢erto take care of the momentum conservation and the fourth step is the electron-radiation

interaction. In the double resonance Raman process, the phonon with wavevector q is so
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chosen that the energy denominator is minimum. A change in the incident photon energy
results in choosing a phonon of different wavevector on the TO-branch and hence the shift in
the D-mode frequency arises due to the dispersion of the phonon branch near the K-point of
the Brillouin zone. The mode at ~1620 cm'l, termed as D’, also arises due to the double
resonance process, involving intra-valley scattering involving LO phonon near the I' — point
(Figure 11b).

The mode at ~ 2680 cm™ is the second — order Raman scattering involving TO
phonons near the K-point. It is labeled as the D* or 2D mode. Unlike the D-band, disorder is
not required for the wavevector conservation because two-phonons of equal and opposite
momentum can satisfy the Raman requirement of q~0. Hence, one can observe the 2D band
in the Raman spectra, even though the D-mode is absent (See Figure 13). Like the D-band,
this Raman band is highly dispersive with incident photon energy (~100 cm™'/eV), almost
twice of the dispersion of the D-band. Double resonance Raman scattering shown in Figure

12a can quantitatively explain the dependence of the 2D Raman band frequency on the laser

(@) Double resonant (b) Fully resonant

Figure 12. Double resonance Raman process for the two-phonon Raman scattering.

Notation same as in Figure 11.

65, 66]

photon energy. It has been pointed out! that the Raman process shown in Figure 12b,

labeled fully resonant, is more dominant than the double resonance process. In bilayer
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graphene, the electronic dispersion is different from that in single-layer graphene (See Figure
7¢) and hence the shape of 2D band is different from that in single-layer graphene.!® °'!

Figure 13 shows the comparative Raman spectra of mono- and bi-layer graphenes along with

LE

=
I
1

Intensity (a.u)
SECZRES

EREREET

Figure 13. Raman spectra of single-layer graphene and bilayer graphene
prepared by mechanical exfoliation of HOPG. Note that even though the D-
mode is absent in graphene samples, the 2D mode is strong. The 2D band in
bilayer graphene is deconvoluted into 4 bands arising due to double resonance

processes. (From ref. [63]).
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the spectrum of HOPG. Ferrari ez al.[®” have shown that the 2D band in bilayer graphene can
be decomposed into 4 bands arising from the different phonon assisted inter-valley
transitions shown in Figure 14. It is found'® that the position of the Raman G-band in
mechanically exfoliated single-layer graphene varies from 1582 cm™ to ~ 1594 c¢m™. The
line-width also varies from ~20 cm™ to 14 cm™. Figure 15 shows the variation of the G-mode
frequency og and its full width at half-maximum (FWHM) as a function of the intensity ratio
of the D and G modes, Ip/ Ig. The latter is a measure of the disorder in the sample, which can
be edges, charge puddles, ripples or any other defects. The data in Figure 15 reflects the
unintentional charge doping of the graphene by defects. The intensity of D-band is related to

the edge chirality.[”) It is weak at the zigzag edge and strong at the arm-chair edge.

(a) {b)

KR
NN
999

Figure 14. Schematic representation of all the four possibilities in a

double resonance Raman process. The solid vertical lines are electronic

transitions and dotted lines represent emission of phonons.
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Raman spectra are routinely used to characterize graphene samples. The shift and
splitting of Raman modes can be used to determine the strain in graphene layers. Raman
spectra of epitaxial graphene layers grown on SiC show a significant blue shift of the G-band
(~20cm™) and 2D bands (~60cm™) as compared to graphene prepared by micromechanical
clevage.[®® ® This mainly arises due to compressive strain that builds up when sample is

cooled down after annealing.
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Figure 15. Peak position of G-mode, @, and its FWHM of different samples of

single-layer graphene as a function of the Ip/Ig ratio. The dashed lines are guide to

the eye. (From ref. [63]).
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In graphene monolayer under uniaxial strain, the doubly degenerate E,, mode splits into two
components — one polarized along the strain and the other perpendicular to it.’" " This
results in splitting of the G-band into two bands G* and G~ which are red shifted for the
uniaxial tensile strain. The red shifts for 1% strain are ~11lcm™ for G band, ~32c¢m™ for G
band.”? For the 2D band, the corresponding shift is ~64 cm™, which can also have
contributions from the changes in the phonon wavevector arising from relative movement of

the Dirac cones.!””! This can contribute to the asymmetric broadening of the 2D band.
1.1.6 Graphene nanoribbons

Depending on the width and edge configuration, graphene nanoribbons (GNRs) can
be either metallic or semiconducting. GNRs narrower than 10 nm can be semiconductors
regardless of the edges and excellent candidates for use in electronic devices, such as field-
effect transistors.!””) Whereas for larger widths, the properties of the GNRs are mainly
dependent on the edge configurations. Graphene nanoribbons with controlled widths were
prepared by unzipping carbon nanotubes (Figure 16). In this process, multiwalled carbon
nanotubes comprising 15-20 concentric cylinders were intercalated with concentrated
sulfuric acid and potassium permanganate at room temperature and heated at 55-70 °C. This
process yielded nanoribbons up to 4 micrometres long, with widths of 100-500 nanometres
and thicknesses of 1-30 graphene layers. GNRs were also prepared by employing different
procedures such as lithography, chemical and sonochemical synthetic methods, chemical

vapor deposition and micromechanical cleavage.!"!
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Figure 16. Methods for unzipping carbon nanotubes. (a) Unzipping of multiwalled
carbon nanotubes by treating with sulfuric acid and potassium permanganate (an
oxidizing agent) to form nanoribbons or graphene sheets. (b) Argon plasma etching of
nanotubes embedded polymer film. (c) Insertion of alkali-metal atoms between the
concentric cylinders of a multiwalled carbon nanotube, causes graphene sheets to peel
off. (d) A method still to be explored would use catalytic metal nanoparticles to cut

along the length of a nanotube like a pair of scissors. (From ref. [73]).

1.1.7 Graphane

Graphane is a “hypothetical” two-dimensional polymer of carbon and hydrogen with
a hexagonal network. All the carbon atoms in graphane are sp> hybridized and the hydrogen

atoms are bonded to carbon on both sides of the plane in an alternating manner. First-
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principles calculations predicted that graphane is stable and that its binding energy is
comparable to benzene, cyclohexane, and polyethylene.

Hydrocarbons are the simplest organic compounds containing only carbon and
hydrogen.”” Some of them naturally occur in the form of crude oil and natural gas and
others are synthesized. Hydrocarbons are usually good fuels. They are readily oxidized to
produce carbon dioxide and water, with a considerable release of energy. All known
hydrocarbons, until now, are molecules with a linear or cyclic carbon backbone. In contrast
to existing hydrocarbons, graphane is an extended two-dimensional system, containing
covalent C-H bonds. It is predicted to be a semiconductor, because of its novel structure and
low dimensionality. Fully fluorinated analog of graphane, poly-(carbon monofluoride) with
formula CF, has been synthesized earlier..’® Since fluorine is known to replace hydrogen in
many hydrocarbons, the existence of this fully fluorinated form extends further support to the
prediction of this new material.

Graphane has two favorable conformations, one is a chair-like conformer and the
other is a boat-like conformer. In chair-like conformer, hydrogen atoms are bonded on both
sides of the plane in an alternating manner whereas in boat-like conformer, hydrogen atoms
are bonded in an alternating manner as pairs (Figure 17). In the chair conformer, the
calculated C-C bond length is 1.52 A which is similar to the sp’ bond length of 1.53 A in
diamond and is much greater than 1.42 A, characteristic of sp” carbon in graphene. The boat
conformer has two different types of C-C bonds: C-C bonds connected to hydrogen atoms on
opposite sides of the plane with a bond length of 1.52 A and C-C bonds connected to
hydrogen atoms on the same side of the plane with a slightly longer bond length of 1.56 A,

due to H-H repulsion.”””’ The C-H bond length in both conformers is ~ 1.1 A which is
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Figure 17. Structure of graphane in the chair conformation. The carbon atoms

are shown in gray and the hydrogen atoms in white. The figure shows the

hexagonal network with carbon in the sp® hybridization. (From ref. [77]).
typical for C-H bonds in hydrocarbons. Graphane bonds are fully saturated and there is no
opportunity for hydrogen bonding between the sheets.

Ryu et al. have experimentally shown that the reaction of single-layer graphene with
hydrogen atoms generates sp° C-H bonds on the basal plane and the reduced material gets
dehydrogenated on photothermal heating.[78] In their experiments graphene samples coated
with hydrogen silsesquioxane (HSQ) (30 nm thick) were irradiated with 30 keV electrons at
various doses (0.5~8 mC/cm?). In another approach, Elias et. al.l”) have employed hydrogen
plasma to produce hydrogenated graphene samples. In this process, graphene samples
deposited on silicon substrate were exposed to hydrogen plasma ignited between two
aluminum electrodes. It has been also shown that the reaction with hydrogen is reversible, the
original metallic state, the lattice spacing, and even the quantum Hall effect could be restored

after annealing.
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1.2 Applications

1.2.1Batteries

Owing to its reversibility and reasonable specific capacity graphite is generally
employed as an anode material in Li-ion batteries (Figure 18). However, new electrode
materials with higher capacity and stability need to be developed for Li-ion batteries to
achieve higher energy density and durability. Graphene has been considered as one of the
promising anodic materials in Li-ion batteries, as it has good electrical conductivity, high

Increased capacity: Li' can be intercalated into both GNS and Sn0,
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Figure 18. Schematic illustration of synthesis and structure of SnO,/graphene

for battery application. (From ref. [74]).

surface area and chemical tolerance.®™ *!! Song e al.® have reported that graphene exhibits
a relatively high reversible capacity of 672 mAhg', having much enhanced cycling

performance relative to graphite. The capacity and cycle performance of Li-ion battery has
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been further improved using graphene based hybrid nanostructures as electrodes.’® *

Typical examples of those nanostructures employed are TiO,, SnO,, CNTs, Co304 and
Co(OH); (Figure 18). It was suggested that the synergetic effect between two components in
hybrid nanostructures might be responsible for their improved performance due to the

maximum utilization of electrochemically active area of graphene.
1.2.2 Transparent conducting electrodes

Transparent conducting films are an essential part of many electronic gadgets.
Generally, thin metal or metal oxide films (ITO, In,Os: Sn) are used for these purposes.™
However, high cost, limited supply and brittleness of these materials hamper their use in
flexible substrates, resulting in a search for new types of materials.®™ Recently carbon
nanotube films have been used as an alternative transparent conductor in various photonic
devices including electric-field-activated optical modulators,®™® organic solar cells’®” and
liquid crystal displays.®® After its discovery, graphene has drawn attention as a possible
potential transparent electrode material due to its extraordinary thermal, chemical and
mechanical stability combined with its high transparency and atomic layer thickness. The
high hole transport mobility, large surface area and inertness against oxygen and water poses
graphene as a promising candidate for photovoltaic applications. Monolayer graphene is
highly conductive and highly transparent (absorbs only 2.3% of white light), making it useful

(811 Composites of graphene

as transparent electrodes for dye-sensitized solar cells (DSSC).
and poly (3,4-ethylenedioxythiophene) (PEDOT-PSS) as a counter electrode have shown
high transmittance (>80%) and high electro catalytic activity, resulting in 4.5% overall

energy conversion efficiency. Transparent graphene film was also reported to be used for

organic solar cells.™ It acts as an excellent acceptor material for favoring more efficient
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electron—hole separation. Initially, Chen ez al.®” fabricated photovoltaic devices employing
an organic solution-processed graphene as a new electron-accepter material and poly- (3-
hexylthiophene) (P3HT) and poly (3-octylthiophene) (P30OT) as donor materials (Figure 19).
Later on, inorganic—organic hybrid solar cells were fabricated using ZnO and graphene nano

1.°Y have fabricated a photovoltaic device using graphene/QDs nanofilm in

composite. Li et a
which graphene as acceptor exhibited the best performance of all the reported carbon/QD
solar cells. Foldability of graphene films deposited on a polyethylene terephthalate (PET)
substrate (thickness, 100 um) coated with a thin polydimethylsiloxane (PDMS) layer

(thickness, 200 um) was evaluated by measuring resistance as a function of bending radii.””
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Figure 19. Schematic of the device with P30T/graphene thin film as the active layer
and the structure ITO (ca. 17Q sq')/PEDOT:PSS (40 nm)/P30T:graphene (100
nm)/LiF (1 nm)/Al (70 nm) and energy level diagram of P30T and graphene. (From

ref. [91]).
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The resistance show little variation up to the bending radius of 2.3 mm (approximate tensile
strain of 6.5%) and are perfectly recovered after unbending. Jang and coworkers””> employed
inkjet printing and vapour deposition to deposit graphene oxide onto poly (vinylidene
fluoride) (PVDF), which is then reduced to create a graphene film. This new method of
making controlled graphene films has been employed to fabricate thin transparent
loudspeakers (Figure 20). The speaker system consists of a PVDF thin film sandwiched
between two graphene electrodes. A converse piezoelectric effect arising from the
application of an electrical current from the sound source distorts the PVDF film, and thus
creates sound waves. Although similar speakers using PEDOT:PSS electrodes are already

available in market, the new system has advantages over the existing technology in terms of
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Figure 20. Photograph of a poly (vinylidene fluoride)-based thin film acoustic
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actuator using flexible and transparent graphene electrodes. (From ref. [94]).

cost and power consumption. Graphene is cheaper than other electrodes such as metals and
conducting polymers, besides, the graphene-based acoustic actuator does not need expensive

high power voltage amplifiers due to low power consumption.
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1.2.3 Composites

Graphite is soft and flaky, and cannot be used in load-bearing structures. This
problem could be solved by making a composite material of graphene sheets and polymers.
The manufacturing of such composites requires not only that graphene sheets be produced on
a sufficient scale but that they also be incorporated, and homogeneously distributed, into
various matrices. Unfortunately, owing to their hydrophilic nature, graphene oxide sheets can
only be dispersed in aqueous media that are incompatible with the most organic polymers. In
addition, graphite oxide is electrically insulating, unlike graphite, which limits its usefulness

d,P* % however, that

for the synthesis of conductive nanocomposites. It has been demonstrate
the electrical conductivity of graphite oxide can be significantly increased by chemical
reduction, presumably owing to the restoration of a graphitic network of sp® bonds.
Processing of nanographene platelets to produce composites has been briefly reviewed by
Jang et al.”® Polyacrylonitrile nanofibers reinforced by graphite nanoplatelets have been
prepared and have improved mechanical properties.”” Hansma et al.”® indicated how a
combination of adhesives and high-strength structures such as graphene and carbon
nanotubes can yield strong, lightweight, and damage-resistant materials.
Ramanathan et al® reported that 1 wt% of functionalized graphene sheets in
poly(acrylonitrile) increases the glass transition temperature (T,) of the polymer by over
40 °C and an increase of nearly 30 °C is observed with only 0.05 wt% of graphene in
poly(methyl methacrylate) (PMMA). An addition of approximately 1 wt% of graphene to
PMMA leads to an increase in the elastic modulus by 80% and in the ultimate tensile strength
by 20%. A comparative study by these workers shows that among all the nano-filler

materials considered, single-layer functionalized graphene gives the best results. Das et al.!'""!
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have studied the mechanical properties of polyvinyl alcohol (PVA) and PMMA composites
reinforced by functionalized few-layer graphene by employing the nanoindentation technique.
The addition of 0.6 wt% of the graphene results in a significant increase in both the elastic
modulus and hardness. The crystallinity of PVA also increases with the addition of few-layer
graphene. An observed improvement in the mechanical properties of the polymers is
suggested to have arisen from the good mechanical interaction between the polymer and the
few-layer graphene, which in turn, provides better load-transfer between the matrix and the
fiber. Epoxy composites of few-layer graphene show very interesting properties which are
useful for the development of thermal interface materials for electronic packaging and
advanced composites.'”"! A loading of nearly 25 vol% of graphene into epoxy matrix
enhances the thermal conductivity by more than 3000%. This surpasses the performance of
conventional fillers that require a loading of nearly 70 vol% to achieve the same thermal
conductivity.

Booth e al.l"" have prepared graphene membranes having diameter of 100 mm.
They exhibit high stiffness and support large loads. Atomic simulation has been employed to

(193] Metal nanoparticles have been

investigate the elastic properties of single-layer graphene.
mechanically entrapped between graphene sheets to facilitate better contact between the
particles and the polymer matrix.['® Transparent and electrically conductive graphene-silica
composite films have been fabricated by incorporating graphene oxide sheets into silica sols
followed by spin-coating, chemical reduction, and thermal curing.!'® Polystyrene—graphene
composites with a conductivity of 0.1 Sm™ at only 1 vol% have been reported to exhibit a

percolation threshold of 0.1 vol% for room temperature electrical conductivity.!'” An

another interesting composite of graphene is the electrically conducting graphene paper. It is
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not only biocompatible but also mechanically strong (Figure 21).'°7 The paper has been
prepared by directional flow induced assembly of graphene sheets dispersed in solution. The
graphene composites could be very useful: for example, in the manufacture of fuselages for
aircraft, which must combine low weight, high strength and electrical conductivity. This last

property is necessary for protection against lightning strikes while in flight. The potential

— 10 um

Figure 21. (A) Photograph of two pieces of free-standing graphene paper
fabricated by vacuum filtration of chemically prepared graphene dispersions,
followed by air drying and peeling off the membrane. Front and back surfaces
shown. (B) Top-view scanning electron microscope (SEM) image of a graphene
paper sample showing the smooth surface. (C,D) Side-view SEM images of a ca.

6mm thick sample at increasing magnification. (From ref. [108]).
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properties of these graphene sheet-based composites thus appear promising due to the
extremely high aspect ratios (the average lateral dimension of ~ 1 mm) of the graphene sheets.
The intrinsic mechanics of the sheets: their crumpling, wrinkling and folding, and whether
they can be processed to be non-crumpled sheets (so that layering could be more effectively

achieved) are important issues for further study.
1.2.4 Sensors

In many applications, solid-state gas sensors have been widely employed due to their

[108.19] Recently, gas sensors using

high sensitivity, low production costs and miniature sizes.
carbon nanotubes and semiconductor nanowires have also been demonstrated.''" """ The
ultimate goal of any detection method is to attain the level of sensing even single atom or
molecule. Such resolution has so far been beyond the reach of any detection technique,
including solid-state gas sensors known for their exceptional sensitivity. The main reason for

121 Wwhich leads to

the limitation is fluctuations due to thermal motion of charges and defects,!
intrinsic noise exceeding the sought-after signal from individual molecules, usually by many
orders of magnitude. But the micrometer-size sensors made from graphene are capable of
detecting even individual molecules. Such gas sensors rely on the change in their electrical
conductivity.!''” The observed change in conductivity arises due to a change in the carrier
concentration of graphene, caused by adsorbed gaseous molecules acting as donors or
acceptors. Some interesting properties of graphene render its sensitivity up to single atom or
molecule level detection. First, as graphene is a two-dimensional (2D) material all carbon

14 Second, graphene is highly

atoms in the plane are exposed to the analyte of interest.!
conductive with low Johnson noise (electronic noise generated by the thermal agitation of the

charge carriers inside an electrical conductor at equilibrium, which happens irrespective of
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any applied voltage), therefore, a little change in carrier concentration can cause a marked
variation in electrical conductivity.!''*! Third, graphene has very few crystal defects,!'>** !
ensuring a low level of noise caused by thermal switching. Finally, four-probe measurements
can be made on a single-crystal graphene device with ohmic electrical contacts having low
resistance.l''*! All these features contribute to maximize the signal-to-noise ratio to a level
sufficient for detecting changes in a local concentration by less than one electron charge, e, at
room temperature. Since the first report on graphene sensing by Schedin e al."'¥ in 2007,
sensing properties of graphene have been examined by several groups. Graphene showed
good sensing properties towards NO,, NH3, H,O and CO (Figure 22) and sensing properties
were fully recoverable. In addition to NO, and NHj, dinitrotoulene (DNT), a volatile
compound found in explosives, was also detected.!''® The sensing mechanism in case of NO,
and NH; was attributed to hole induced conduction and electron induced conduction
respectively. The sensing mechanism was primarily attributed to charge-transfer at the

graphene surface.!"'”! Dinitrotoulene sensing mechanism was similar to that of NO, and the

limit of detection of dinitrotoulene was reported to be 28 ppb.

Figure 22. Graphene sheets could detect just a single molecule of nitrogen dioxide.

32



Graphene: An overview

Ghosh ez al"'! have studied the sensor characteristics of thick films made of few-
layer graphenes for NO,, H,O and aliphatic alcohols. Good sensitivities were observed for
NO, and H,O, and the sensitivity was mainly found to be affected by boron or nitrogen
doping. Gas-sensing properties of graphene sheets deposited on LiTaOs substrates have been

19 1201 Wwith glucose

reported.!'"™ Glucose sensors based on graphene have been reported.!
oxidase (GOD) as an enzyme model, Shan et al. constructed a novel polyvinylpyrrolidone
protected graphene/polyethylenimine-functionalized ionic liquid/GOD electrochemical
biosensor. Through the sensor, they reported direct electron transfer of GOD, demonstrating
graphene’s potential application for fabrication of glucose sensors. A linear response up to 14

[120

mM of glucose was observed by them. '*") The possibilities of single-layer graphene to act as

a mass sensor and an atomic dust detector have also been indicated.!'*"

Graphene chemically modified by electrodeposition of Pd nanoparticles!'”? has been
reported to show good response for H, sensing, as Pd has good affinity towards H,. DFT
calculations show that aluminum-doped graphene strongly chemisorbs CO molecules,
forming Al-CO bonds. Thus, aluminum-doped graphene is expected to be a potential
candidate for the detection of CO.'"*! Chemically modified graphene has been used in

1.4 It acts as an

bioelectronics as a sensor at both the microbial and the molecular leve
interface to recognize single bacteria, a label-free, reversible DNA detector, and a polarity-

specific molecular transistor for protein/DNA adsorption.
1.2.5 Field emission properties

Field emission (FE) is an electron emission process in which electrons are emitted
from a material under the application of high electric field. Such a high field is created by

field enhancement at the tip of a sharp object. Recently, a graphene/polymer composite thin
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film has been fabricated for achieving a field enhancing structure, required for FE

[125

applications.!'*! The FE cathodes were prepared by dissolution of graphene in polystyrene,

2] The orientation of the graphene sheets

followed by spin coating on to silicon substrates.|
in the composite thin films was varied by controlling the spin coating speeds. Relatively
better FE was observed from films prepared at a spin coating speed of 600 rpm; the turn-on
electric field (Ey) in such sample was ~4 V/um and the field enhancement factor (f) was
~1200. Wu et al!"® have prepared graphene films by electrophoretic deposition (EPD)
method. In this process, graphene films, generated by exfoliation of graphite, were dispersed
in isoprophyl alcohol and the resulting solution was deposited onto indium tin oxide (ITO)
coated glass substrates by EPD. Graphene cathodes prepared by this method demonstrated an
E, of 2.3 V/um and a B of ~3700. Malesevic et al.'*”) demonstrated microwave plasma
enhanced chemical vapor deposition (MW-PECVD) to fabricate vertically aligned few-layer
graphene (FLG) FE cathodes on titanium and silicon. Few-layer graphene was synthesized
by MW-PECVD with H, and CHy4 precursor gases, at 700 °C. The quality of few-layer
graphene films was observed to be dependent on the ratio of H,/CHy4 gases; best quality was
achieved when the ratio was 8:1. Graphene cathodes prepared by this method demonstrated
an Ey, of 1 V/um, B of ~7500 and a current density of 14 mA/cm?® (Figure 23). The advantage
of this method is direct synthesis of graphene on metallic substrates, thus creating ohmic
contacts, which are essential for FE applications. Moreover, no further processing is required.
The drawback of this method is the limited scope to control the few-layer graphene (FLG)
density, which can cause field-screening effect. However, it might take a while to

demonstrate a real FE device, which can reach the market.
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Figure 23. Current density as a function of applied electric field for few-layer
graphene (FLG) grown on silicon with gas ratio H, /CH4=8/1. The results are
shown for five voltage cycles without exposure to air in between each cycle and
maintaining a constant vacuum. The inset visualizes the same data, plotted

according to the Fowler-Nordheim relation (FN) relation. (From ref. [128]).
1.2.6 Support membrane for transmission electron microscopy

Graphene is effectively the thinnest material that we can make out of atoms.
Surprisingly, it is also very strong, thanks to a lack of crystal boundaries to break along and
very strong bonds between carbon atoms (carbon nanotubes are made from rolled up
graphene, and it has been suggested that cabling made from nanotubes would be strong
enough to create an elevator into space). As a result, we can use it to hold micro- and
nanoscopic objects to look at in an electron microscope (e.g. DNA, nanoparticles) in a
similar way we use glass slides in an optical microscope. Graphene is the perfect material for

this, as it is made of only carbon. It is very thin, thus, it will not interfere as much as other
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materials, with the TEM images taken. Also, it has a very simple crystal structure so can
easily be eliminated from diffraction patterns.
1.2.7 Molecular sieves

The open honeycomb structure of graphene means it might be possible to use it
as a net or sieve for atoms and small molecules, since only objects of this size will be able to
fit through the lattice. So it could be used in a way analogous to a filter paper, trapping large

molecules and allowing smaller ones to pass through.
1.3 Graphene may be the new silicon

Interestingly, graphene is fast replacing silicon (the material at the heart of all
computer chips) in electronics. It could allow electronics to process information and produce

radio transmissions 10 times better than silicon-based devices. Usage of graphene could

produce faster and more powerful cell phones, computers as well as other electronics.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF

GRAPHENE

Summary*

This chapter deals with the synthesis and characterization of graphene. When graphene
research was initiated in this laboratory, there was little information available on the
synthesis and characterization. This necessitated exploration of various methods of
synthesis. This chapter presents the results of all the investigations carried out by the
candidate to prepare single-layer and few-layer graphenes. The various synthetic methods
studied include exfoliation of graphite oxide (EG), conversion of nanodiamond (DG),
chemical vapor deposition (CVD), reduction of single-layer graphene oxide (RGO)
through different routes, and the new methods developed in this laboratory which include
by us namely arc evaporation of graphite in hydrogen atmosphere (HG) and radiation-
induced reduction of single-layer graphene oxide (RGO).

EG was prepared by giving a sudden thermal shock to dried graphite oxide (GO).
DG was obtained by transformation of nanodiamond at higher temperatures. CVD of
camphor and different hydrocarbons has been carried out on different metal catalysts and
also on transition metal foils. Single-layer graphene oxide (SGO) was reduced using
hydrazine hydrate/ethylene glycol as reducing agent under refluxing conditions or
through hydrothermal and microwave routes to obtain RGO. Arc discharge between
graphite electrodes under a relatively high pressure of hydrogen yields graphene flakes
(HG) generally containing 2-4 layers in the inner wall region of the arc chamber. The

method is eminently suited to dope graphene with boron and nitrogen by carrying out arc
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discharge in the presence of diborane and pyridine respectively. Irradiation of single-layer
graphene oxide (SGO) by sunlight, UV light and KrF excimer laser yielded reduced
graphene oxide. Both sunlight and ultraviolet light reduce graphene oxide well after
prolonged irradiation, but laser irradiation produces graphene with negligible oxygen
functionalities within a short time. Laser irradiation of graphene oxide appears to be an
efficient procedure for large-scale synthesis of graphene.

All the graphene samples were examined by field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), Raman spectroscopy and thermogravimetric analysis (TGA). Single-
layer graphene has been obtained by CVD over nickel and cobalt foils. Based on TEM
and AFM measurments, HG turns out be the best means of preparing few-layer graphene
comprising a smaller number (2-4) of layers. EG, DG and RGO generally possess 2-6

layers.

>l<Papers based on this work have been published in J. Mater. Chem.(2008),

J. Phys. Chem.C (2009), J. Phys. Chem. Lett. (2010), Sci. Technol. Adv. Mater.(2010) and
Int. J. Nanoscience (2011).
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Synthesis and characterization of graphenes

2.1 Introduction

Since the isolation of single-layer graphene (SLG) from highly ordered pyrolytic
graphite (HOPG) in 2004, it has attracted great scientific interest owing to its unique,
outstanding physico-chemical properties and possible potential applications. Though,
there is a great surge in graphene research after isolation of SLG in 2004, however,
synthesis of graphene related materials from graphite oxide and related chemical
modifications of graphite were extensively studied in the past. As early as the 1940s,!'! a
series of theoretical studies suggested that these layers if isolated, might exhibit
extraordinary electronic characteristics. Graphite oxide (GO) which is currently employed
as a parent material to prepare graphene and related reduced graphene oxide materials
was studied extensively for more than 170 years.*® For the first time in 1840, the
German scientist Schafthaeutl reported the intercalation and exfoliation of graphite with

2,5,6

sulfuric and nitric acids.! | Later, different intercalates like alkali metals, fluoride salts,

7-11 . . : 7, 12
I and various organic species have been employed.” ¥ On

transition metals'
intercalation, the stacked structure of graphite remains the same with widened interlayer
spacing which facilitates the delamination of graphene layers.

The effort of the British chemist Brodie in 1859 to determine the molecular
weight of graphite using strong acids and oxidants (KC103)!"* " resulted in the formation
of graphite oxide. This chemical modification of graphite has proven to be a suitable
method for the preparation of graphite intercalated compounds (GICs), single-layer

). 15161 Oxidation of graphite

graphene oxide (SGO) and reduced graphene oxide (RGO
in this manner weakens the interplanar forces facilitating its exfoliation under ultrasonic,
thermal or other energetic conditions. Nearly 40 years later, Staudenmaier reported a

different method of oxidation with slight modification to Brodie’s process. In this

process, to prepare GO, chlorate salt was added in multiple aliquots over the course of the
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reaction, instead of in a single portion."”! The obtained product was called as graphitic
acid due to its acidic properties. These intercalation and oxidation experiments were the
first examples of delamination of graphite into its constituent lamellaer. Later, Hoffmann
et al. reported that the composition of anhydrous GO is approximately CsO,(OH),. Ruess
et al. have shown that GO undergoes exfoliation at 200-325 °C on rapid heating, with the
formation of light weight and voluminous black flakes—the so-called graphite oxide

t.[18

soot." Boehm et al. have shown that graphite oxide soot obtained through deflagration

of GO contains very thin crumpled sheets. Figure 1 shows an electron microscope image

Figure 1. Electron microscope image of a particle of graphite oxide soot.

Image: K. Heideklang, 1960. (From ref. [19]).

of GO soot. They have also found that GO undergoes reduction in dilute alkaline media
with hydrazine, hydrogen sulfide or iron(Il) salts to produce thin lamellar carbon
containing small amounts of hydrogen and oxygen.!"”! The number of layers present in the
lamellae was determined by a set of standardized films of known thicknesses by using
transmission electron microscopy (TEM). The material was found to exhibit a minimum
thickness of 4.6 A, slightly deviating from the thickness of SLG.****) However, these

densitometry measurements suffered from a relatively high degree of experimental error

49



Synthesis and characterization of graphenes

related to variations in the thickness of the calibration standards used as well as

unevenness in the photographic emulsions.!"”!

Regardless, Boehm concluded, “this
observation confirms the assumption that the thinnest of the lamellae really consisted of
single carbon layers”.[lg] Similar products were also obtained by the thermal deflagration
(i.e., exfoliation) of GO.1**!

In 1968, Morgan and Somorjai used low-energy electron diffraction (LEED) to
investigate the adsorption of various gaseous organic molecules (e.g., CO, C,H4, C;H>)
onto a platinum (100) surface at high temperatures.** After analyzing these LEED data,
May postulated in 1969 that single as well as multiple graphitic layers were present on the
platinum surface.!””! Later, a number of studies on the surface segregation of single- and

few-layers of carbon from different crystalline faces of transition-metal substrates, like Ni

(100) and (111), Pt (111), Pd (100) and Co (0001) were reported (Figure 2).!"

Figure 2. STM image (1000 x 1000 A%) showing the formation of a graphitic structure
on a metal surface; the image was obtained at room temperature after annealing

ethylene over Pt (111) at 1230 K. (From ref. [26]).
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LEED and Auger electron spectroscopy studies revealed that dissolved carbon in the
metal alloys undergoes phase separation at high temperature and forms single or multiple
layers of carbon on the metal surface. Later these results were confirmed by scanning
tunneling microscopy (Figure 2).[26]

In 1975 van Bommel et al. described the epitaxial sublimation of silicon from
single crystals of silicon carbide (0001). At high temperatures, under ultrahigh vacuum
(UHV; <10 Torr) they could obtain single- and multi layered flakes of carbon
consistent with the graphitic structure were obtained, as determined by LEED and Auger
electron spectroscopy.?”? At temperatures below 800 °C, the SiC largely retained its
native structure, whereas an increase in the temperature resulted in the appearance of

7] The authors highlighted a graphitization

“graphite rings” in the LEED pattern.
mechanism proposed by Badami in which three layers of residual carbon collapse onto
one another upon sublimation of the silicon to effectively form graphitic sheets
(Figure 3).[28] In 1999, Ruoff et al. employed a lithographic patterning of HOPG
combined with oxygen-plasma etching to obtain thin graphene lamellae, however these
*e o0 o
€, %9 Cue

Figure 3. Model of a silicon carbide structure in which three carbon layers of SiC
have collapsed upon the evaporation of Si to form a single layer; open circles

represent C atoms. (From ref. [27]).
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[29]

lamellac were not fully exfoliated into their respective monolayers. Thin graphite

layers suitable for investigation by electron microscopy have for a long time been
prepared by “stripping off” highly ordered pyrographite (HOPG) or graphite crystals with
cellophane-based adhesive tape.*”! Novoselov et al. have found that proper and patient
use of this method enabled extremely thin films with only one or just a small number of

[31, 32

graphene layers. ! This method produces defect free graphene crystals, but has the

disadvantage that only small amounts can be produced. In Figure 4, we depict selected

events in the history of preparation, isolation, and characterization of graphene.!”

Ruoff and co-workers

Blakely and co-workers

Graphile oxide Morgan and Somorjai prepare monolayer Boehm and co-workers micromechanically Geim and co-workers
prepared by obtain LEED patterns graphite by segregating recommend that the term | | exfoliate graphite into prepare graphene via
Schafhagutl, Brodie, produced by small- carbon on the surface of ‘graphene” be used to thin lamellae micromechanical
Staudenmaier, molecule adsorpion Ni(100); several describe single layers of | | comprised of multiple | | exfoliation, numerous
Hummers, and cthers onto PY(100) subsequent reports follow graphite-lke carbon layers of graphene reports follow
1840-1958 1962 1968 1969 1970 1975 1986 1997 1999 2004

—_

van Bommel and
co-workers prepare
menolayer graphite by
subliming silicon from
silicon carbide

S

May interprets the data
collected by Morgan and
Semorjai as the presence
of a monolayer of graphite

on the Pt surface

IUPAC formalizes the definition of
graphene: “The term graphene should
be used only when the reactions,
structural relations or other properties
of individual layers are discussed "

Boehm and co-workers
prepare reduced graphene
oxide (r-GQ) by the chemical
and thermal reduction of
graphite oxide

Figure 4. Timeline of selected events in the history of the preparation, isolation and

characterization of graphene. (From ref. [7]).

2.2 Scope of the present investigations

As mentioned in the introduction, the approach to prepare graphene reported by
Novoselov et al. based on the scotch tape technique allows one to deposite graphene
crystallites on a silica substrate.”'! The quality of the samples produced is so good that
both ballistic transport and a quantum Hall effect (QHE)"* ** can be observed easily.
This makes graphene a promising candidate for future electronic applications, such as
field-effect transistors (FETs). While this approach may suffice for certain physical

measurements, however it is necessary to prepare graphene in large quantities for other
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studies and applications. We have, therefore, attempted to investigate different synthetic
routes, which can provide graphene in large yields.

When we started research on graphene there was little published work. In order to
prepare graphene, we therefore employed different methods based on exfoliation of

graphite oxide (EG),* conversion of nanodiamond (DG),""

chemical vapor deposition
(CG)®" ** and reduction of single-layer graphene oxide (RGO)." Two new methods
were developed by us: arc evaporation of graphite (HG) and radiation induced reduction
of single-layer graphene oxide (RGO).

Preparation of EG involves thermal exfoliation of graphite oxide at high
temperature. In this method, graphite oxide was prepared by reacting graphite with a
mixture of conc. nitric acid and sulfuric acid along with potassium chlorate at room
temperature for 5 days. Thermal exfoliation of graphite oxide was then carried out in a
long quartz tube at 1050°C under an Ar atmosphere. DG was obtained by thermal
conversion of nanodiamond at high temperatures, employing a graphite furnace.

CVD was carried out in a two-stage furnace and camphor was slowly sublimed
(170°C) by heating from the first furnace to the second furnace held at 770°C where the
micron sized nickel particles were placed. Using CVD, we have also grown large area
graphene films on nickel and cobalt sheets. In this process, hydrocarbons like methane,
ethylene, acetylene and benzene were employed and the growth was carried out at around
800-1000 °C.

To prepare RGO, single-layer graphene oxide (SGO) obtained by ultra-sonication
of graphite oxide was reduced using hydrazine hydrate/ethylene glycol as a reducing
agent under refluxing conditions and through hydrothermal or microwave treatments.

In a new method formulated here, graphene was prepared by the arc evaporation

of graphite rod in H; atmosphere without using any catalyst. This method makes use of
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the knowledge that it is difficult to obtain carbon nanotubes by employing arc evaporation
of graphite rod in H, atmosphere. It appears that H, plays a key role in the formation of
graphene sheets by resisting them to roll into tubular form. In second method, SGO has
been reduced by sunlight, UV light and KrF excimer laser. Among these, laser irradiation has
proven to be an efficient procedure for large-scale synthesis of graphene within shorter time.
The graphene samples prepared by the aforementioned procedures were
characterized by employing different techniques known as field emission scanning
electron microscopy (FESEM), atomic force microscopy (AFM), transmission electron
microscopy (TEM), Raman spectroscopy and thermogravimetric analysis (TGA). This is
mainly due to the lack of sufficient information in literature regarding charactrerization of
graphenes prepared by different methods, particularly in case of samples those have more
than one layer. Both FESEM and TEM analysis showed that graphenes have wrinkled
paper like structure. AFM analysis revealed the number of layers in the samples. Among
all the samples, HG comes out to be the best comprising 2-4 number of layers. Raman
spectra of graphene samples showed the characteristic D, G and 2D bands. Graphene
films grown on nickel and cobalt sheets showed an intense sharp 2D-band, a weaker G-
band and hardly any D-band. Thermogravimetric analysis inferred that graphene samples

undergo oxidation in the range of 520-750 °C.

2.3 Experimental section

2.3.1 Graphene from exfoliation of graphite oxide (EG)

A first method to prepare EG involves thermal exfoliation of graphite oxide.
Graphite oxide (GO) was prepared through either Staudenmaier or modified Humers

39400 In the Staudenmaier method, a 250 ml reaction flask containing a magnetic

method.!
stir bar was charged with sulfuric acid (10 ml) and nitric acid (5 ml) and cooled by

immersion in an ice bath. The acid mixture was stirred and allowed to cool for 15 min,
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and graphite (0.5 g) was added under vigorous stirring to avoid agglomeration. After the
graphite powder was well dispersed, potassium chlorate (5.5 g) was added slowly over 15
min to avoid sudden increases in temperature. The reaction flask was loosely capped to
allow evolution of gas from the reaction mixture and stirred for 96 h at room temperature.
On completion of the reaction, the mixture was poured into 0.5 L of deionized water and
filtered. The GO was redispersed and washed in a 5% solution of HCI. The filtrate was
tested with barium chloride for the presence of sulphate ions. The HCI wash was repeated
until this test was negative. The GO was then washed repeatedly with deionized water
until pH of the filtrate was neutral. The GO slurry was dried in vacuum at 60 °C. In
modified Hummers procedure, graphite oxide (GO)*” is prepared as follows. Graphite
powder (500 mg) is added to a mixture of concentrated H,SO4 (12 ml) and NaNOs (250
mg) in a 500 ml flask kept in an ice bath. While stirring the mixture, 1.5 g of KMnOj is
added slowly and the temperature is raised to 35 °C. After stirring the mixture for 30
minutes, 22 ml of water is slowly added and the temperature raised to 98 °C. After 15
minutes, the reaction mixture is diluted to 66 ml with warm water and treated with 3% of
H,0,. Then suspension so obtained is filtered resulting in a yellow-brown powder. The
resultant GO was dried under vacuum.

Graphite oxide (0.2 g), prepared as described above was placed in an alumina boat
and inserted into a 1 m long quartz tube that was sealed at one end. The other end of the
quartz tube was fixed to a two holed rubber stopper. An argon (Ar) inlet was inserted
through one of the holes of rubber stopper, and the outlet was fixed through another hole.
After purging with Ar for 10 min, the quartz tube was quickly inserted into a tube furnace

351 Rapid heating

preheated to 1050 °C, and held in the furnace for 10 minutes.
(>2000 °C/min) of GO to 1050 °C deflagrates the graphite oxide into individual sheets

through evolution of CO, resulting the formation of black product.
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2.3.2 Graphene by conversion of nanodiamond (DG)

DG was prepared by the graphitization of nanodiamond powder (particle
size 4-6 nm, Tokyo Diamond Tools, Tokyo, Japan) in an inert argon atmosphere.*® The
mean size and the size distribution of the diamond particles checked by transmission
electron microscopy were in good agreement with the reported. In order to avoid
contamination with magnetic impurities, we treated nanodiamond particles by soaking in
concentrated HCIl before use. 100 mg of pristine nanodiamond powder placed in a
graphite crucible was heat-treated in a locally fabricated graphite furnace (power rating 6
kW, Therelek engineers PVT LTD. Bangalore, India) in a helium atmosphere, at different

temperatures 1650, 1800, 2000 and 2200 °C.

2.3.3 Graphene by CVD (CG)

To prepare graphene by CVD method, carbon sources like camphor and different
hydrocarbons were employed. To prepare graphene from camphor, the reaction was
carried out in a two-stage furnace under argon atmosphere. In the first furnace camphor
was slowly sublimed by heating at 170 °C and sublimized vapors were passed through the
second furnace held at 770 °C where the micron sized nickel particles were placed as
catalys‘c.[3 T After completion of the experiment, furnaces were allowed to cool naturally
and the product was collected. The so obtained product was thoroughly washed with
dilute HCI to free from the catalytic Ni particles.

We have also grown graphene on different transition metal substrates by the
decomposition of hydrocarbons such as methane, ethylene, acetylene and benzene.*® In
our experiments, nickel (Ni) and cobalt (Co) foils having thickness of 0.5 mm and 2 mm
respectively were used as catalysts. These foils were cut into 5x5 mm’ pieces and
polished mechanically and the CVD process was carried out by decomposing

hydrocarbons around 800—1000 °C. By employing a nickel foil as substrate, CVD was
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carried out by passing methane (60-70 sccm) or ethylene (4-8 sccm) along with a high
flow of hydrogen around 500 sccm at 1000 °C for 5-10 minutes. With benzene as the
hydrocarbon source, benzene vapor diluted with argon and hydrogen was decomposed at
1000 °C for 5 minutes. On a cobalt foil, acetylene (4 sccm) and methane (65 sccm) were
decomposed at 800 and 1000 °C respectively. In all these experiments, the metal foils

were cooled gradually after the decomposition.
2.3.4 Graphene by arc discharge in a H, atmosphere (HG)

To prepare HG, direct current (DC) arc discharge evaporation experiments were
carried out in a stainless steel chamber that was filled with hydrogen and helium or
methane and helium mixtures at different proportions, without using any catalyst. In a
typical experiment, a graphite rod (6 mm diameter and 50 mm long) was used as an anode
and a pure graphite rod (having diameter of 13 mm and 60 mm length) was used as
cathode. The purity of the graphite rod was 99.998%. The discharge current was typically
100 A, and the voltage, about 38 V. The arc was maintained by continuously translating
the cathode to keep a constant distance (2 mm) between it and the anode. Typical
synthesis time was 10 min. Soot materials with web like appearance were formed on the
inner walls of the reaction chamber and around the cathode after the evaporation. This

material was characterized by employing different techniques.
2.3.5 Reduced graphene oxide (RGO)

RGO is prepared by reacting single-layer graphene oxide (SGO) in water with
hydrazine hydrate at the refluxing temperature (RGO),"'” hydrothermally (RGO (HT)) or
by microwave treatment (RGO (MW)). As GO readily forms a stable colloidal suspension
in water, the suspension is subjected to ultrasonic treatment (300 W, 35 kHZ) for an hour
to produce single-layer graphene oxide (SGO). Later, hydrazine hydrate (1 ml) is added

to 100 ml of stable aqueous solution of SGO (Img/Iml) and refluxed for 24 h. The
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reduced GO turns black and precipitates at the bottom of the flask. The resulting
precipitate is filtered and washed with water and methanol. Hydrothermal or micro-wave
routes were also employed to reduce SGO. In this procedure, the homogeneous mixture
of 25 ml of SGO solution (1mg/1ml) and 2 ml of ethylene glycol or 1 ml of hydrazine
hydrate is taken in a 50 mL polytetrafluoroethylene (PTFE) lined bomb. In case of micro-
wave treatment, the sealed autoclave is subjected to microwave irradiation
(power 600 W, 200 °C) for 10 minutes. In hydrothermal, process the autoclave is kept in
an oven at 170 °C for 24 h under autogenous pressure and allowed to cool to room

temperature gradually. The so obtained black product was washed with water and ethanol.

2.3.6 Radiation-induced reduction of graphene oxide (Radiation induced

RGO)

An aqueous SGO solution taken in a petri dish was exposed to sunlight for a few
hours. Upon exposure, the yellow-brownish SGO undergoes reduction with time and
forms black suspension. For treatment with ultraviolet radiation, the solution was
irradiated with a Philips low-pressure mercury lamp (254 nm, 25 W, 90 uW/cmz). A
Lambda Physik KrF excimer laser (248 nm, 5 Hz) was employed to irradiate aqueous
solutions of SGO taken in a quartz vail. The aluminum metal slit (beam shaper) which
usually gives a rectangular beam was removed during laser irradiation of the solution.
This makes laser energy almost uniform throughout the area where graphene oxide is
present. 300 mJ beam energy at 5 Hz reprate was used for the purpose. The reduced
graphene samples obtained by irradiation with sunlight, ultraviolet light and KrF excimer
laser are designated as SRGO, URGO and LRGO respectively. Apart from graphene
oxide reduction by various irradiation sources, graphite oxide solution in water was
directly irradiated with excimer laser for an hour to see whether sonication step can be

avoided.
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2.4 Characterization techniques

Field emission scanning electron microscopy (FESEM): FESEM images were
recorded with a FEI NOVA NANOSEM 600.

UV absorption spectroscopy: UV absorption measurements were carried out at room
temperature with a Perkin-Elmer model Lambda 900 UV/Vis/NIR spectrometer.

Infrared spectroscopy: Infrared (IR) spectra were recorded on small pieces of the
samples embedded in KBr pellets using Bruker FT-IR spectrometer.

Raman spectroscopy: Raman spectra were recorded at different locations of the sample
using Jobin Yvon LabRam HR spectrometer with 632 or 514 nm Ar laser.

Transmission electron microscopy (TEM): TEM images were obtained with a JEOL
JEM 3010 instrument fitted with a Gatan CCD camera operating at an accelerating
voltage of 300 kV. The samples were prepared by dispersing the product in CCl,. A drop
of the suspension was then put on a holey carbon coated Cu grid and allowed to
evaporate.

Thermogravimetric analysis (TGA): Thermogravimetric analysis of the samples was
carried out in a flowing oxygen atmosphere with a heating rate of 10 °C per minute using
a Mettler-Toledo-TG-850 apparatus.

Atomic force microscopy (AFM): AFM measurements were performed using Innova
atomic force microscope. The sample preparation is as follows. 1 mg of graphene is
dispersed in 3.0 ml of 1-methyl-2-pyrrolidinone (NMP) and ultrasonicated for half an
hour. After allowing the suspension to settle at room temperature for 1 hr, an aliquot (0.5
mL) was taken and added to a 1.5 ml flex tube for centrifugation. The samples were
centrifuged and the sedimented material was discarded after each cycle, finally yielding a
light-brown suspension. The suspension was spin-coated at 5,000 RPM onto freshly

cleaved, highly oriented pyrolytic graphite.
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2.5 Results and discussion

We have prepared graphene by employing different independent routes including
arc evaporation of graphite rod and radiation-induced reduction of graphene oxide which
are newly developed by us. To know the quality of these samples, we have used different
characterization techniques such as FESEM, TEM, AFM, Raman spectroscopy and TGA.
Results of the synthetic aspects and conclusions from the above characterizations are

summarized below.
2.5.1 Graphene from exfoliation of graphite oxide (EG)

In Figure 5, we show (a) FESEM and (b) TEM images of EG respectively. Both FESEM

and TEM images of EG show wrinkled paper-like structures.

Figure S. (a) FESEM and (b) TEM images of EG.
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To determine the number of layers present in the sample, we have carried out extensive
AFM study by collecting the data at different locations. In Figure 6, we show typical
AFM images of EG. The cross-section height profile analysis indicates EG possesses 3 to

6 graphene layers.
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Figure 6. AFM images of EG.

Raman spectroscopy is most useful tool to characterize graphene.[41] Single-layer
graphene shows the well-known G-band around 1570 c¢cm™ and a band around
1620 cm™ (D’). The D’ band is defect induced and not found in graphite. The D-band
around 1350 cm™ arising from disorder is very weak in a single layer graphene. The 2D
band (~2600 cm™) which appears in single-layer graphene is also sensitive to the number

of layers and shows greater structure (often a doublet) with increase in the number of
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layers. We have recorded the Raman spectra of EG sample at different locations
employing 632 Ar laser. In Figure 7, we show typical Raman spectrum of EG and in
Table 1 Raman band positions, Ip/lg, and Ip/lg ratios of different EG samples are

summarized.
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Figure 7. Raman spectrum of EG.

Table 1. Raman band positions along with Ip/g, Irp/ ratios.

Sample | D (cm™) | G (em™) | D’ (em™) | 2D (em™) |1/, | L/l

1345 1580 1617 2678 0.6 0.3
EG 1346 1587 1608 2689 0.7 | 0.25
1352 1574 1619 2705 1 0.25

Thermal exfoliation of graphite oxide at high temperatures produces graphene in bulk
quantities. The so obtained graphene has wrinkled sheet structure resulting from reaction
sites involved in oxidation and reduction processes. It possesses 2-6 number of layers
having lateral dimensions up to 1 micron. It may find applications in catalysis, sensors

and primarily in nanocomposites and storage of gases.
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2.5.2 Graphene by conversion of nanodiamond (DG)

We have carried out the conversion of nanodiamond (5 nm) at high temperatures
by employing a locally fabricated graphite furnace (power rating 6 kW, Therelek
engineers PVT LTD. Bangalore, India). In Figure 8, we have shown a photograph of the
graphite furnace employed by us. Nanodiamond samples (100-150 mg) were placed in a
graphite crucible and annealed in a helium atmosphere (99.9999 %) at 1650 and 1850 °C
for 1 hr, at 2050 °C for lhr, 1.5hr and 2 hr and at 2200 °C for 40 min. These samples are
designated as DG-1650, DG-1850, DG-2050 (1 hr), DG-2050 (1.5 hr), DG-2050 (2 hrs)

and DG-2200 respectively.

Figure 8: Photograph of the graphite furnace.

In Figure 9, we show FESEM images of DG-1650 and TEM images of nanodiamond,

DG-1650, DG-1850, DG-2050 (1 hr), DG-2050 (1.5 hr), DG-2050 (2 hr) and DG-2200.
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Figure 9. (a) TEM images of nanodiamond, (b) FESEM (top panel) and TEM

images (bottom panel) of DG-1650.
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Figure 9. TEM images of (c) DG-1850, (d) DG-2050 (1hr) and (e) DG-2050. (1.5 hr).
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Figure 9. TEM images of (f) DG-2050 (2 hr) and (g) DG-2200.

TEM analysis shows that the size of starting nanodiamond (ND) is around 5 nm. On
heating, ND undergoes transition to graphitic structures.

We show the AFM images in Figure 10 and in Figure 11a and b corresponding
histograms of the number of layers and of the lateral dimensions of DG-1650 and DG-
2200. AFM analysis indicates that DG comprises 3-9 layers having lateral dimension
around 600 nm. It shows a slight increase in the number of layers and a decrease in lateral

dimensions in the samples heated at 2200 °C.
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Figure 10. AFM images of (a) DG-1650 and (b) DG-2200.
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Figure 11a. Histograms of the height (left panel) and of the lateral dimensions

(right panel) of DG-1650.
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Intensity (a. u)

Figure 11b. Histograms of the height (left panel) and of the lateral dimensions

(right panel) of DG-2200.

Raman spectra of all DG samples were recorded by employing 532 nm Ar laser.
They show the characteristic D, G and 2D bands of graphene at 1340 cm™, 1580 cm™ and
2680 cm™ respectively. In Figure 12 we show Raman spectra of DG-1850, DG-2050
(1 hr) samples. The Raman band positions of all DG samples are summarized in Table 2.

The D band is quite intense in the DG samples.
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Figure 12. Raman spectra of (a) DG-1850 and (b) DG-2050 (1 hr).
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Table 2. Raman band positions along with Ip/g, Ip/g ratios.

Sample | D(ecm™) | G(ecm™) | 2D (em™) | I/1, | L1,
1342 1582 2681 | 125 | 02
DG-1650
1342 1583 2679 | 1.17 | 0.16
1342 1582 2679 13 | 016
DG-1850
1342 1582 2677 | 125 | 02
DG-2050 | 1343 1580 2682 12 | 025
(Th) 1 s 1580 2686 | 128 | 0.15
DG.2050 | 1340 1580 2682 1.2 0.2
(L3ho s 1582 2686 14 | 035
DG-2050 | 1340 1582 2682 1.4 0.2
A 1582 2683 1.4 0.3
1584 2690 1.3 0.2
DG-2200 |20
1339 1581 2680 | 125 | 025

Graphene (DG) was prepared by annealing of nanodiamond at high temperatures
(1650-2200°C) employing graphite furnace. During the annealing process, nanodiamond
undergoes phase transition to form graphene. AFM analysis indicated that DG possesses
2-9 layers showing an increase in thickness with an increase in the annealing temperature.
These samples have intense D band as compared to EG samples owing to their more

defective structure.
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2.5.3 Graphene from CVD (CG)

We have carried out CVD of camphor in a two-stage furnace, employing micron
sized nickel particles as catalyst. To free from the catalytic Ni particles, the product was
thoroughly washed with dilute HCI1 and characterized by employing different techniques.
In Figure 13 we show TEM and AFM images of the graphene sample (CG). Figure 14

shows Raman spectra of CG. The Raman band positions are listed in Table 3.

Figure 13a. TEM images of CG.
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Figure 13b. AFM images of CG.
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TEM images of CG show the samples to be comprised of crystalline sheets. AFM cross-
section height profile analysis indicates that CG possesses more number of layers than

EG and DG containing greater than 20 layers.
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Figure 14. Raman spectrum of CG.

Table 3. Raman band positions along with Ip/g, Iop/g ratios.

Sample [D (cm™) |G (em™) [ D’ (em™) | 2D (em™) [I /1| L1,

1342 1569 1605 2687 04| 03
CG 1345 1571 1605 2691 0.55( 03
1345 1569 1605 2692 0.35( 0.2

We have also carried out CVD to grow large area graphene films on different
metal sheets. To obtain quality graphene films, we employed different hydrocarbons,
systematically changing the growth conditions. Figure 15a shows FESEM and TEM

images of graphene sheets obtained by the thermal decomposition of benzene on nickel
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sheet. Figures 15 b and ¢ show the FESEM and TEM images respectively, of graphene

sheets obtained by thermal decomposition of methane on nickel sheet.

Figure 15. (a) FESEM (top panel) and TEM (bottom panel) images of graphene
on a nickel sheet prepared by the thermal decomposition of benzene (argon
passed through benzene with flow rate of 200 sccm at 1000 °C. Inset in Figure

shows selected area electron diffraction (SAED) pattern.

10/9/2008 | HV |spot| mag |det| WD | HFW |filt| =—500nm— 10/6/2000 | HV f[spot| mag | det| WD | HFW g“——“&

12:42:10 PM |15.00 kv| 3.0 |80 000 x| Helix | 5.3 mm |3.73 um| -0 [2:44:05 PM 15,00 kV) 3.0 140000 [Hielix 53""‘“”5 s

Figure 15b. FESEM images of graphene on a nickel sheet prepared by the

thermal decomposition of methane (70 sccm) at 1000 °C.
72



CHAPTER 2

Figure 15¢. TEM images of graphene on a nickel sheet prepared by the thermal
decomposition of methane (70 sccm) at 1000 °C. Inset in Figure shows selected

area electron diffraction (SAED) pattern.

In Figures 15a, and ¢ we clearly see the edge of the graphene sheet. Insets in Figures a
and ¢ show selected area electron diffraction (SAED) patterns. Figures 15(d, e) and f
show electron microscopy images of graphenes obtained by thermal decomposition of
ethylene on nickel and acetylene on cobalt respectively. In addition to methane, ethylene,
acetylene and benzene, liquefied petroleum gas (LPG) has also been employed for
graphene growth (Table 5). LPG yielded mainly graphene films comprising few-layers.

Growth conditions and the obtained results are summarized in Tables 4 and 5.

10092009 | HV |spot| mag |det| WD | HFW |ttt
12:45:41 PM 1 15.00 kV| 3.0 |40 000 x| Helix| 5.3 mm |7.46 ym| -0

—1pm— 10/9/2009 HV spot| mag det WD HFW | tilt 1pm
12:39:51 PM |15.00 kV| 3.0 |60 000 x | Helix| 5.3 mm [4.97 ym| -0

Figure 15d. FESEM images of graphene on a nickel sheet prepared by the

thermal decomposition of ethylene (4 sccm) at 900 °C.
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Figure 15e. TEM images of graphene on a nickel sheet prepared by the

thermal decomposition of ethylene (4 sccm) at 900 °C.

1000/2009 | HV |[spot| mag | det HEW | tilt 500 nm 10/0/2009 | HV |[spot| mag | det| WD | HFW |[fitt| —1pm—
12:34:51 PM 15.00 kv| 3.0 | 120 000 x | Helix| 5.3 mm mlos— 1 2:44:05 PM |15.00 kV| 3.0 40 000 x| Helix| 5.3 mm |7.46 ym .0

Figure 15f: FESEM (top panel) and TEM (bottom panel) images of graphene
on a cobalt sheet prepared by the thermal decomposition of acetylene (4

sccm) at 800 °C.

74



CHAPTER 2

Table 4. Growth conditions of graphene films comprising single/few layers.

Precursor Annealing Reaction Flow rate (Sccm)
Hydrocarbon) | temperature | temperature(°C Precursor/ .
o : ?"C) znd time( ) &iydrogen) Slngle/
(min) few
Methane 1100 1000/5 70/400 layers
Ethylene 1100 900/5 5/400
Benzene 1100 1000/5 Argon(100)/400
Benzene 1100 1000/5 Argon (50)/400
Acetylene 1100 800/5 4/400

Table 5. Growth conditions of graphene fims comprising few-layers.

Precursor [ Annealing Reaction Flow Rate

(Hydro | Temperature | Temperature (Scem)

carbon) (°O) (°C) and | (Precursor/Hydr

time (min) ogen)
Ethylene 1100 1000/10 50/500
Ethylene 1100 900/5 15/146
Ethylene 1100 800/10 15/400
Ethylene 1100 900/20 30/50 Few
Ethylene 1100 800/20 15/50 1 ayers
Ethylene 1100 900/10 15/150
Ethylene 1100 100/10 10/400
Ethylene 1100 900/10 10/400
Benzene 1100 1000/30 100(H,)
Benzene 1100 800/15 Argon (60)//700
Benzene 1100 800/7 Argon(75)/400
Benzene 1100 800/5 Argon(100)/400
Benzene 1100 1000/5 Argon(15)/400
Benzene 1100 700/15 Argon(75)/400
LPG 1100 800/5 -/700

In Figures 16 and 17, we show Raman spectra recorded from different graphene samples

obtained by CVD method. Raman spectra of graphene obtained on a nickel sheet by the
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thermal decomposition of methane, ethylene and benzene, specially the first two
hydrocarbons show intense 2 D band relative to the G band with hardly any D band (see
Figures 16a and b, clearly indicative of SLGs.®® Figures 17 a and b show the Raman
spectra of graphene prepared on a cobalt foil by the thermal decomposition of methane
and acetylene respectively. The spectrum in b is more similar to that of SLG. All these
graphene samples show G band at 1580 cm” and 2 D band around 2670 cm™ with a
narrow line width of 30-40 cm™. The narrow line width and relatively high intensity of

2D band confirm that these Raman spectra correspond to graphenes having 1-2 layers.”®
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Figure 16: Raman spectra of graphene on a nickel sheet prepared by the thermal
decomposition of (a) methane (70 sccm) at 1000 °C (b) ethylene (4 sccm) at 900 °C and
(c) benzene (argon passed through benzene with flow rate of 200 sccm) at 1000 °C and

(d) benzene (argon passed through benzene with flow rate of 400 sccm) at 1000 °C.
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Figure 17. Raman spectra of graphene on a cobalt sheet prepared by the decomposition

of (a) methane (64 sccm) at 1000 °C and (b) acetylene (4 sccm) at 800 °C.

Thermal CVD process has been effectively employed to prepare graphene. In this
process, pyrolysis of camphor was carried out on nickel particles. AFM analysis showed
that graphene samples contain more than 10 layers. Using CVD, we have also grown
large area graphene films on nickel and cobalt sheets by decomposing different
hydrocarbons. Raman study of these films revealed that graphene films comprise single-
and bi- layer graphenes.

2.5.4 Graphene by arc discharge in a H, atmosphere (HG)

To prepare HG, arc discharge experiments were carried out in a stainless steel
chamber that was filled with hydrogen and helium or methane and helium without using
any catalyst. In Figure 18 we show schematic representation of arc-discharge apparatus.
The proportions of H, and He used in our experiments are H;, (70 torr)/He (500 torr), H,
(100 torr)/He (500 torr), H, (200 torr)/ He (500 torr), H, (400 torr)/He (300 torr) and CHy
(300 torr)/He (300 torr) and the corresponding samples are designated as HG 1, HG 2,
HG 3, HG 4 and HG 5 respectively. In addition to the different proportions of H, we have
also carried out the experiments at different currents and found that at low currents, arc

discharge does not occur in the presence of hydrogen. Before characterization, these HG
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pump gas inlet

micrometer-
screw
o
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= rocs
cathode ' anode
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|

Figure 18. Schematic representation of arc-discharge apparatus.

samples were annealed in hydrogen atmosphere at 1000 °C for 4 hours. To obtain the
TEM images, the so obtained annealed samples were dispersed in CCly and drop casted

on TEM grid. In Figure 19 we show TEM images of all the HG samples.

Figure 19 a. TEM images of HG 1.
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Figure 19 ¢. TEM images of HG 3.
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Figure 19 e. TEM images of HG 5.
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From the above TEM images we can observe that HG 3 and HG 4 have only graphene
sheets whereas remaining samples comprise graphene sheets and onion particles. The
HG 3 was obtained in higher yields compared to HG 4. From this we can conclude that,
as the content of hydrogen in the arc discharge chamber is decreased, the relative
proportion of closed shell polyhedral particles increases. On the other hand, excess
hydrogen results in lower yields. We found that under optimal conditions, this method
yields 10-20 wt % of graphene with respect to the weight of the anode and the best
conditions to obtain the quality samples are: current 100 amp, ratio of H, to He is (200
torr)/ (500 torr).

We have also carried out the experiments using nickel as a catalyst, which gave
similar results. In these experiments nickel filled graphite rod was employed as
consuming anode and the proportion of H, and He was maintained at 200 (torr)/500

(torr).We show TEM images of the obtained sample (HG 6) in Figure 19f.

Figure 19f. TEM images of HG 6.

81



Synthesis and characterization of graphenes

We have recorded AFM images of HG 3 sample using Innova microscope. AFM study
indicates that HG 3 (Figure 20) comprises 2-3 layers. Raman spectra of all these samples
show characteristic D, G and 2D bands. In Figure 21, we show Raman spectra of HG 1

and HG 3. Raman band positions with Ip/Ig, I,p/Ig values of all the HG samples are listed

in Table 6.
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Figure 20. AFM images of HG 3.
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Figure 21. Raman spectra of HG 1 and HG 3.
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Table 6. Raman band positions of HG samples

Sample D (cm'l) G (cm'l) D’ (cm™) [2D(em™) |Ip/Ig Lp/Ig

1329 1560 1597 2665 0.6 0.4
HG-1

1328 1560 1597 2660 0.55 0.37

1324 1566 1590 2665 0.6 0.3
HG-2

1352 1567 1590 26660 0.62 0.32

1337 1573 1603 2690 0.56 0.34
HG-3

1339 1573 1602 2691 0.52 0.3

1335 1566 1597 2684 0.6 0.3
HG-4

1336 1565 1597 2684 0.55 0.32

1321 1569 1601 2642 0.8 0.7
HG-5

1320 1569 1599 2643 0.55 0.5

This new technique to prepare graphene, by arc-evaporation of graphite in hydrogen
atmosphere, produces graphene in large quantities. It exploits the fact that the presence of
H; during the arc discharge terminates the dangling carbon bonds with hydrogen and thus
prevents the formation of closed structures. AFM analysis indicated that this process
yields graphene samples with mostly 2-4 layers having relatively smaller lateral
dimensions ~ 100-200 nm. As this sample has relatively lesser number of layers with
small lateral dimensions it may serve as a potential candidate as nanofiller in

nanocomposite applications.
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2.5.5 Reduced graphene oxide (RGO)

We reduced the SGO using hydrazine hydrate/ethylene glycol as a reducing agent under
refluxing conditions and through hydrothermal (HT) and microwave (MW) routes. These
samples are designated as RGO, RGO (HT) and RGO (MW) respectively. In Figure 22
we show FESEM and TEM images of SGO, RGO, RGO (MW) and RGO (HT). Raman
spectra of RGO, RGO (MW) and RGO (HT) shown in Figure 23 and the corresponding

Raman band positions with Ip/Ig values are listed in Table 7.

(b)

Figure 22b. FESEM images of RGO.
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(d)

Figure 22. (¢) TEM images of RGO, (d) FESEM (left panel) and TEM (right
panel) images of RGO (MW) and (e) FESEM (left panel) and TEM (right panel)

images of RGO ().
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Table 6. Raman band positions and Ip/Ig values of RGO, RGO (MW) and RGO (HT).

Sample D (cm™) G (cm'l) Ip/lg
RGO 1327 1591 1.45
RGO (MW) | 1329 1593 1.3
RGO (HT) 1327 1593 1.3

Reduction of SGO produces highly reduced graphene oxide sheets with minimal amount
of functionalities remaining on the surface. TEM and AFM analysis concluded that
graphene sheets are crumpled and comprise 2-6 number of layers. Raman spectra showed
an intense D band and a weak 2D band. The latter might be due to the remaining
functionalities on the surface, and defects incorporated in the sample during ultra-

sonication.
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2.5.6 Radiation induced-RGO

We could reduce SGO employing sunlight, UV and laser. In Figure 24a, we show
a photograph of the SGO solution in water medium which is brownish yellow in colour. It
gradually turns reddish after 2 hr of irradiation with sunlight, as can be seen from
Figure 24b. When the irradiation is continued for 10 hr, it finally turns black in colour, as
can be seen from Figure 24¢. The colour change of SGO from brownish yellow to black

1s a clear evidence of the occurrence of reduction.

(a) (b) (c)

Figure 24. Photographs of SGO solutions (a) before irradiation by

sunlight and after irradiation by sunlight for (b) 2 hr and (c) 10 hr.

IR spectra of SGO samples show the decrease in intensity of the carbonyl stretching band
after 10 hr of irradiation. Similarly, the intensities of bands due to other oxygen
containing functional groups also decrease after prolonged sunlight irradiation. Figure 25
shows FESEM images of graphene oxide before and after irradiation with sunlight (10
hr). We notice only a marginal change in the surface after irradiation, with only minor
buckling of the flakes. Irradiation with ultraviolet light yields the same result after
irradiation for only 2 hr. In Figure 26 we depict the FESEM images of SGO before and
after UV irradiation. UV treatment seems to render the surface buckled. More graphene

edges become visible on the surface after irradiation.

87



Synthesis and characterization of graphenes

Figure 25. FESEM images of (a) untreated SGO and (b) after 10 hr of

irradiation by sunlight.

Figure 26. FESEM images of (a) untreated SGO and (b) after 2 hr of UV irradiation.

We have obtained the most interesting results with KrF excimer laser treatment.
Brownish yellow colour of the graphene oxide solution becomes deeper brownish red,
just after short laser irradiation (approximately 4 minutes of laser treatment, 1000 laser
shots at 300 mJ). After 1 hr of laser treatment (18000 laser shots), the graphene oxide
solution turns black in colour (Figure 27). The fast colour change obtained with excimer
laser is due to large laser fluence as compared to areal energy density for sunlight and

ultraviolet light
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Figure 27. Photographs of (a) untreated SGO and after irradiation with an excimer

laser radiation (300 mJ) for (b) 1000 shots and (c¢) 18000 shots.

IR spectra show the near disappearance of carbonyl stretching band as well as of other
bands due to oxygen functionalities, after 1 hr of irradiation. Excimer laser irradiation not
only reduces the graphene oxide effectively but also fragments the graphene as can be
seen from Figure 28a. Excimer laser irradiation of a solid graphene oxide disc gives rise
to highly porous surface features with large number of edges, as can be seen from the
FESEM image in Figure 28b. Solid graphene oxide requires only 4-5 laser shots (1
second time for 5 Hz reprate) to be completely reduced to black graphene, devoid of any
oxygen containing functional groups. Such reduction of graphene oxide in a few seconds
makes excimer laser an excellent choice for reduction. This is noteworthy since no
reducing agent is required in this procedure and the extent of reduction is better than that
by any other means. Wattage/cm” of KrF excimer laser and low pressure UV (254 nm)
mercury lamp used in our experiments are 3 mW /cm?” and 90 pW/cm? respectively. Areal
power density of the KrF excimer laser is, thus, approximately 33 times larger than that of

the mercury lamp.
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Figure 28. FESEM images of (a) SGO after treatment of solution with excimer
laser radiation at 300 mJ laser energy with 1000 shots and (b) the solid with 5

laser shots.

X-ray photoelectron spectroscopy was also carried out on solid graphene oxide
and excimer laser-reduced graphene oxide (LRGO). The signals of C 1s and O 1s were
analyzed which clearly confirmed the reduction of graphene oxide. Raman spectra of the
reduced samples such as LRGO show D, G and 2D bands respectively at 1332, 1580 and
2640 cm™. Atomic force microscopic image of the laser reduced samples shows a large
number of tiny flakes (20-120 nm) with large unbroken flakes comprising 1-7 layers.
Electronic properties change after irradiation of SGO as expected. Two-probe resistance
measurements show that the resistivity of GO, SRGO and LRGO are 5000, 550 and 41
ohm-cm respectively. This is expected as reduced SGO will have less oxygen containing
functionalities which would make the samples more conducting. We have also carried out
the irradiation of graphite oxide solutions in water with excimer laser of 300 mJ beam
energy. It is found that after 1 h of irradiation, the brownish yellow colour of graphite

oxide solution changes to black as can be seen from Figure 29. Thus, the sonication step
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is actually not necessary because excimer laser itself can do fragmentation as well as

reduction. It also demonstrates the generality of this technique.

(a) (b)

Figure 29. Photographs of (a) graphite oxide solution in water and of (b) excimer

laser reduced graphite oxide.
Without employing any reducing agent, reduction of SGO has been achieved utilizing
various sources of radiation viz. sunlight, UV and laser. Reduction of SGO has been
confirmed from visible color change of the SGO solution, as well as from its UV
absorption and IR spectra. In comparison to other synthetic methods of preparing
graphene, this process would be an easy and cost effective technique.
2.5.7 TGA analysis of graphenes

We have carried out the thermogravimetric analysis of CG, EG and DG

(Figure 30). CG undergoes sharp oxidation around 750°C while DG gets oxidized at
700 °C. EG exhibits the lowest oxidation temperature of ~520 °C, exhibiting a sharp mass
loss at this temperature followed by gradual mass loss. The low oxidation temperature of

EG is ascribed to the presence of functional groups while the other graphenes consist of
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pure carbon and are more crystalline in nature as observed in the x-ray diffraction

patterns.
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Figure 30. Thermogravimetric analysis of the different graphenes.

2.6 Conclusions

In conclusion, graphene samples were prepared by different procedures and
characterized utilizing various techniques such as, field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), Raman spectroscopy and thermo gravimetric analysis (TGA). The
procedures employed for the preparation of graphene are thermal exfoliation of graphite
oxide, conversion of nanodiamond, chemical vapour deposition and reduction of single-
layer graphene oxide. The graphene sample EG was prepared by giving sudden thermal
shock to graphite oxide at higher temperatures. AFM analysis indicated that EG possesses
2-6 number of layers. DG was prepared by annealing of nanodiamond at 1650-2200 °C

employing graphite furnace. DG comprises 2-9 layers showing an increase in thickness
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with the increase in the annealing temperature. CG was obtained by pyrolysis of camphor
and possesses more than 10 layers. Using CVD process, large area graphene films were
grown on nickel and cobalt sheets. Raman study concluded that these films comprise
single- and bi-layers graphenes. Reduction of SGO was carried out using hydrazine
hydrate/ethylene glycol as a reducing agent under refluxing conditions and through
hydrothermal or microwave treatments. RGO samples are observed to have 2-6 layers,
which are mostly crumpled. In addition to the aforementioned, common synthetic
procedures, we have developed two new routes viz. arc-evaporation of graphite in H, and
He atmosphere and radiation induced reduction of graphene oxide to prepare graphene.
It appears that in the former method, H; plays a key role in the formation of graphene
sheets by avoiding to roll into tubular form. Graphene samples obtained by this process
contain mostly 2-4 layers. For the first time, SGO has been reduced by various sources of
radiation such as sunlight, UV light and KrF excimer laser. Among these, laser irradiation
has proven to be an efficient procedure for large-scale synthesis of graphene in shorter

time scales.
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FUNCTIONALIZATION AND SOLUBILIZATION

OF GRAPHENE

Summary*

Solubilization of graphene in organic solvents has been accomplished through covalent
functionalization, involving the preparation of a long-chain alkylamide derivative and by
interaction with an organosilane or an organotin reagents such as hexadecyltrimethoxysilane
and dibutyldimethoxytin. Water-soluble graphene has been produced by extensive acid
treatment or treatment with polyethylene glycol. Non-covalent modification of graphene has
been done through m-m interaction by using 1-pyrenebutanoic acid succinimidyl ester, which
gives stable dispersions in dimethylformamide. Interaction of graphene with surfactants
polyoxyethylene-40-nonylphenyl ether (IGPAL), sodium dodecyl sulfate (SDS) and cetyl
trimethyl ammonium bromide (CTAB) produced stable aqueous dispersions, IGPAL being

effective even at low concentrations.

>kPapers based on this work have been published in Nanosci. Nanotechnol. Lett. (2009)and

Angew. Chem. Int. Ed. (2009).
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3.1 Introduction

Chemistry occurs in solution. Modern synthetic chemistry and biological processes
primarily take place in solution phase. But unfortunately pristine graphene is insoluble in
many liquids such as water, polymer resins, and most solvents. Thus it is difficult to evenly
disperse in a liquid matrix such as epoxies and other polymers. To make graphene more
easily dispersible in liquids, it is necessary to physically or chemically attach certain
molecules or functional groups to graphene without significantly changing its desirable
properties. This process is called functionalization. The production of robust composite
materials requires strong covalent chemical bonding between the filler particles and the
polymer matrix, rather than the much weaker van der Waals physical bonds which occur if

graphene is not properly functionalized.

Even though much progress has not been occured on graphene functionalization,
plenty of investigations have been carried out on functionalization of single-walled carbon
nanotubes (SWNTs), which are considered as rolled form of graphene. SWNTs are extremely
resistant to wetting.!"! They typically exist as ropes or bundles with 10-25 nm diameters and a
few micrometers long. SWNT ropes are entangled together in the solid state to form a highly
dense, complex network structure. These factors, coupled with the fact that these pseudo-1D
graphitic cylinders do not have any surface functional groups, make them very difficult to
disperse in organic media.””

It is possible to wet the SWNT raw soot in refluxing nitric acid® whereby the end
caps of the tubes are oxidized to carboxylic acid and other weakly acidic functionalities.[**!

These “acid-purified” SWNTs can be dispersed in various amide-type organic solvents under

the influence of an ultrasonic force field.!”! However, the nitric acid treatment introduces
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defects on the nanotube surface,”™ oxidizes the carbon nanotubes, and produces impurity
states at the Fermi level of the nanotubes.!”’ The defect sites that are introduced into the
carbon nanotubes can be used to shorten and eventually destroy the carbon nanotubes under
similar oxidizing conditions.[* '*'* The shortened tubes (s-SWNTs) are better solvated by
amide solvents than the full-length SWNTs. The addition of a long-chain hydrocarbon at the
ends of the shortened (100-300 nm) carbon nanotubes could render the functionalized
SWNTs soluble in organic solvents.

Covalent functionalization described above would significantly rupture the
conjugation. So to avoid this limitation it is necessary to functionalize through non-covalent
modification. The formation of non-covalent aggregates with surfactants or wrapping with
polymers has shown themselves to be suitable methods to functionalize SWNTSs without
affecting its electronic structure. In the search for non-destructive purification methods, it has
been shown that nanotubes can be transferred to the aqueous phase in the presence of

14-16] 1t is believed that the nanotubes are in the

surface-active benzylalkonium chloride.!
hydrophobic interiors of the corresponding micelles, which results in stable dispersions.
When the hydrophobic part of an amphiphile contains aromatic group, especially strong
interaction results, because effective stacking interactions can then form with the graphitic
sidewalls of the SWNTs. This effect was demonstrated in the aggregation with N-
succinimidyl-1-pyrenebutanoate.'”’ In these aggregates, the succinimidyl group could be
substituted with amino groups from proteins such as ferritin or streptavidin, which caused
immobilization of the biopolymers on the tubes. This effect could be interesting for the

development of biosensors, because the electronic properties of the tubes can be combined

with the recognition properties of the immobilized biosystems.
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Polymers have also been used in the formation of supramolecular complexes of
SWNTs. Suspension of purified tubes in the presence of polymers such as poly (m-
phenylene- co-2,5-dioctoxy-p-phenylenevinylene) (PmPV, 2), in organic solvents such as
CHCls , leads to polymer wrapping around the tubes.!"*?%! Properties of these supramolecular
compounds are markedly different from those of individual components. For example, the
SWNT/PmPV complex exhibits conductivity eight-times higher than that of pure polymer,
without any restriction of its luminescence properties. The wrapping of SWNTs with
polymers that bear polar side-chains, such as polyvinylpyrrolidone (PVP) or
polystyrenesulfonate (PSS), leads to stable solutions of the corresponding SWNT/polymer
complexes in water.”!! The bundles are again broken up by complex formation in this case.
The thermodynamic driving force for complex formation is the need to avoid unfavorable

interactions between the apolar tube walls and the solvent water.

3.2 Scope of the present investigations

Graphene is one of the most interesting materials being explored today.*> *! It

exhibits exotic physical properties such as quantum Hall effect at room temperature and
ballistic conduction with high mean free path.** **! Chemical and other properties of
graphene also seem to be fascinating. Polymer composites based on graphene are expected to
show interesting electronic and mechanical properties.*! In many of the investigations, it
becomes necessary to prepare dispersions or solutions of graphene in organic or aqueous
media. Dispersions of single-walled carbon naotubes are generally prepared by covalent or
non-covalent functionalization.”’*” We felt that it would be worthwhile to functionalize
graphene to utilize graphene’s outstanding physical properties in the manufacture of

composite materials, as well as in other practical applications which require preparation of
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uniform mixtures of graphene with many different organic, inorganic, and polymeric
materials.

We have carried out functionalization of graphene by employing both covalent and
non-covalent means (Chart 1).The functionalized samples were characterized by employing
infrared (IR) spectroscopy, transmission electron microscopy and Raman spectroscopy.
Covalent functionalization has been carried out through the following three independent

[30, 31

routes. (a) amidation®” (b) silane and tin coating I (¢) acidification. Amidation makes

graphene soluble in organic solvents like THF, CCly; and DCM, where as silane or tin coating

Functionalization
|
| v
Covalent Non-covalent
Amidation l Through n-w interactions

Organosilane and
organotin coatings

Acidification Wrapping with polymers

Wrapping with surfactants

Chart 1: Different means of functionalization of graphene.

gives stable dispersions in non polar solvents such as CCly, The dispersions were stable up to
6 hours or more. Acidification of graphene produces aqueous graphene solutions which are
stable up to months. While non-covalent functionalization of graphene attained through (a)

('] and supamolecular approach using surfactants (c).

polymer wrappingm] (b) m-m interaction
In these three routes polymer wrapping and suppramolecular approach solubilize graphene in

water where as m-m interaction with 1-pyrenebutanoic acid succinimidyl ester (PYBS) gives
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dispersion of graphene in DMF. These non-covalently functionalized dispersions are stable

up to several days.

3.3 Experimental section

3.3.1 Amidation

To solubilize graphene samples (EG and DG) in non-polar solvents, amidation has
been carried out. The procedure is as follows. In the first step, conc. nitric acid (2 ml), conc.
sulfuric acid (2 ml) and water (16 ml) was added to graphene (50 mg) and subsequently
heated in a microwave oven for 10 minutes. Further, the sample was heated at 100 °C for 12
hours under hydrothermal conditions. The product was washed with distilled water and
centrifuged repeatedly to remove traces of acid. This yielded graphene that was
functionalized with —OH and —COOH groups. The acid treated graphene was refluxed with
excess SOCI, for 12 hours and the unreacted SOCI, was removed under vacuum. The product
was treated with dodecylamine (5 ml) under microwave radiation for 10 minutes and

thermally heat treated at 100 °C for 12 hours.
3.3.2 Silane and tin coating

We have used hexadecyltrimethoxysilane (HDTMS) and dibutyldimethoxytin
(DBDT)®Y  for the covalent modification of graphene. The reaction was carried out as
follows. Dry pristine graphene (1 mg), subjected to acid treatment and was placed in a round-
bottom flask, to which 15 ml of toluene was added. This mixture was sonicated for 15
minutes and the organosilicon or organotin reagent added to the mixture (1:1 molar ratio) in a
nitrogen atmosphere. The reaction mixture was stirred and maintained at 55 °C over night.

The product was washed with dry toluene and dried.
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3.3.3 Acidification

In order to solubilize graphene in water using acidification, EG (5 mg) was stirred
with (1:1) mixture of conc. nitric acid (2ml) and conc. sulfuric acid (4 ml) at room
temperature for 2 days. This gave some water-soluble graphene in addition to an insoluble

fraction.
3.3.4 Polymer wrapping

To prepare polyethylene glycol (PEG)-functionalized EG, the mixture of mild acid
treated graphene (3 mg), excess of PEG (6 ml) and conc. HCl (2 ml) was heated in
microwave oven for 10 minutes. The resulting product was further heated at 100 °C for 12

hours.
3.3.5 Functionalization through n-m interaction

Non-covalent functionalization by the interaction of I-pyrenebutanoic acid

succinimidyl ester (PYBS)™!

with graphene was carried out in dimethylformamide (DMF) at
different temperatures in the 150-300 °C range. Typically, 5 ml of 12 mM PYBS solution in
dry DMF was added to 1 mg graphene and the mixture was ultra-sonicated for 15 minutes at

room temperature. To obtain stable dispersions for several days, the mixture of graphene and

PYBS was heated in a sealed tube at 150 °C, 180 °C, 200 °C and 300 °C for 3 hours.
3.3.6 Supramolecular approach

To get dispersions of graphene in water, we prepared surfactant solutions having
different concentrations and checked for dispersibility. The procedure is as follows. 1.5 mM,
3 mM, 6 mM and 9 mM solutions of CTAB (Cetyl trimethyl ammonium bromide) were
prepared in distilled water and to 5 ml of each of these solutions 1 mg graphene was added.

These solutions were ultra-sonicated for 15 minutes and kept for observation. Similar to
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CTAB, 1 mM, 2 mM and 4 mM, solutions of IGPAL (polyoxyethylene-40-nonylphenyl
ether) and 10 mM, 20 mM, 40 mM, solutions of SDS (sodium dodecyl sulfate) were
prepared. To 5 mL of each of these solutions, 1 mg graphene was added and ultra-sonicated

for 15 minutes.

3.4 Results and discussion

3.4.1 Amidation

By carrying out the amidation reaction similar to that reported for carbon nanotubes,
we have obtained dispersions of EG in various non-polar solvents. The results are similar to
those reported by Haddon and co-workers.**. In Figure 1, we show photographs of the
dispersions of amide-functionalized EG in dichloromethane, carbon tetrachloride and
tetrahydrofuran. In Figure 2, we show photographs of similar dispersions prepared with DG.

The product dodecyl-amido graphene has solubility of 0.5 mg/ml and stable up to 6 hours.

Figure 1. Amide functionalized- Figure 2. Amide functionalized-

EG in THF, CCly and DCM. DG in THF, CCl4 and DCM.
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In Figure 3, we show the infrared spectra of EG at various stages of the solubilization process.
After acid treatment, EG show a carbonyl stretching band at 1710 cm™ due to the carboxyl
groups. On functionalization with dodecylamine, the C=O stretching band shifts to 1650 cm™

due to the formation of amide band, in addition to C-H and N-H stretching bands around

2800 and 3300 cm™ respectively are observed.

EG
E)
8
@
[&]
c
©
=
IS EG-COOH
172
c
®
= EG-Amide
I ! I ! [ ! | ! | !
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 3. Infrared spectra of pristine EG, acid treated EG (EG-COOH) and

amide functionalized EG (EG-amide).

3.4.2 Organosilane and organotin coating

We have accomplished covalent functionalization of EG and DG graphene samples
by reaction with hexadecyltrimethoxysilane (HDTMS) and dibutyldimethoxytin (DBDT).B% 3!
Functionalized samples were characterized by IR spectroscopy. The functionalized samples

were dispersible in CCly and the dispersions were stable for 6 hours or more. In Figure 4, we

show photographs of the dispersions of organosilane and organotin functionalized graphenes.
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The IR spectrum of the sample functionalized with HDTMS shows the Si-O vibration band at
1100 cm™ along with the bands due to alkyl groups at around 2950 cm™. The sample

functionalized with dibutyldimethoxytin shows the presence of Sn-O band at

Figure 4a. Organosilane coated EG and DG. Figure 4b. Organotin coated EG and DG.
1.0
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Figure 5. IR spectra of EG functionalized by the (a) organosilane and (b) organotin reagents.
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500-600 cm™ and alkyl bands at 2850 and 2950 cm™ [Figures 5 and 6]. It clearly indicates the

formation of organo silane and organo tin coating on graphene surface.

0.9

0.8

Intensity (a.u.)
=
Zh
1

(a)

1.02

—T1 Tt T T T T T T T Tt T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 450

1
Wavenumber (cm )

1014
1.00-
0.09
0.081
0.074
0.961
0,051
0.04]
0,031

.)

Intensity (a.

f‘-\m_‘,ml#i“ﬁ»
)

|

I "ﬂ"fl'*‘*"““l]ﬁ“’“\

(b)

500 1000 1500 2000 2500 3000 3500 4000 4500

. -1
Wavenumber (cm)

Figure 6. IR spectra of DG functionalized by the (a) organosilane and

(b) organotin reagents.
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3.4.3 Acidification

As-prepared EG shows evidence for the presence of carbonyl and hydroxyl groups on
the surface. After further treatment of EG with nitric and sulfuric acid mixture, we obtain a
water solution of EG, along with the insoluble portion of the sample which settles down. The
infrared (IR) spectrum of the soluble part obtained after drying shows a prominent band due
to carbonyl group in addition to a broad band due to —OH groups is observed as shown in

Figure 7.

% transmittance (a.u.)

' r ' r ' r ' r ' r '
4000 3500 3000 2500 ; 2000 1500 1000
Wavenumber (cm’)

Figure 7. Infrared spectrum of water-soluble EG.

The Raman spectrum of the water-soluble EG shown in Figure 8a exhibits the characteristic
G, D and 2D bands and shows that L, of the sample is 4 nm on an average (as calculated from
the intensity ratio of the D and G bands). In Figure 8b, we show photograph of the water-

soluble graphene.
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Figure 8. (a) Raman spectrum and (b) photograph of water-soluble EG.

3.4.4 Wrapping with PEG

The water-insoluble EG when treated with polyethylene glycol (PEG) yielded water-

dispersible graphene. In Figure 9 we show IR spectra and water-dispersion of PEG

(a) J (b)
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ')

Figure 9. (a) IR spectrum and (b) water dispersion of PEG functionalized graphene.
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functionalized graphene.
3.4.5 Functionalization through n-x interactions

We have been able to accomplish the solubilization of both EG and DG in DMF by

reacting with PYBS (Figures 10-12).% It was necessary to heat the EG sample with PYBS at

ity
(78]

i

Intens
N

[
L

[

200 300 400 500
Wavelength(nm)
Figure 10. UV absorption spectra of (1) PYBS and (2) PYBS treated EG.

180°Cc  200°C

RT 150 °C
Figure 11: Photographs of DMF dispersions of PYBS treated EG at different

temperatures after seven days.
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200 °C, and the DG sample at 300 °C to obtain the dispersions which were stable for several days.
Samples prepared at low temperatures were stable only up to 2-3 hours. In case of electronic
absorption spectra of the PYBS-graphene dispersions show the pyrene bands with changes in the
relative intensities because of n-n interactions (see Figure 10). In Figures 11 and 12 we show the

photographs of dispersions EG and DG in DMF respectively.

RT 150 °C 180 °C 200 °C 300 °C

Figure 12. Photographs of DMF dispersions of PYBS treated DG at different

temperatures after seven days.

3.4.6 Supramolecular approach

Non-covalent functionalization of graphene was accomplished via supramolecular
approach by using different concentrations of surfactants such as CTAB, SDS and IGP. In
the case of CTAB, the best dispersions for EG and DG in water were obtained at 6 mM and 9
mM respectively. Photographs of EG and DG dispersions in CTAB are shown in Figure 13.
SDS gave good dispersions in water at 20 mM for EG and at 10 mM for DG. The best results

were obtained with IGP which gave stable dispersions of EG and DG at a low concentration
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of 1 mM. The photographs of the dispersions in SDS and IGP are shown in Figures 14 and
15 respectively. Raman spectra of these dispersions shows the characteristic D, G and 2D
bands of graphene [see Figure 16]. In case of EG the obtained dispersions were quite stable

up to 7 days, where as the dispersions obtained with DG were stable up to only 2 days.
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Figure 13. Photographs of water dispersions of EG and DG treated with

CTAB at different concentrations.
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20 mM 40 mM

Figure 14. Photographs of water dispersions of EG and DG treated with SDS at different

concentrations.
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Figure 15. Photographs of water dispersions of EG and DG treated with IGP at different

concentrations.
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Figure 16. Raman spectra obtained from water dispersions of EG and DG

treated with CTAB, SDS and IGP.
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3.5 Conclusions

We have been able to functionalize and solubilize graphene prepared by two methods
in different media by employing both covalent and non-covalent modifications.
Solubilization in non-polar solvents has been accomplished through covalent
functionalization using long-chain alkyl amine, organosilane and organotin reagents.
Solubilization in polar solvents such as DMF has been accomplished by means of n-n
interaction between graphene and a pyrene derivative. Solubilization in water has been

attained by using polyethylene glycol and different surfactants such as SDS, CTAB, and IGP.
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SOME PROPERTIES OF FEW-LAYER

GRAPHENES

Summary*

In this chapter, results of various investigations related to the properties of few-layer
graphenes are presented.

Surface areas and uptake of H,, CO, and CHy4: Graphene samples prepared by the
exfoliation of graphite oxide (EG), conversion of nanodiamond (DG), arc-evaporation of
graphite in a hydrogen atmosphere (HG) and reduction of graphene oxide (RGO) have been
investigated for gas adsorption properties. These samples show high Brunauer-Emmett-Teller
(BET) surface area values ranging from 238 to1550 m*/g at 1 atm and 77 K. Graphene
samples prepared by us exhibit good hydrogen uptake at 1 atm and 77 K, the uptake going up
to 1.7 wt %. The H, uptake at 100 atm, 298 K is found to be 3 wt % or more, suggesting
thereby the single-layer graphene would exhibit much higher uptakes. Graphene samples
prepared by us show high uptake of CO,, the value reaching up to 35 wt % at 1 atm and
195 K whereas uptake of CH, is quite low showing in the range of 0.0-2.8 wt % at 50 bar and
298 K. Interestingly, the uptake of all these gases varies linearly with the surface area of

graphenes. The first principles calculations show that hydrogen molecule sits parallely on
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each six-membered ring of the graphene layer and can accommodates up to 7.7 wt % of
hydrogen on single-layered graphene. CO, molecules sit alternatively in a parallel fashion on
the rings to give a maximum uptake of 37.93 wt % in single-layer graphene. The present
study shows that the H, uptake by graphene is comparable to that of single-walled carbon
nanotubes and other carbon-based materials. Presence of more than one layer of graphene in
our samples causes a decrease in the resultant uptake.

Novel magnetic properties: Investigations of the magnetic properties of graphenes reveal
that dominant ferromagnetic interactions coexist along with antiferromagnetic interactions in
all the samples. Thus, all the graphene samples exhibit room-temperature magnetic hysteresis.
Room-temperature ferromagnetism in graphene is affected by the adsorption of molecules.
The value of the magnetization drastically decreases on adsorption of TTF and TCNE,
having greater effect in case of TTF.

Graphene as a supercapacitor material: Electrochemical redox properties of different
graphene samples have been studied. Among all the graphene sampes, EG behaves similar to
that of basal plane in graphite, where as DG and CG exhibit slightly better kinetics. Graphene
samples were investigated as electrode materials in electrochemical supercapacitors. The
samples EG and DG exhibit high specific capacitance in aq. H,SOy4, the value reaching up to
117 F/g. By using an ionic liquid, the operating voltage has been extended to 3-5 V (instead
of 1 V in the case of aq. H,SOy), the specific capacitance and energy density being 75 F/g
and 31-9 Whkg ' respectively. This value of energy density is one of the highest values
reported to date. The performance characteristics of graphenes which are directly related to
quality, in terms of the number of layers and the surface area, are superior to that of single-

walled and multi-walled carbon nanotubes.
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Blue-light emission from graphene-based materials: Acid-treated graphene samples as

well as reduced graphene oxide show fairly intense blue-emission centered around 440 nm.
Reduction of graphene oxide can be carried out either chemically or by using different types
of radiation. Functionalized graphenes can be combined with graphene oxide to emit white-

light.
Patterning and lithography based on graphene: Having discovered that graphene oxide

(GO) films subjected to laser or electron beam irradiation gets reduced to graphene, we are
able to carry out patterning and nanolithography starting with GO and GO in mixture with
gold and platinum salts. Laser irradiation of GO is found to be specially convenient for the
purpose. Patterning has also been carried out with hydrogenated graphene which on laser

irradiation reverts back to graphene giving out hydrogen.

*Papers based on these studies have appeared in J. Chem. Sci. (2008), J. Phys. Chem. C
(2009), J. Phys. Chem. C (2009), Solid State Commun.(2010), Mater. Express (2011) and

ChemSusChem (2011).
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4.1 Surface areas and uptake of H,, CO, and CH,

4.1.1 Introduction

High surface area materials have large surface to volume ratios. Thus, for smaller
pieces of materials, the surface to volume ratio is larger. For pieces of matter on nanometer
scale (nanoparticles), the contribution of their surface to overall properties becomes very
important. For example, in a nanoscopic particle with a diameter of 5 nm, about half of its
atoms are on its surface. This is why the techniques and methods of surface science are
needed to describe properties of nanoscopic matter. Even macroscopic pieces of
nanostructured materials can have high surface area, since their nanoscopic constituents can
arrange in such a way to still have a large exposed surface. For example, single-walled
carbon nanotube materials consist of carbon nanotube bundles.!"! The bundles are made of
several tens of carbon nanotubes and thus have a large exposed surface. Bundles in a
macroscopic material organized in such a way that their large surface still remains exposed (a
particular bundle is not shielded by other bundles in the material). Commercial applications
of high surface area materials already are in the multibillion dollar range, primary
contributions to this economic basis are air separation, petroleum and petrochemical

. . . . . . 2.3
processing, environmental cleanup, chemical sensing, fine chemical catalysis,” °!

1 and chemical separation.) Economic incentives for development and

packaging,™*
application of high surface area materials are expected to substantially increase in view of
their role as important components of chemical sensors,!* their potential applications in

biotechnology and the increasing environmental stress as well as energy and agricultural

consumption demands.
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Due to its high energy density, clean burning and environment friendliness hydrogen
is considered as an ideal fuel. Its use as a fuel has been limited due to the lack of good
storage materials. The most promising hydrogen storage routes are in solid materials that
chemically bind or physically adsorb hydrogen at volume densities greater than that of liquid
hydrogen. The challenge is to find a storage material that satisfies three competing
requirements: high hydrogen density, reversibility of the release/charge cycle at moderate
temperatures in the range of 70-100 °C to be compatible with the present generation of fuel
cells, and fast release/charge kinetics with minimum energy barriers to hydrogen release and
charge. The first requires strong chemical bonds and close atomic packing, the second
requires weak bonds that are breakable at moderate temperature, and the third requires loose
atomic packing to facilitate fast diffusion of hydrogen between the bulk and the surface, as
well as adequate thermal conductivity to prevent decomposition by the heat released upon
hydriding. Although several materials have been found that satisfy one or more of the
requirements, none has proven to satisfy all the three. In addition to these basic technical
criteria, viable storage media must satisfy cost, weight, lifetime, and safety requirements as
well.”

Methane and carbon dioxide are the two main gases responsible for global warming
and other harmful effects. Most of the emissions of CO, to the atmosphere from electricity
generation and industrial sectors are currently in the form of flue gas from combustion, in
which the CO, concentration is typically 4-14 % by volume, although CO, is produced at
high concentrations by a few industrial processes. It is essential to explore ways to eliminate

and minimize the presence of these gases in the atmosphere.
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4.1.2 Scope of the present investigations

Depending on the applied pressure and temperature, hydrogen can adsorb on solid
surfaces through either van der Waals-type weak physisorption or chemisorptions. At a given
pressure, adsorption at or above the boiling point of the adsorbate leads to the formation of a
monolayer. On activated carbon with a specific surface area of 1,315 m’g "', 2 wt% of
hydrogen is reversibly adsorbed at a temperature of 77 K.'"” Dillon et al!'!! showed H,
adsorption capacities of 0.01 wt% on unpurified soot containing 0.1-0.2 wt% SWNTs.
Assuming only SWNTs adsorb H,, the data was extrapolated to 5 wt% uptake of H, at 273 K
and 300 torr. Liu et al.'? reported H, storage capacity of 4.2 wt% at room temperature and
10 MPa pressure in pre-treated SWNTs and showed almost complete desorption under

ambient conditions. While Ye et al.l"’!

obtained a maximum of 8.25 wt% of H; uptake at 80K
and 120 bar in highly pure cut-SWNT ropes. These conflicting results are mainly due to
inadequate characterization of the carbon material used. It is often a mixture of opened and
unopened, single-walled and multi-walled tubes of various diameters and helicities together
with other carbonaceous species. Zuettel er al.'"¥ concluded that H, uptake in carbon
nanotubes at liquid nitrogen temperature (77 K) or at ambient conditions is due to
physisorption. The amount of adsorbed hydrogen is proportional to the specific surface area
of the carbon nanotubes."!

In the case of CO,, methods have been proposed to capture it in various materials
and utilize it in chemical reactions.!'® While removal of low concentrations of CO; from air
is rather difficult, removal of CO, from flue gases is more practical.'” '™ With this purpose,

[19-23

CO, has been dissolved in solvents such as organic amines.!"”*! This method generally

suffers from difficulties related to regeneration of the solvents by heating.*¥ Solid sorbents
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would be more economical and metal-organic frameworks (MOFs) and other solids have

(25291 Activated carbons have shown good potential to

been investigated for this purpose.
adsorb COQ,BO’ 31 While considerable amount of work on the removal of CO;, have been
reported, elimination of CHy from the atmosphere has received somewhat less attention.
Removal of CH4 by sorbents is generally much less effective than that of CO,. MOFs have
been reported to adsorb reasonable amounts of CH4.[3 2371 Activated charcoal and carbon fibre
seem to be reasonably good adsorbers for CH4.[3 8

Preliminary experiments indicated that graphene may have good sorption
characterstics for H, and CO,. We have therefore, investigated the BET surface areas and
uptake of H,, CO, and CH4 by the graphene samples prepared by exfoliation of graphite
oxide (EG),™ conversion of nanodiamond (DG),"*” arc evaporation of graphite (HG) and
reduction of graphene oxide (RGO).*"! Some of these samples have been subjected to H,
treatment at high temperature and further acid treatment. We have measured the surface areas
and H, uptake of the graphene samples by employing QuantaChrome Autosorb-1 instrument at
1 atm and 77 K. Using the same instrument CO, uptake experiments were performed at 1 atm
and 195 K. High pressure H, uptake experiments were carried out employing a custom-built
apparatus. CHy4 uptake measurements were carried out employing BELSORP-aqua3 analyzer.
These samples showed BET surface area values in the range of 238-1550 m*/g and H, uptake
going up to 1.7 wt % at 1 atm, 77 K and 3 wt % at 100 atm, 298 K. These samples also
showed good CO, uptake, the value reaching up to 35 wt % at 1 atm and 195 K, but quite
low CH4 uptake in the range of 0.0-2.8 wt % at 50 bar and 298 K. To understand these

properties, first-principles calculations have been carried out on the interaction of H, and

CO, with single- and multilayered graphene.

125



Some properties of few-layer graphenes

4.1.3 Experimental section

Graphene samples were prepared by different methods.”” N, H, and CO, adsorption
studies of the graphene samples were carried out using a QuantaChrome Autosorb-1linstrument
at 77 K (for N, and H,) and at 195 K (for CO,). Prior to the adsorption measurements, the
graphene samples were subjected to degassing at 200 °C for a period of 18 hours under high
vacuum (10™ Pa). The degree of adsorption was monitored by the decrease in pressure at the
equilibrium state and all operations were computer-controlled. High pressure hydrogen
adsorption experiments were carried out using a custom-built adsorption set-up as reported
by Gundiah er al.**! The experiments were performed at 300 K and 100 bar using ultra high
pure hydrogen (99.99%), with an impurity (e.g. moisture and nitrogen) content less than 10
ppm. CHy4 uptake measurements were carried out employing BELSORP-aqua3 analyzer at 50

bar and 298 K.
4.1.4 Results and discussion

Surface areas
We prepared several graphene samples (EG 1, EG 2, EG 3, EG 4, and EG 5) by the

exfoliation of graphite oxide by following the literature procedure.””

These samples
possesses Brunauer-Emmett-Teller (BET) surface areas in the range of 639 -1550 m*/g. We
treated the graphene sample, EG 3, with hydrogen at 1000 °C for 4 hours to obtain EG 3-H,,
and with a 1:1 mixture of concentrated nitric and sulfuric acids at 100 °C under hydrothermal
conditions to obtain EG 3-COOH. The surface area of EG 3-COOH was the lowest (34 m?*/g)

while that of EG 3-H, was 1258 m*/g. The surface area values of different graphene samples

EG 1, EG 2, EG 3, EG 4, EG 5, including acid treated (EG 3-COOH) and hydrogen treated
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(EG 3-H,), are summarized in Table 1. Nitrogen adsorption isotherms of EG 1, EG 2, EG 3, EG

4, EG3-COOH and EG3-H, are shown in Figure 1.
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Figure 1. Nitrogen adsorption and desorption curves of EG samples.
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Table 1: BET surface area values of EG samples.

Sample EG1 |EG2 |EG3 |EG4 |EGS5 |EG3-H, | EG3-COOH
treated

Surface 1550 | 871 639 925 700 1250 34

area (m?/g)

We annealed nanodiamond powder employing graphite furnace at 1650 and 1850 °C for 1 hr,
at 2050 °C for lhr, 1.5hr and 2 hr and at 2200 °C for 40 min.*”! These samples are designated
as DG-1650, DG-1850, DG-2050 (1 hr), DG-2050 (1.5 hr), DG-2050 (2 hr) and DG-2200
respectively. These samples exhibit surface areas in the range of 400-650 m*/g and comprise
8-10 graphene layers. Surface areas of the graphene samples depend on the number of layers,
the surface area of single-layer graphene being ~2600 m*/g.[*! In Table 2, we show the
surface area values of all the DG samples. BET surface area plots of DG-1650, DG-1850 are

shown in Figure 2.

800 800
7001 DG-1650 00l DG-1850
— 600 600

desorption
t

1

desorption
'

'

Volume (cc/g
W B W
S (=] S
(e [« (e
1 1 1

Volume (cc/g
W B (V4]
S () S
[« (e [«
1 1 1

200 adsorption 200 adsorption
1003 100:
0 T T T T T T T T T O T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P() Relative pressure (P/P()

Figure 2. Nitrogen adsorption and desorption curves of DG samples.
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Table 2: BET Surface area values of DG samples.

Sample DG- DG- DG-2050 | DG-2050 | DG-2050 | DG-2200
1650 1850 (1 hr) (1.5 hr) (2 hr)

Surface area | 463- 450 500 430 400 412

(m?/g) 650

We also prepared graphene by employing arc-discharge using graphite rod as consumed
anode. Arc discharge chamber was filled with a mixture of hydrogen and helium or methane
and helium mixtures, in different proportions. These samples show surface area in the range
of 270-680 m*/g. Among these samples HG 1 shows highest value around 680 m%/g, next
HG 3 comes showing around 480 m*/g. HG 2, HG 4 and HG 5 show quite low values around

270, 281 and 268 respectively. We show BET surface area plots of HG1 and HG3 in Figure 3.
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Figure 3. Nitrogen adsorption and desorption curves of HG 1 and HG 3.

We obtained single-layer graphene oxide (SGO) by ultrasonication of graphite oxide (GO)

which was prepared by Hummers method. RGO was prepared by the reduction of single-
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layer graphene oxide (SGO) under refluxing conditions. We measured surface areas of both
SGO and RGO. RGO shows a surface area of around 450 m?/g, whereas SGO shows a low
value of around 5 m%/g.

Adsorption of H,

We have studied the uptake of H, by the various graphene samples at 1 atm and 77 K
by employing a Quanta Chrome Autosorb-1 instrument. In Figure 4, we show typical
adsorption and desorption curves of EG, DG, HG 1 and HG 3. EG samples show H, uptake
in the range of 0.6-1.7 wt % at 1 atm and 77 K. On acidification, EG shows sudden drop in

uptake to 0.05 wt %.
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Figure 4. H; adsorption and desorption curves of EG, DG, HG 1 and HG 3.
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DG samples show H; uptake in the range of 0.6-1.21 wt %. Among all the arc discharge
samples HG 1 show the highest value of around 1 wt %. HG 3 and HG 2 show around 0.63
and 0.227 wt % respectively. By using a custom-made adsorption set-up,'**! we carried out
high pressure hydrogen adsorption measurements. We find that the EG samples with 1.4
wt % (EG 1) and 1 wt % (EG 2) uptake at 1 atm and 77 K, exhibits a hydrogen uptake of 3.1
wt % and 2 wt % at 100 bar pressure and 298 K respectively. DG and HG samples with 1
wt % at 1 atm and 77 K, exhibit 2.5 wt % and 2 wt % of hydrogen uptake at 100 bar pressure
and 298 K respectively. High pressure hydrogen uptake curves of EG and DG samples are

given in Figure 5.
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Figure 5. High pressure hydrogen H, uptake curves of EG 4, DG 2 and EG 3 H2.

The values of H, uptake by the various graphene samples prepared by us vary linearly with

the surface area as shown in Figure 6. By extrapolation of the plot in Figure 6 to the surface
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area of single-layer graphene, we estimate its hydrogen uptake at 1 atm and 77 K to be

around 3 wt%, which is impressive.
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Figure 6. Linear relationship between the BET surface area and the wt% of

hydrogen uptake at 1 atm pressure and 77 K temperature.

Though the graphene samples examined by us exhibit lower hydrogen uptake compared to
the 6.0 wt% target of Department of Energy (USA), there is significant scope for further
improvements, by producing samples with smaller number of layers and significantly higher
surface areas. It is possible that single layer graphene will exhibit 5-6 wt % of H, uptake at
100 atm and 298 K.

Adsorption of CO,

We studied the uptake of CO, at 1 atm and 195 K by using several samples of
graphene prepared by us. Figures 7 and 8 show CO, adsorption and desorption curves of EG,
DG and HG samples. The EG samples show CO, uptake in the range of 21-34 wt %. EG 1

and EG 4 show similar values, close to 34 wt % (Figure 7). EG 2 and EG 3 show around 20
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wt % and 26 wt % respectively. The uptake values of CO; vary linearly with surface area.
The uptake of CO, by EG was also measured at room temperature and high pressure. It

showed 51 % at 298 K and 50 bar.
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Figure 7. CO; adsorption and desorption curves of EG 1 and EG 3.

Among DG and HG samples, DG-1650 sample exhibits around 10 wt %. HG 1 shows
16.8 wt %, where as HG 2 and HG 3 exhibit 10.6 wt % and 11.9 wt % respectively (Figure
8). RGO shows in between EG and DG around 25 wt %, whereas SGO exhibits the lowest
uptake (5 wt %) among all the graphene samples. Figure 8 shows CO, adsorption and

desorption curves of DG, HG 1, HG 2, HG 3, SGO and RGO samples.
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Figure 8. CO, adsorption and desorption curves of DG, HG, SGO and RGO samples.
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To estimate the H, and CO, uptake theoretically, Prof. Pati and co-workers considered
2D periodic graphene system with hydrogen and carbon dioxide using an ab initio density
functional package, SIESTA*! and performed calculations within the generalized gradient
approximation (GGA). The position and distance of a single H,/CO, molecule are varied
separately on the relaxed structure of graphene to determine the most stable position with
equilibrium distance for adsorption. Then the density of H, and CO, molecules are gradually
increased on the graphene sheet to determine the maximum weight percentage of uptake.
Graphene supercell size and the number of layers are also varied. On the basis of the relaxed
geometries, three different orientations of hydrogen molecule namely parallel 1, parallel 2,

and perpendicular (upper panel of Figure 9) are considered on the graphene surface. The plot
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Figure 9. Binding energies of a single molecule on a graphene supercell as a function of
distance with different adsorption orientations (shown in insets) for hydrogen (upper

panel) and carbon dioxide (lower panel).
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of binding energy with varying distance shows that the perpendicular orientation on the
center of mass of a benzene ring gives the most stable structure, while other orientations also
show similar stabilization energies making all three orientations become almost equally
significant. In the case of carbon dioxide, three different positions of parallel orientations,
namely parallel 1, 2 and 3 and one perpendicular orientation (lower panel of Figure 9) are
considered and the binding energy values show that the parallel 3 structure is the most stable.
With the knowledge on the most stable position, orientation and equilibrium distance of
hydrogen as well as carbon dioxide, gradually their density has been increased on one side of
the graphene surface to estimate the maximum weight percentage of adsorption. Calculations
showed that each ring in the graphene plane can stabilize one hydrogen molecule with both
parallel 2 and perpendicular orientations on alternative benzene rings of the graphene
supercell to accommodate a maximum uptake of 7.69 wt %, suggesting graphene to be a
satisfactory hydrogen storage material. However, the weight percentage of H, in graphenes
with three layers and four layers are estimated to be 2.70 and 2.04 wt % respectively. For
carbon dioxide uptake, parallel 3 conformation was considered which showed an adsorption
of a maximum 12 molecules on one side of the graphene supercell with 72 carbon atoms.
This suggested maximum carbon dioxide uptake of 37.93 wt % on a single-layer graphene.
Similar results are also obtained in the case of different choices of supercells, which
unambiguously prove that the theoretical estimates of the binding energy and the desorption
temperature are hardly affected by the supercell size.
Adsorption of CHy

Adsorption of methane on different graphenes (EG, HG, SGO and RGO) was carried

out at 50 bar, 298 K and 50 bar, 273 K. CHy4 uptake of the graphene samples varies between 0
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and 3 wt%. EG and RGO show around 2.4, 1.7 wt% at 298 K and 2.8, 2.4 wt% at 273 K

respectively (Figure 10). SGO exhibits negligible uptake and HG shows no uptake at 298 K

(Figure 11).
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Figure 10. CH, adsorption and desorption curves of EG and RGO.
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Figure 11. CH,4 adsorption and desorption curves of SGO and HG.

It is interesting that the uptake of CO, and CH4 follow similar trends. CH,4 uptake varies

nearly linear with the CO; uptake. EG and RGO with relatively high CHy4 uptakes contain
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oxygen functionalities on the surface. Interestingly, in the case of HG with little or no uptake

of these gases, the surface was clean with negligible oxygen functionalities.
4.1.5 Conclusions

Graphene samples prepared by different methods generally exhibit high surface
areas. Graphenes prepared by exfoliation of graphite oxide, conversion of nanodiamond, arc
evaporation of graphite and reduction of graphene oxide exhibit significant uptake of H, and
CO;. While the maximum H, uptake, found by us at 100 atm and 298 K is 3.1 wt %, it should
be possible to increase it by preparing better samples and by reducing the average number of
graphene layers. Exfoliated graphene sample shows high CO; uptake up to 35 wt % at 1 atm
and 195 K. Graphene samples show quite low CH, uptake values around 3 wt % at 50 bar
and 298 K. Interestingly, the uptake of H,, CO, and CH4 vary linearly with the surface area
of the samples. The uptake of H, and CO, found by us can be of value for storage and

separation.
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4.2 Novel magnetic properties

4.2.1 Introduction

Magnetism is one of the most intriguing phenomena observed in nature.
Magnetism is relevant to physics, geology, biology and chemistry. Traditional magnets,
an ubiquitous part of many everyday gadgets, are made of heavy iron- or nickel based
materials. Recently, metal-free nanocarbon structures exhibiting magnetic ordering
represent a new class of materials and open a novel field of research that could lead to
many new technologies. The most important issue in characterizing the electronic features
of nanocarbon materials is their geometry dependence, which is clearly understood when
we recall the shapes of carbon nanotubes. Indeed, the diameter and chirality of carbon
nanotubes are the key parameters characterizing their electronic structure, which varies
from semiconducting to metallic depending on the interplay between these parameters.''
A similar geometry dependence exists in other members of p-electron-based nanocarbon
materials also; however, it appears in a manner different from that observed in carbon
nanotubes. Among these members, nanographene has an interesting geometry

2-6] gince

dependence: the electronic structure depends on geometry of the edge structures,
a flat nanographene sheet is surrounded by the open edges. The circumference of an
arbitrarily shaped nanographene sheet having open edges is described in terms of a
combination of armchair and zigzag edges, as shown in Figures 1a and b.!”) According to
theoretical and experimental studies on the electronic structure of nanographene, a non-
bonding m-electron state (so-called edge state) exists in the region of zigzag edge at the

Fermi energy at which the bonding 7- and antibonding n*-bands touch each other.*™* 1

n
contrast, the electronic structure of armchair edge is described merely in terms of the
bonding - and antibonding w*-bands similar to that of an infinite graphene sheet having

the feature of zero-gap semiconductor.™ The non-bonding edge states that are localized
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around the zigzag edge region have localized spins, contributing to creation of spin
magnetism, which is in sharp contrast to diamagnetic nature of graphene and bulk
graphite. Therefore, nanographene is an intriguing building block that can be used in
designing carbon-based magnetic systems in which even ferromagnetism can be

involved.”

Figure 1. Graphene edges: (a) armchair edge, (b) zigzag edge and (c) zigzag edge with
its all edge carbon atoms bonded to an additional carbon atom that participates in the
n-conjugated system; (b) and (c) are called ‘Fujita edge’ and ‘Klein edge’,
respectively. Carbon atoms are denoted by open circles. Each edge carbon atom is
terminated by a hydrogen atom or another atom and has no o-dangling bond. [From
ref. [7]).
Chemists know that the electronic structure of benzene, comprising a carbon
hexagon network of n-electrons, is given by a combination of three bonding n-levels and
three antibonding m*-levels that are split with a large HOMO-LUMO gap as a

consequence of resonance in the electronic structure of aromatic molecules. Polycyclic
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condensed aromatic molecules such as naphthalene and anthracene which are created by
fusing benzene rings have a structure similar to that of n-electrons in benzene. In these
molecules, the HOMO-LUMO gap decreases with an increase in the number of benzene
rings, and the graphene sheet present in the infinite extreme is featured as a zero-gap
semiconductor without the gap. These aromatic molecules, which are classified into
Kekule molecules having a close shell, are nonmagnetic, as shown in Figure 2a.
However, in polycyclic-condensed aromatic molecules, there is a sub-family that cannot
be featured only with the bonding 7- and antibonding n*-states.!® ' "' Typical examples
are phenalenyl radical, trigangulene radical and 1H,4H,5Htribenzo[ bc,hi,no]coronene-
1,4,5-triyl consisting of three, six and ten benzene rings, respectively, as shown in Figures

2b, ¢ and d. In these molecules (named non-Kekule molecules), extra n-states, which are

(a)

-
(b)
S=1/2

Figure 2. (a) Simple Kekul’e molecules, (b) phenalenyl free-radical, (c) triangulene
free-radical and (d) 1H,4H,5H-tribenzo[bc,hi,no]coronene- 1,4,5-triyl free-radical; (b),
(c) and (d) are classified as non-Kekul’e molecules. The carbon sites, which are
directly bonded to a site belonging to a subgroup (starred), belong to another subgroup

(unstarred). (From ref. [7]).
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characterized as non-bonding n-clectron states at the Fermi level in the gap between n-
and m*-states, are added to the electronic structure. The presence of singly occupied
nonbonding states in these open shell structures tends to destabilize these molecules,
since they occur at the Fermi level. This can be confirmed by the experimental finding

(19 11} The number of

that the phenalenyl and trigangulene radicals are chemically active.
non-bonding states can be counted on the basis of Lieb’s theorem.'® In general, we can
group all the carbon sites of a condensed polycyclic aromatic hydrocarbon molecule into
two subgroups where neighbouring sites directly bonded to the site belonging to a
subgroup (subgroup A or starred) belong to the other subgroup (subgroup B or unstarred),
as shown in Figure 2. According to Lieb’s theorem, the number of non-bonding states Nn
is given by the difference in number of the starred and unstarred sites: Nn = [NA — NB|.
The electrons occupying these non-bonding states degenerate at the Fermi level obey the
Hund’s rule with the parallel spin arrangement. Hence, the half-filled nonbonding states

6. 10, 1 have localized

that are populated around the peripheral region of the molecules!
spins, thereby contributing to the occurrence of strong spin magnetism, in spite of the
absence of spin magnetism in Kekul’e molecules. Lieb’s theorem states that the spin state
is given by S = Nn/2, that is, S = 1/2, 1 and 3/2 in the doublet, triplet and quartet states for
phenalenyl, triangulene and 1H,4H,5H-tribenzo[bc,hi,no]coronene-1,4,5-triyl radicals,
respectively, as exhibited in Figure 2b, ¢ and d.[) An interesting factor emerges from the
comparison between anthracene and phenalenyl radical, both of which consist of three
fused benzene rings. The former is diamagnetic, whereas the latter has spin magnetism.
This demonstrates that the presence or absence of spin magnetism is crucially dependent
on the association of benzene rings, which are the building blocks.

A similar situation occurs in nanographene, as can be deduced by extrapolating

the size of molecule to nano-dimensions. As mentioned in introduction, non-bonding
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edge states appear only in the zigzag edge region of nanographene sheet, but not in the
armchair edge region.[z’ 3121 Figure 3 shows a typical example of a nanographene sheet
comprising zigzag or armchair edges. The spatial distribution of populations of the
HOMO level for nanographene sheets with their edges having (a) armchair and (b) zigzag
edges. We can clearly observe the essential difference in electron populations of the

HOMO levels between the zigzag edged nanographene sheet and the armchair-edged

Figure 3. The spatial distribution of the populations of the HOMO level for

nanographene sheets with their edges having (a) armchair and (b) zigzag structures.

(From ref. [2]).
nanographene sheet. Indeed, the populations are homogeneously distributed in entire
region for the armchair-edged nanographene, whereas the HOMO level, which is
assigned to non-bonding edge state that is singly occupied, has the largest populations in
the edge region of zigzag-edged nanographene sheet. This proves that zigzag edges have
edge states that are well localized around the edge region. The presence of an edge state
around zigzag edges is experimentally evidenced by ultra-high vacuum (UHV) scanning
tunnelling microscopy/spectroscopy (STM/STS) observations of graphene edges whose

carbon atoms are hydrogen terminated as shown in Figure 4.!"!

147



Properties of few-layer graphenes

Figure 4: Spin polarizations of a zigzag-edged nanographene ribbon where all the
edge carbon atoms on one edge side (right side) are di-hydrogenated and those on
the opposite edge side (left side) are mono-hydrogenated. The large red circles
represent the densities of up-spins, while the small blue circles denote those of

down-spins. (From ref. [13]).

The first experimental work showing high-temperature ferromagnetism in a
graphitelike material was reported by Kopelevich, Esquinazi and co-workers.!'"" They
discovered highly anisotropic behaviour in highly oriented pyrolytic graphite:
ferromagnetic-like hysteresis loops for a magnetic field applied parallel to the graphite
sheets, which has a large diamagnetic response superposed for fields applied normal to
the sheets. The signal was enhanced by heating up to 800 K in a He atmosphere. Absence
of correlation with impurity content implied that this was an intrinsic property of the pure
carbon.!"™ Further experimental evidence that pure carbon can form a structure with long-
range magnetic order was reported by Tatiana Makarova and co-workers.' ' They
prepared a number of samples of pressure-polymerised rhombohedral fullerenes (poly-
Ceo) at a pressure of 60 GPa in a narrow temperature range (1020 K — 1075 K) and
measured positive susceptibility, nonzero static magnetic moment and a hysteresis loop
with remnant magnetisation of Mr = 0.015 emu/g and coercive field Hc = 300 Oe

although not all the samples showed ferromagnetic behaviour.!'*!
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Causes of Para- and Ferromagnetism in Pure Carbon

Comparison of the local structure and bonding in polymerised fullerenes and
nanofoams was leads to suggest specific structure types for carbon in which unpaired
spins can be generated and preserved.!"” In both nanofoams and polymerised fullerenes,
the carbon atoms are arranged in a sheet which has graphite-like regions but is distorted
so as to show non-zero Gaussian curvature. In the polymerised form, some of the links
within the cage are undone, to produce rings that are larger than hexagons. It is therefore
possible to find regions of carbon sheet with saddle-like negative curvature in this
structure. The nanofoam is also constituted of hyperbolic sheets. The presence of carbon
rings other than 6-rings has a disruptive effect on the regular alternation of double and
single C-C bonds, characteristic of ideal graphite. The delocalisation of & -electron clouds
of graphite may be partially suppressed or very markedly suppressed as in C60. The
topology and energetics may be such that satisfaction of all four bonds per atom is
frustrated, and the electronic ground state contains unpaired spins. These may be
delocalised over finite areas of carbon sheet, but pinned by a barrier of localised bonding
electrons at the boundaries of such regions. This is the situation calculated for tetrapod,
and such a model accounts well for the spin density observed in the nanofoam.
Spectroscopic data for the nanofoam shows clearly that a substantial fraction of carbon
atoms are sp° rather than sp® hybridised. Structural models that are proposed for
interconnections between the partially opened cages of poly- C60 also contain some 4-
coordinate carbon atoms. In both cases, the implication is that the resulting structures are
not just highly convoluted two-dimensional sheets, but contain some cross-links,
connecting different “folds” of sheet. In the case of nanofoam, it seems most likely that
the sp’ carbons provide links between spheroidal building units, which contain the

hyperbolic schwarzite sheets. There is a third factor shared by polymerised fullerene and
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the nanofoam that is important in maintaining long-term magnetization. The unpaired
electrons that are responsible for the spin are valence electrons that are not participating
in bonding. Therefore, it is possible for the free energy to be lowered if they establish
bonds to one another, or to other foreign atoms such as hydrogen or oxygen derived from
the air or from moisture. For magnetism to be retained permanently, it is essential to
prevent this possibility. Therefore, the carbon structure should be locally rigid, to prevent
close juxtaposition of spins occurring by deformation. Chemical attack by foreign species
is best prevented by locating the spins inside densely space-filling parts of the structure,
so that reactive atoms are unable to get close to the spins by diffusion. The structure thus
protects the spins by steric hindrance, a stablisation mechanism that has been known for
molecular carbon radicals such as for over a century.!"” The convoluted sheets of
nanofoam, with an interlayer spacing of 5.6A, and the dense packing of cross-linked
cages in poly-C60, are both good examples of matrices that are likely to be quite
impenetrable to diffusive species. There remains the question of whether paramagnetic
spins, which may be separated by distances of several A, are able to couple so as to
produce ferromagnetic ordering. Modelling studies on poly-C60 have shown that both
ferro and antiferro coupling pathways can exist between such spins, and that competing
pathways can occur in the same structure.*”) Therefore, the overall resultant magnetic
behaviour will vary from one material to another material.

Adsorption of different guest molecules on graphene gives rise to a reversible
low-spin/high-spin magnetic switching phenomenon which depends on the nature of the
guest species. Adsorption of H,0,”" interaction with acids!®*?! and intercalation with

31 The reduction in

potassium clusters reduce the magnetization of nanographite.”
magnetization has been interpreted as due to the interaction with lone pair orbitals as well

as charge-transfer with graphene sheets. The edge sites participating in host—guest
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interactions can give rise to a variety of interaction giving to rise to magnetic
phenomenon. Guest molecules accommodated through physisorption can mechanically
compress the flexible nanographite domains, leading to a significant reduction in the
inter-nanographene-sheet distance. Such a reduction in intersheet distance could align the
magnetic moments antiparallely and reduce the net magnetic moment.!”! Interaction of
non-carbon foreign species on the measured magnetic moment is potentially dramatic, as
demonstrated by the experiments of Pablo Esquinazi and co-workers **. They irradiated
a sample of ultra-pure highly-oriented pyrolytic graphite with a beam of protons
(2.25 MeV). The protons distorted the graphite structure and formed carbon-hydrogen
bonds. Magnetic force microscope images show a classic ferromagnetic signature in the
irradiated spots of graphite, which are hydrogenated and hence cannot be considered pure
carbon structures. The specific importance of hydrogenation as a means of inducing
ferromagnetism was demonstrated by comparison with experiments using a-particles as
the irradiating beam; in this case, the irradiated spots did not show the same magnetic
response. The ability of hydrogenation to induce magnetism in a carbon-rich material can
be understood in terms of the effect of attached hydrogen on the C-C bonding. For
example, bonding of a hydrogen atom to one of the carbons of graphite leaves the carbon
at the other end of a C+C double bond with one unsatisfied “dangling bond” (Figure 6).
This is an electron with unpaired spin, with its associated paramagnetic contribution to
the susceptibility. Furthermore, the carbon that has acquired a hydrogen is now in
tetrahedral fourfold coordination by other atoms rather than planar threefold, as it would
be in pure graphite. The C-C-C bond angles on the hydrogenated carbon are less than

120°, and the graphite sheet is puckered in its vicinity.
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Figure 6. (a) Intact graphite sheet, (b) generation of unpaired spin by hydrogenation.

This deviation away from planarity reduces the efficiency of m-overlap between adjacent
atoms, and tends to break up the m-sheet into discrete n-bonds. The reduced connectivity
of m -sheet, and the larger n-n* energy gap associated with spatially localised double
bonds, conspire to reduce the ring current diamagnetism. The possibility of promoting
electrons between these bands also allows a Van Vleck term to contribute to the
paramagnetism. Hence, several changes in structure and bonding cooperate, enabling a
small degree of hydrogenation to cause a large positive shift in magnetic susceptibility.
Theoretical calculations have indicated other pure-carbon structures that may support

5] The mechanism is based on a mixture of

strong paramagnetism and magnetic ordering.
planar 3-fold coordinated sp’- and tetrahedral sp’-hybridized carbon atoms, some of

which do not employ all their valence electrons in bonding.

Magnetoresisitance

Hwang and Das Sarma'* proposed a theory for graphene magnetotransport in the

presence of carrier spin polarization and predicted a negative magnetoresistance (MR)
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for graphene. Negative tunnel magnetoresistance has been observed in ferromagnetic
graphene (FG) and normal graphene (NG) employing FG/NG/FG junctions.””) The
magnetoresistance of Co/ multilayer graphene/ Co spin valve structure has been studied
by Nishioka and Goldman'® who find a positive MR of up to 0.39 % at 2 K. Spin-
dependent properties of single-layer graphene have been studied by spin-valve
measurements at room temperature and the nonlocal magnetoresistance found to be
proportional to conductivity. This study also shows electron-hole symmetry.*”) A study
of tunneling spin junction from Co to single-layer graphene has yielded a large value of
MR.P% Suspended bilayers graphene devices are shown to exhibit quantam Hall states
that are fully quantized at low magnetic fields and show extremely high
magnetoresistance that scales as the magnetic field divided by temperarture.”"! Linear
MR is found in multi-layer epitaxial graphene grown on SiC exhibits ** with MR varies
between 80-250 % at 12 T. In dilute fluorinated graphene large MR has been observed.”!
Tunable magnetometers have been deviced by combing Hall effect and MR of
graphene.*¥

Graphene quantum sheets with zigzag edge states obtained from GNRs by ultra
sonication show room temperature ferromagnetism with strong exchange bias field and
around 35% of magnetoresistance at moderate fields and at room temperature.””! These
authors proposed these properties can be used for the spintronic devices. Based on first-
principle calculations, magnetized zig-zag nanoribbons are shown to thermally induced
spin transport and substantial MR.® Zigzag GNR bridging two metallic graphene
electrodes appear to show spin-polarized electron transport and large
magentoresistance.””) Theoretical studies show GNRs can exhibit large MR. A GNR
field-effect transistor has been found to exhibit negative magnetoresistance.”® The MR

could be tuned by source drain bias. The maximum current ratio decreases from more
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than 10,000 at 1.6 K (magnetoresistance = —95%) as the conductance suppression due to
the conduction bandgap and/or Coulomb blockade effect is weakened with the increase in
temperature. The conduction bandgap apparently disappears at room temperature as the

device shows the linear transport behavior."**!

4.2.2 Scope of the present investigations

Occurrence of intrinsic magnetism in carbon-based materials possessing sp2
networks has been somewhat a controversial subject. Although there has been doubt as to
whether the ferromagnetic features of some of the graphitic materials was due to
magnetic impurities such as iron, there is also evidence for ferromagnetism in materials
related to highly orient pyrolytic graphite (HOPG).’®! For example, proton irradiated
HOPG seems to show room temperature magnetism. It was pointed sometime ago that
edges in graphene ribbons play a crucial role in determining the electronic structure.”
There have been a few studies on the properties of nanographite particles and ribbons
which demonstrate the importance of the edge states arising from the nonbonding
electrons. Nanographite particles are reported to exhibit unusual magnetic properties
including spin-glass behavior and magnetic switching phenomena and their properties
have been reviewed by Enoki et al."**! and the main message is that edge states as well
as adsorbed or intercalated species affect the magnetic properties. Bi-layer graphene is
predicted to be ferromagnetic.[*”) Theoretical studies have predicted the existence of a
ferromagnetically ordered ground state in graphene, specially at the zig-zag edges'*’
longer than 3-4 repeat units are predicted to be magnetic, irrespective of whether the
edges are regular or irregular.[44] Theoretical studies also show the importance of
crystallographic nature of graphene in determining its electronic properties and the

45]

possibility of half-metallicity in graphene ribbons.*) We have carried out an

experimental study of the magnetic properties of graphene samples prepared by different
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methods ensuring that they were devoid of transition metal impurities. We have also
investigated the effect of electron donor and acceptor molecules on the magnetic
properties of graphene. For this purpose, we have measured the effect of interaction of
graphene with tetrathiafulvalane (TTF) and tetracyanoethylene (TCNE). These molecules
are known to significantly affect the electronic properties and Raman spectra of graphene
because of charge-transfer. Significantly, we find that all the graphene samples show
evidence for ferromagnetism with well-defined hysteresis, along with antiferromagnetic

features. Electron-donating TTF markedly affects the magnetic properties of graphene.
4.2.3 Experimental section

Synthesis of graphenes

Graphene samples were prepared by thermal exfoliation of graphitic oxide (EG),
conversion of nanodiamond (DG),"*"! arc evaporation of graphite in hydrogen (HG) and
reduction of single-layer graphene oxide (RGO).W] EG was obtained by thermal
exfoliation of graphite oxide and DG was prepared by annealing the nanodiamond
powder at 1650 and 2050 °C for 1hr and at 2200 °C for 40 min. To prepare RGO, at first
single-layer graphene oxide (SGO) was prepared by ultra-sonication of graphite oxide
(GO). The so obtained SGO was reduced employing hydrazine hydrate /ethylene glycol
as a reducing agent at refluxing conditions and through hydrothermal routes. These
samples are designated as RGO and RGO (HT) respectively. In order to ensure that there
were no magnetic transition metal impurities, we washed the GO solution with 8-
hydroxy-quinoline-5-sulfonic acid prior to the reduction. In this process, 8-hydroxy-
quinoline-5-sulfonic acid was added to GO solution in ethanol and the mixture was
subjected to sonication followed by stirring for 12 hr. The product obtained by filtration
and through washing was employed for reduction. The reduced graphene so obtained by

this process is designated as RGO (W). The samples were characterized using
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transmission electron microscopy (TEM), atomic force microscopy (AFM), Raman
spectroscopy and Brunauer-Emmett-Teller (BET) surface areas.
Preparation of TTF(TCNE) adsorbed HG

For the synthesis of TTF(TCNE) adsorbed HG sample, we have dispersed 7 mg of
HG sample in each 10 ml of benzene solutions of having 0.120(0.065)g and 0.024
(0.013)g of TTF(TCNE)(0.05 M and 0.01 M) and sonicated for 30 min. The TTF(TCNE)
adsorbed HG sample was filtered using anodic filter paper and then dried at room
temperature for 6 hrs.

Magnetic measurements were performed with a vibrating sample magnetometer
(VSM) in physical property measuring system (Quantum Design, USA). Electron
paramagnetic resonance (EPR) spectra were recorded using a Bruker EMX  X-band

continuous wave (CW) EPR spectrometer.
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4.2.4 Results and discussion
Magnetization data of graphenes

In Figure 7, we show the temperature-dependence of magnetization of graphene

samples EG, DG-1650 °C and HG measured at 500 Oe. Inset shows temperature-
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Figure 7a. Temperature variation of magnetization of EG at 500 Oe showing the

ZFC and FC data. The inset shows the magnetization data at 3000 Oe.
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Figure 7b. Temperature variation of magnetization of DG-1650 °C at 500 Oe

showing the ZFC and FC data. The inset shows the magnetization data at 1 T.
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Figure 7c. Temperature variation of magnetization of HG at 500 Oe showing the ZFC

and FC data. The inset shows the magnetization data at 1 T.
dependence of magnetization measured at higher field. All the samples show divergence
between the field-cooled (FC) and zero-field-cooled (ZFC) data, starting around 300 K.
The divergence nearly disappears with the increase in the field as can be seen from the
insets in Figure 7. Divergence between the FC and ZFC data in these graphene samples is
comparable to that in magnetically frustrated systems such as spin-glasses and

superparamagnetic materials. In Figure 8 we show temperature-dependence of
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Figure 8. Temperature variation of magnetization of RGO at 500 Oe showing the ZFC

and FC data. The inset shows the magnetization data of RGO (HT).

158



Magnetic properties

magnetization of RGO and RGO (HT). Even though enough care was taken during the
preparation of the various graphene samples, in order to ensure that there were no
magnetic transition metal impurities, we washed some of the graphene samples with
complexing agents. Thus, in the case of RGO, we washed the GO solution with 8-
hydroxy-quinoline -5-sulfonic acid prior to the reduction. The graphene so obtained is

designated as RGO (W). In Figure 9, we show the temperature-dependence of

0.030 -
i RGO (W)
: H =500 Oe
§ 0.16
0.0244 i oo
= 012 H=3000 Oe
E )
5 0.018- £ o
=
2 b \ 0.044
0.0121 —

0 S0 100 150 200 250 300
TK)

0 50 100 150 200 250 300

0.006 +

T (K)
Figure 9. Temperature variation of magnetization of RGO (W) at 500 Oe showing

the ZFC and FC data. The inset shows the magnetization data at 3000 Oe.

magnetization of RGO (W) measured at 500 Oe. Inset in the figure shows temperature-
dependence of magnetization measured at 3000 Oe. Clearly the basic features of the
graphene samples described earlier are preserved.

The Curie-Weiss temperatures obtained from the high-temperature inverse
susceptibility data were negative in all these samples, indicating the presence of
antiferromagnetic interactions. Interestingly, we observe well-defined maxima in the
magnetization at low temperatures, the maxima becoming prominent with the increase in

the field. Such magnetic anomalies are found when antiferromagnetic correlations
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compete with ferromagnetic (FM) order. Application of high fields aligns the FM clusters
and decreases the divergence between FC and ZFC data as indeed observed. It is possible
that the data corresponds to percolation type of situation, where in different types of
magnetic states coexist. The FM clusters in such a case would not be associated with a
well-defined global ferromagnetic transition temperature. This behavior is similar to that
of microporus carbon and some members of the rare earth manganite family,
Ln; xAxMnO3 (Ln=rare-earth, A=alkaline eanh).[48'5” Recent theoretical calculations do
indeed predict the presence of antiferromagnetic states in the sheets and ferromagnetic
states at the edges of graphene.>”!

All the graphene samples EG, DG, HG, RGO, RGO (HT) and RGO (W) show

magnetic hysteresis at room temperature (Figure 10). In the case of DG, we see a
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Figure 10a: Magnetic hysteresis in EG, DG-1650 °C and HG at 300 K.

systematic decrease in magnetization with increase in temperature of preparation. Thus in
DG-1650 saturation magnetization (M;), remnant magnetization (M;) and coercive field

(Hc), are 0.05 emu/g, 0.0015 emu/g and 41 Oe respectively whereas in DG-2200 they are
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0.02 emu/g, 0.001 emu/g and 213 Oe respectively. Table 1 shows the values of Mg, H
and M; at room temperature of all the measured samples. The values shown in parenthesis

in table correspond to values obtained at 5 K. It is likely that edge effects would be
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Figure 10b: Magnetic hysteresis in RGO, RGO (HT) and RGO (W) at 300 K.

Table 1. The values of M;, H; and M; at room temperature of all the measured samples.

The values shown in parenthesis in table correspond to values obtained at 5 K.

Sample H_ (Oe) |[M,(emu/g) M (emu/g)
EG 139 (213) [0.003 (0.0055) |0.01(0.07)
RGO 185 (78) [0.001(0.0031) |0.003 (0.71)

RGO (E) | 145 (214) [0.001 (0.004)  |0.002 (0.25)

RGO (W) [80(96) [0.002(0.006)  |0.009 (1.35)
DG-1650°C |41 (136) [0.002(0.007)  |0.05(0.13)

DG-1850°C |-(154)  [0.0013 (0.002) |0.0016(0.16)

DG-2200°C | 200 (213) [0.001 (0.003) | 0.002 (0.05)

HG 100 (150) [0.01 (0.018) 0.08 (0.14)
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greater in samples with smaller number of layers as well as small areas. In the case of
HG, hydrogenation could have occurred to some extent, thereby favouring
ferromagnetism. As mentioned earlier, the graphene samples studied by us did not contain
detectable levels of transition metal impurities. The unusual magnetic properties reported
here are, therefore, considered to be intrinsic to the graphene samples.
EPR mesurements and ac susceptibility measurements

Occurrence of intrinsic magnetism in carbon-based materials comprising sp”
networks has been somewhat a controversial due to doubts raised, whether the
ferromagnetic features are due to magnetic impurities such as iron, cobalt and nickel etc.
Albeit, special care has been taken during the synthesis of graphene samples, still to
confirm further whether there are any detectable impurities are present in the sample, we
have investigated the electron paramagnetic resonance measurements of all the samples
from the temperature ranging from 2.5 K to 300 K. In figure 11 we show EPR plots of EG
sample. We observe a signal with a line-width of AH ~ 0.7-2.9 mT with a g- value is in
the 2.006-2.013 range. The small value of the line-width and the small deviation in the g
value from the free-electron value suggest that the spins do not originate from transition-
metal impurities but from only carbon-inherited spin species in the graphene sheets. We
have measured the temperature dependence of ac susceptibility at different frequencies.
We have carried out this experiment since we find the presence of AFM interactions as
well as magnetic hysteresis in our graphene samples, a behaviour somewhat like that of
frustrated magnetic systems. The measurements on DG and HG samples in the frequency
range from 97 to 9997 Hz did not showed any frequency-dependent features in the
temperature range of 3-300 K range, ruling out the observed ferromagnetism is not due to

spin-glass behavior.
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Figure 11. EPR plots of EG sample.

Adsorption of electron-donor and electron acceptors

In order to design more subtle magnetic carbon devices, proper control on the
magnetization of these materials essential. For this purpose, we have developed a method
for fine-tuning of the magnetization in graphene samples through adsorption of TTF,
TCNE and hydrogen. Adsorption of benzene solutions of TTF and TCNE has a profound
effect on the magnetic properties of graphene (Figure 12). This method is easy to
synthesis, reliable and highly reproducible. The large reversible concentration-dependent
effects of adsorbing TTF and TCNE on the magnetic properties of graphene lend
evidence to the fact that the magnetic properties of the graphene samples observed by us
are intrinsic to them. In Figure 12, we show typical results on the effect of 0.05 M
solutions of TTF. On increasing the concentration of TTF or TCNE, the magnetization
value decreases progressively. Interestingly, TTF has a greater effect than TCNE,

even though the magnitude of adsorption of TCNE on HG is greater. Magnetic hysteresis
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of HG persists even after adsorption of TTF and TCNE. On adsorption of TTF and TCNE

on graphene, Ms, Mr, and He decrease with the concentration of TTF and TCNE. In case

005 MTIF H3000Ce

ZC
FC

0,024+

0.020

0,016

Figure 12. Temperature-variation of the magnetization of HG samples
(at 3000 Oe and 500 Oe) after adsorption of 0.05 M TTF solutions. The
magnetization data given in the figure are corrected for the weight of adsorbed
TTF. Magnetization data of HG with adsorbed TCNE are similar to those with

TTF, except that the decrease in magnetization relative to pure HG is smaller.

of TCNE, the Curie-Weiss temperature, 0,, also decreases markedly on adsorption of
these molecules. Clearly, charge-transfer interaction between graphene and TTF
(TCNE)™¥ is responsible for affecting the magnetic properties. In the literature, there is
some evidence to show that adsorption of H,O™" and interactions of acids™®* reduce the
magnetization of nanographite. Potassium clusters also reduce the magnetization of

[23

nanographite.'*”) In these cases, the reduction in magnetization has been interpreted as due

to the interaction with lonepair orbitals as well as charge-transfer with graphene sheets.
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The large reversible concentration-dependent effects of adsorbing TTF, TCNE and
hydrogen on the magnetic properties of graphene lend additional evidence to the fact that

the magnetic properties of the graphene samples observed by us are intrinsic to them.

4.2.5 Conclusions

In conclusion, graphene samples prepared by different methods, show prominent
ferromagnetic features along with the antiferromagnetic characteristics. The value of
magnetization as well as the other magnetic properties varies from sample to sample. All
the graphene samples exhibit room-temperature magnetic hysteresis. Magnetization of
graphene could be tuned by the adsorption of molecules. The value of the magnetization
drastically decreases on adsorption of TTF and TCNE having greater effect in case of

TTEF.
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4.3 Graphene as a supercapacitor material

4.3.1 Introduction
In recent years, ultracapacitors have drawn significant attention, owing to their high
power density, long lifecycle, and bridging function for the power/energy gap between

traditional dielectric capacitors and batteries/fuel cells.!"

1 The main function of an
electrochemical supercapacitors (ES) could be to boost the battery or fuel cell in a hybrid
electric vehicle to provide the necessary power for acceleration.”) The major drawback of ES
is its low energy density and high production cost. To overcome this problem, development
of new materials would be one of the most intensive approaches. Most popular today are
carbon materials, which have high surface areas for charge storage. An ES is a charge-storage
device similar to batteries in design and manufacturing. As shown in Figure 1, it consists of
two electrodes, an electrolyte, and a separator that electrically isolates the two electrodes. The
most important component in an ES is the electrode material. Generally nanomaterials which
have high surface area and high porosity considered as electrode materials. It can be seen fr-
om Figure 1 that charges can be stored and separated at the interface between the conductive
solid particles (such as carbon particles or metal oxide particles) and the electrolyte.!”! This

interface can be treated as a capacitor with an electrical double-layer capacitance, which can

be expressed as equation (1)

C= A¢/4nd........ (D)

Where A is the area of the electrode surface, which for a supercapacitor should be the active
surface of the electrode porous layer; e is the medium (electrolyte) dielectric constant, which
will be equal to 1 for a vacuum and larger than 1 for all other materials, including gases; and

d is the effective thickness of the electrical double layer.
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O

Figure 1. Principles of a single-cell double-layer capacitor and illustration of the

potential drop at the electrode/electrolyte interface. (From ref. [4]).

Electrostatic supercapacitors (EDLS): The capacitance of the electrode/interface in an
electrostatic or EDLS is associated with an electrode-potential-dependent accumulation of
electrostatic charge at the interface. The mechanism of surface electrode charge generation
includes surface dissociation as well as ion adsorption from both the electrolyte and crystal
lattice defects.!”! These processes operate solely on the electrostatic accumulation of surface
charge. As shown in Figure 1, this electrical double-layer capacitance comes from electrode
material particles, such as at the interface between the carbon particles and electrolyte, where
an excess or a deficit of electric charges is accumulated on the electrode surfaces, and
electrolyte ions with counterbalancing charge are built up on the electrolyte side in order to

meet electroneutrality. During the process of charging, electrons travel from negative
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electrode to positive electrode through an external load. Within the electrolyte, cations move
towards the negative electrode while anions move towards the positive electrode. During
discharge, the reverse processes take place. In this type of ES, no charge transfers across the
electrode/ electrolyte interface, and no net ion exchanges occur between the electrode and the
electrolyte. This implies that the electrolyte concentration remains constant during the
charging and discharging processes. In this way, energy is stored in the double-layer
interface. When ES is charged, a voltage (V) will build up across the two electrodes. The
theoretical energy (E) and power densities (P) of this ES can be expressed as equations (2)

and (3):1¢7

E=%CV?=QV/2 ... )

Where Q is the total charge stored in the ES and Rg is for the equivalent inner resistance of
ES. From above equations it is evinced that V, C and Rg are three important variables which
controls the ES’s performance. In order to increase ES’s energy density and power density,
one can increase the values of both V and C or reduce the value of Rg. Here the value of the
ES voltage (V) is dependent on the materials used for the electrode and electrolyte (e.g. when
carbon is used as the electrode material for aqueous electrolytes, the cell voltage or
supercapacitor voltage window is about 1 V, while in organic electrolytes the cell voltage is
in the range of 3-3.5 V), whereas the operating voltage is determined by the electrolyte’s
stability window. From both equations (2) and (3), it can be seen that both energy and power
densities are proportional to the square of voltage, therefore, increasing the voltage may be
more effective than increasing capacitance or reducing inner resistance in terms of raising the
ES’s energy and power densities. To enhance the ES’s cell voltage within the electrolyte’s

stability window, selecting the type of electrode materials and optimizing electrode structures
172



Graphene as a supercapacitor material

can achieve high cell voltages. To increase the power density of ES, reducing cell’s internal
resistance, should be the major focus. In general, ES’s inner resistance is much smaller than
that of batteries due to the rapid combination of positive and negative charges (even in a
faradaic-type ES, the redox processes involving electron and ion transfers are also very fast),
the power density of an ES is normally much higher than in batteries. Even so, reducing inner
resistance can always benefit the ES’s performance in terms of power density improvement.
From equation (2) it is clear that increasing the capacitance is an effective way to improve
energy density. In order to increase overall cell capacitance, both electrode capacitances have
to be increased. Therefore, developing electrode materials should be one of the key
approaches in ES research and development. In evaluating an electrode material for ES,
another generally used definition is the specific capacitance (Cs), with a unit of Faraday per
gram (Fg™), which can be expressed as equation 4: Cs= Ci/W where W is the weight in grams
of the electrode material in the electrode layer, and C; is the electrode capacitance (anode or
cathode). A higher specific capacitance does not necessarily mean that this material will be a
better ES electrode material, because electrode capacitance is also strongly dependent on the
electrode layer structure and the electron and ion transfers within the layer. An electrolyte
which resides inside the active material layers is one of the most important ES components.
The requirements for an electrolyte are wide voltage window, high electrochemical stability,
high ionic concentration and low solvated ionic radius, low resistivity, low viscosity, low
volatility, low toxicity, low cost as well as availability at high purity. The electrolyte used in
an ES can be classified into three types: (1) aqueous electrolyte, (2) organic electrolyte, and

(3) ionic liquids (ILs).

Advantages of ES: Compared to batteries, ES have several advantages: They are: high

power density, long life expectancy, long shelf life, high efficiency, wide range of operating

173



Properties of few-layer graphenes

temperatures, environmental friendliness, safety. In normal circumstances, Although ES have
many advantages over batteries and fuel cells, they also face some challenges at the current
stage of technology. They are Low energy density, High self-discharging rate and industrial
standards for commercialization. As capacitance and charge storage of ES intimately depend

on the electrode materials used, developing new materials with high capacitance and
improved performance relative to existing electrode is indispensable. Apparently, the

capacitance of ES heavily depends on specific surface area of the electrode materials. Since
not all the specific surface area is electrochemically accessible when the material is in contact
with an electrolyte, the measured capacitance of various materials does not linearly increase
with increasing specific surface area. Thus, for those electrochemically accessible surface
area or useful surface area, a definition called the electrochemical active surface area may be
more accurate in describing the electrode capacitance behavior. The pore size of electrode
material plays an important role in the electrochemical active surface area. According to
Largeot et al!'l the pore size of electrode materials that yielded maximum double-layer
capacitance was very close to the ion size of the electrolyte (with respect to an ionic liquid
electrolyte), and both larger and smaller pores led to a significant drop in capacitance.
Therefore, ES capacitance strongly depends on surface area of the electrode accessible to the
electrolyte. In general, the electrode materials of ES can be categorized into three types:™* (1)

[10, 11

carbon materials with high specific surface area, 1(2) conducting polymers,'>'* and (3)

metal oxides.!'> !¢

4.3.2 Scope of the present investigations

Several workers have focused on understanding the factors that govern electron-
transfer kinetics on carbon electrodes. The surface structure of solid carbon electrodes
directing electron transfer (ET) reactions in electrochemistry has been well recognized, and it
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is found that the creation of specific surface structures, through pretreatments such as plasma

activation!!”!

can drive the ET faster. The surface preparation and hence, the final surface
structure is often found to be critical to the performance of the electrodes, its stability and
reproducibility of results. The surface modification effects are also sensitive to the reaction
that is being conducted at the electrodes.!"® Thus, different reactions should be considered
when addressing the role of the electrode surface on the ET mechanism.

The oxidation of potassium ferrocyanide has served as a benchmark in investigating
electrochemistry at different carbon electrodes.!'” The electrochemical oxidation generates
ferricyanide, and the redox couple Fe(CN)s" /Fe(CN)s> is close to an ideal system with
quasi-reversibility, especially on electrodes (such as carbon) where there is minimum
bonding interaction between the electrode material and the cations in solution. The
importance of this redox couple in electrochemistry also stems from its role in instrument
calibration, determination of diffusion coefficients and the electrochemical area of the
electrode. This reaction on most electrodes precludes any effect of surface adsorption (oxide
layer formation) on the ET kinetics and hence provides a straightforward correlation of the
surface structure and reaction rates.

Here we report on the electrochemical study of graphene electrodes made from
three different graphene samples named CG, EG and DG. Cyclic voltammetry was used in
IM KCI containing 100 mM potassium ferrocyanide to obtain information on electron
transfer rate from the faradaic reaction of the redox species.

Electrochemical supercapacitors are passive and static electrical energy storage
devices for applications requiring high power density such as energy back-up systems,

2 Electrochemical

consumer portable devices and electrical/hybrid automobiles.**
supercapacitors store significantly higher amount of energy than conventional capacitors but

less than that of batteries, and are similar in construction to conventional capacitors except
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that the metal electrodes are replaced by a highly porous electrode. The dielectric film
separating the two electrodes is porous and the cell contains a suitable electrolyte such as
aqueous (aq.) HySO4. Energy is stored in supercapacitors due to the formation of a electrical
double layer at the interface of electrode (electrical double layer capacitors, EDLCs) or due to
electron transfer between the electrolyte and the electrode through fast Faradiac redox
reactions (psuedocapacitors). In the latter type of supercapacitors, the amount of charge

stored is proportional to the voltage. Porous carbon materials such as activated carbon'*

] 26]

xerogels,[23] carbon nanotubes,** mesoporous carbon,'” and carbide-derived carbons!
have been investigated for use as electrodes in EDLCs. In the last few years, there has been
great interest in graphene, which constitutes an entirely new class of carbon. Electrical
characterization of single-layer graphene has been reported.”*”

We have investigated the use of graphene as electrode material in electrochemical
supercapacitors. For this purpose, we have employed graphene prepared by different methods
and compared their supercapacitor behaviour with aq. H,SOj as the electrolyte. Furthermore,
we have explored the use of ionic liquids as electrolytes. Thus, by employing the ionic liquid,
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI), we have
been able to extend the operating voltage up to 3.5 V compared to 1 V normally obtained
with aq. H,SO,.

4.3.3 Experimental section

Electrochemical measurements were performed using a PG262A potentiostat/
galvanostat, (Technoscience Ltd, Bangalore, India). Voltammetric properties of graphenes
were investigated using a three electrode electrochemical cell containing a graphene paste
electrode, platinum foil as the counter electrode and calomel as the reference electrode
using IM KCl solution containing 100 mM potassium ferrocyanide. All graphene

paste electrodes were prepared using mineral oil as a binder (25 wt%).*"
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Graphene-based  supercapacitor cells were fabricated following Conway.”?” The
measurements were carried out with a two-electrode configuration, the mass of each
electrode being 5 mg and the ionic liquid, N-butyl-N-methylpyrrolidinium

bis(trifluoromethanesulfonyl)imide (PYRMTFSI) was dried at 80 °C under vacuum for a day

prior to the experiment. The fabrication and characterization of cell was done at 60 °C in a
mBraun glove box keeping the oxygen and water levels at less than 0.1 ppm. We have
performed cyclic voltammetry to characterize the two-electrode supercapacitor cells with the
different graphenes. The specific capacitance is given by the following equation:

C  =2( -1)/(mx scan rate)
cv + -
Where i+ and i are maximum current in the positive scan and negative scan respectively and

m is the mass of electrode. The energy density is given as E= CV? where C is the capacitance

taking into account both the electrode masses and V is the operational voltage.
4.3.4 Results and discussion

We have investigated the electrochemical properties of the CG, EG and DG using the
redox reactions with potassium ferrocyanide. The peak to peak separation is known to be
significantly depend on the microstructure of the carbon electrode used.”” A small peak to
peak separation (~ 70 mV) is achieved when the edges of graphite are exposed to the
electrolyte while it is significantly larger (even close to 1 V) when the basal planes are
involved. In Figure 2, we show typical cyclic voltammograms of the redox reaction of 100

mM potassium ferrocyanide (in 1 M KCI) carried out using working electrodes of different
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I (mA)

DG

E (V) vs. calomel electrode

Figure 2. Cyclic voltammograms of the different graphene electrodes

(at a scan rate of 20 mV/s) for 100mM K4Fe(CN)6 in IM KCL

graphenes. While the peak to peak separation depends on the scan rate, and it is found to be
the largest in the case of EG. DG and CG exhibit similar peak separations. The behavior of
EG is similar to that of basal plane in graphite. On the other hand, DG and CG exhibit
slightly better kinetics.

We fabricated supercapacitors cells using aq. H,SO4 and an ionic liquid, N-butyl-N-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYRMTFSI) as the electrolytes. In

Figure 3, we show cyclic voltamograms (CVs) at a scan rate of 100 mV/s for capacitors built
using graphene as electrodes and 1 M H,SOy as electrolyte. EG and DG exhibit 117 F/g and
35 F/g where as CG exhibits low value of 6 F/g. In PYR14TFSI, specific capacitance values
of 75 F/g and 40 F/g were obtained with EG and DG respectively. The maximum values of
energy density stored in these capacitors are 31.9 and 17.0 Whkg™ respectively for EG and
DG. These are some of the highest values reported to date and are comparable to those of

microporous carbons reported by Balducci et al.*”
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Figure 3. Voltammetry characteristics of a capacitor built from graphene

electrodes (5 mg each) at a scan rate of 100 mV/s using aqueous H>SO4 (1 M).

4.3.5 Conclusions

The electrochemical properties of different graphenes (CG, EG and DG) have been
investigated using the redox reactions with potassium ferrocyanide. The behavior of EG is
similar to that of basal plane in graphite. DG and CG exhibit slightly better kinetics.
Graphenes acts as a good electrode material for application in supercapacitors. The specific
capacitance of the exfoliated graphene in the aqueous electrolyte is comparable to that
obtained with activated carbons and superior to that of carbon nanotubes while value of the
energy density of the graphene capacitors is one of the highest known to date. The
supercapacitor characteristics are directly related to the quality of graphene specifically the

number of layers and the associated surface area.
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4.4 Blue-light emission from graphene-based materials

4.4.1 Introduction

There have been a few reports in the literature stating certain carbon species emit blue
light upon excitation.!"*! Graphitic forms of carbon have rich chemistry with many different
chemical functional groups present on the surface, particularly at defect sites such as steps
and edges.”" In particular, oxygen containing carboxyl, carbonyl, ether and such functional
groups are speculated to be present on graphitic surfaces.” ® "'l C-dots are attracting
considerable attention as nascent quantum dots, particularly for applications in which the
size, cost, and biocompatibility of the label are critical. Advances in this area are appearing
frequently, with a number of significant breakthroughs taking place within the last couple of
years. C-dots were discovered serendipitously during the purification process of single-
walled carbon nanotubes (SWCNTs) prepared by arc-discharge methods.!") When processing
a suspension of these SWCNTs by gel electrophoresis, the suspension separated into three
distinct classes of nanomaterials, including a fast-moving band of highly luminescent
material. They further found that this carbonaceous material could be fractionated into a
number of components with size-dependent fluorescent properties. Nanodiamond is an
another important carbon nanomaterial which is similar to the C-dot in size and surface
functionality.''”) Nanodiamonds are typically made from milling microdiamonds, chemical
vapor deposition (CVD), shockwave, or detonation processes. They generally consist of
about 98% carbon with residual hydrogen, oxygen, and nitrogen, possesses a sp> hybridized
core, and have small amounts of graphitic carbon on the surface. Unlike nanodiamonds, C-
dots have greater sp” character, which is symbolic of nanocrystalline graphite having high
oxygen content. Sometimes, because of their high oxygen content, these materials have also

[20]

been referred to as carbogenic nanodots. While C-dots show spectrally broad
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photoluminescence (PL) emission with strong excitation wavelength (Aex) dependency.
Fluorescent nanodiamonds emit from point defects, particularly the negatively charged
nitrogen vacancy site, which absorbs strongly at 569 nm and emits near 700 nm. Although
the origin of PL is not yet entirely understood in C-dots, there is mounting evidence that
emission arises from the radiative recombination of excitons located at surface energy traps
which may or may not require passivation by organic molecules to occur. C-dots have been

synthesized through both top-down and bottom-up approaches. Top-down methods consist of

[21-23] [24, 25]

arc discharge,[ls] laser ablation and electrochemical oxidation, where the C-dots are

formed or “broken off” from a larger carbon structure. Bottom-up approaches consist, for

1, 26, 27] [26, 28] [29]

example, of combustion/thermal,! supported synthetic, or microwave methods
during which the C-dots are formed from molecular precursors. Typically, their surfaces are
oxidized by nitric acid (HNO;) and further purified by using centrifugation, dialysis,
electrophoresis, or another separation technique.

While purifying SWCNTs derived from arc-discharge soot, Xu et al. discovered they
had also isolated an unknown fluorescent carbon nanomaterial.' C-dots have been produced

[21, 22, 30, 31] They prepared a carbon target by hot-

by Sun and co-workers by laser ablation.
pressing a mixture of graphite powder and cement, followed by stepwise baking, curing, and
annealing under an argon flow.”! A Q-switched Nd:YAG laser (1064 nm, 10 Hz) was then
used to ablate the carbon target in a flow of argon gas carrying water vapor at 900 °C and 75
kPa. The sample was then heated at reflux in 2.6 M HNO; for up to 12 hr to produce C-dots
ranging from 3 to 10 nm in size. At this point, the C-dots were surface passivated by
polymeric agents such as diamine-terminated poly(ethylene glycol) (PEG1500N)™! or
poly(propionylethylenimine- co-ethylenimine) (PPEI-EI, with an EI fraction of ca. 20%)1*"!

and then purified by dialysis against water, followed by a centrifugation step to yield purified

C-dots in the supernatant liquid.”® In a single-step C-dots passivated with diamine hydrate,
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diethanolamine, or PEG200N was prepared by Hu et al™ In this approach, a pulsed
Nd:YAG laser was used to irradiate graphite or carbon black dispersed and under
ultrasonication to aid in particle dispersal. C-dots were electrochemically prepared from a
graphite rod working electrode, a Pt mesh counter electrode, and a Ag/AgCl reference
electrode assembly immersed in pH 7.0 phosphate buffer solution (Scheme 1).P?! A variety of

carbon-based nanoparticles, including C-dots, were generated by ionic liquid (IL) assisted

Scheme 1: Electrochemical production of C-dots from a graphite rod which are

capable of electrochemiluminescence (ECL). (From reference 32).
electrooxidation of graphite using the water-soluble IL 1-butyl-3-methylimidazolium
tetrafluoroborate [bmim][BF4] containing up to 90 wt% water as the electrolyte.[24]

It can generally be concluded that C-dots contain an amorphous to nanocrystalline
core with predominantly sp” carbon; the lattice spacings are consistent with graphitic or
turbostratic carbon. C-dots typically show strong optical absorption in the UV region, with a
tail extending out into the visible range. One of the most fascinating features of C-dots is
their PL. In any case, one unifying feature of the PL of C-dots is the clear Aex dependence of
the emission wavelength and intensity. Whether this occurs because of optical selection of

differently sized nanoparticles (quantum effect) and/or different emissive traps on the C-dot

surface or another mechanism altogether is currently unresolved. Similarly, the requirement
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for surface passivation is poorly understood, but appears to be linked to the fabrication
method employed.

Gokus et al.*’!

observed the induction of PL in single- ayer graphene (SLG) flakes
with an oxygen plasma treatment. For short treatment times (1-3 s), confocal PL maps reveal
bright point like PL features whereas for slightly longer exposures (56 s) spatially uniform
broadband visible PL was observed across SLG flakes. Remarkably, because oxygen plasma
etching proceeds layer-by-layer, bi- and multilayer flakes remained thus implying that
emission from the topmost layer is quenched by subjacent untreated layers. Spectral hole
burning experiments suggest that the observed large spectral width (ca. 0.5 eV) mainly
reflects homogeneous broadening of a single emissive species, that is uniform across the
oxidized SLG sheet. This is supported by the fact that the PL transients were nearly uniform

across the complete spectrum, thereby indicating that spectral diffusion as a result of energy

migration, which is typical for heterogeneously broadened systems, is absent.

4.4.2 Scope of the present investigations

As certain functionalized carbon species emitting blue light, we have investigated in
case of graphene-based materials and found that graphene samples oxidized by acids as well
as graphene oxide (GO) reduced by various means give excellent blue emission. A possible
origin of the blue photoluminescence in reduced graphene oxide (RGO) is the radiative
recombination of elecron—hole (e-h) pairs generated within localized states. The energy gap

between the m and 7* states generally depends on the size of sp” clusters™*

or conjugation
length.® Interaction between nanometer-sized sp” clusters and finite-sized molecular sp*
domains could play a role in optimizing the blue emission in RGO. The presence of isolated

sp® clusters in a carbon—oxygen sp° matrix can lead to the localization of e—h pairs,

facilitating radiative recombination of small clusters.>®) We have investigated the generation
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of blue light by graphene-based materials and found that graphene samples oxidized by acids
as well as graphene oxide (GO) reduced by various means give blue emission. We have also
demonstrated that functionalized graphenes can be combined with graphene oxide to emit
white-light.

4.4.3 Experimental section

Few-layer graphene samples were prepared by the thermal exfoliation of graphite
oxide at high temperatures (EG),””! by the conversion of nanodiamond by heating in an inert
atmosphere (DG)™*) and by the arc discharge of graphite electrodes in the presence of H, and
He (HG). Graphene oxide was obtained by prolonged sonication (1hr) of graphite oxide in
water medium to yield a brownish stable yellow solution. Pristine graphene samples were
treated with a solution of conc.H,SO, and conc. HNOj; in water (Table 1) under microwave
irradiation (2 minutes at 600 W). Before microwave treatment, the solution was sonicated for
better mixing. We designate the acid-treated EG, DG and HG as FEG, FDG and FHG
respectively. A KrF excimer laser (248 nm, 5 Hz) was employed to irradiate aqueous
solutions of GO taken in a quartz vail. The aluminum metal slit (beam shaper) which gives
usually a rectangular beam was removed while laser reduction was carried out. This makes
laser energy almost uniform throughout the area where graphene oxide is present. It was
observed that within half an hour of irradiation at 5 Hz reprate and at 300 mJ beam energy,
GO turns black due to the reduction. GO was also exposed to sunlight from the top side in
daytime. Graphene oxide after reduction by irradiation with an excimer laser or sunlight

settles down at the bottom.

Graphene samples were characterized by employing various techniques like FESEM,
TEM, AFM and Raman spectroscopy. HG contains 2-3 layers while EG and DG have 5-6

and 6-10 layers respectively as revealed by AFM measurements.
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4.4.3 Results and discussion

The as-prepared graphene samples exhibit weak blue-emission centered around 400
nm upon UV excitation. On acid treatment under microwave irradiation (Table 1), the blue
emission band gets slightly red-shifted with the PL emission maximum appearing around 435
nm as can be seen from the Figure l1a. The nature of blue-emission is quantified by the CIE

chromaticity diagram in Figure 1b. Another way to obtain blue-emission from graphene

Table 1. Conditions for acid treatment of graphene.

Graphene Weight Microwave

{myg) HNG, (ml)y| H,50 (ml} | H,O {ml) treatinent

{5 mng) k {seconds)
EG 5 4 4 8 2
DC: 5 4 1 5 3
HG 5 4 1 5 3

materials is via reduction of GO. GO itself exhibits brownish yellow emission with a band

centered around 550 nm.>%*%!
AN @
FHG
g
g
EG
0 50 60 70 20
Wavelength (o)

Figure 1a. PL spectra of EG, acid treated EG (FEG) and acid treated HG (FHG).
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Figure 1b. CIE 1931 color diagram showing the three points due to EG, FEG and

Reduction of GO by chemical means or by radiation gives rise to blue-emitting species. The
radiation can be ultraviolet light (Hg lamp), sunlight or a laser. GO upon prolonged
irradiation (6 hours) by sunlight gives rise to the same effect achieved by the ultraviolet
treatment for 40 minutes. Laser irradiation requires only 10 or 20 min depending on 5 or 10
Hz reprate. Laser irradiation not only reduces GO, but also fragments the graphene sheets
into pieces. Reduction of GO by laser radiation and sunlight can be observed visibly by the
change in colour as shown in Figure 2. Brownish yellow GO turns black after irradiation.
Two-probe resistance measurements showed that the resistivity of GO (5000 Ohm-cm)

decreases to 550 and 41 Ohm-cm after reduction with sunlight and laser respectively. This is

CIEx

AL

FHG in the blue region.

expected as reduced GO would be more conducting than GO.
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(A

Figure 2. (a) Photographs of (i) GO and laser reduced GO at beam energy of 300 mJ
with (ii) 1000 and (iii) 18000shots. (b) Photographs of (i) GO and GO exposed to
sunlight for (ii) 2 and (iii) 10 hours.

Infrared spectra of the reduced samples show reduced intensities of the bands
corresponding to —OH (~3418 cm™) and C=0 (~1640 cm™) compared to GO.**! In Figure 3a,
we show the PL spectra for yellow-emitting GO and the blue-emitting light sources achieved
by irradiation with different light sources. In Figure 3b, we show CIE chromaticity diagram
for GO and the reduced GO samples obtained by different means. Chemically reduced GO

also shows similar blue emission. The plausible mechanism for photo-assisted reduction of

GO is as follows.
GO+hy ——> GO(h+e) Y
4h+ 2H,O0 —> O, +4H* (2)
4e+ GO+ 4H* ——= RGO +2H,0 (3
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Figure 3. (a) PL spectra of GO and reduced GO obtained by irradiation with laser
(LRGO), ultraviolet light (URGO) and sunlight (SRGO). (b) The chromaticity

diagram shows the nature of blue emission by the three RGO s.

GO absorbs light generating electron-hole pair. Water acts as a hole scavenger yielding
oxygen and protons, whereas the electrons are captured by the sp2 regions of GO. The
captured electrons together with the produced protons reduces the functional groups in GO,
extending the m-electron network resulting RGO. Blue emission from laser-reduced graphene
oxide (LRGO) or acid treated EG can be combined with the yellow emission from graphene

oxide to achieve bluish white light (as shown in Figure 4).
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Figure 4. PL spectra of GO and GO admixed with 2 wt % of FEG and 37 wt % of
LRGO. Insets in the figure show the photograph of bluish white light emission

after mixing LRGO with GO.

4.4.5 Conclusions

It is noteworthy that carbon-based materials such as reduced graphene oxide or
oxidized graphene give rise to blue-emission which is similar to inorganic materials such as
gallium nitride. The Functionalized graphenes can be combined with single-layer graphene

oxide to produce white-light.
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4.5 Patterning and lithography based on graphene

4.5.1 Introduction

Fabrication of graphene-based electronics on flexible substrates, is highly desirable
since it can greatly extend the applications of graphene in plastic electronics field.!"] Although
thermally grown graphene®*! has been successfully coated on flexible substrates, these
methods generally involves complicated transfer step, which may induce chemical
contaminations.””! Potential applications of graphene in electronics and other areas have been
discovered and many of them require patterned graphene.) Several methods including
plasma etching,”? dip-pen lithography,™ nanosphere lithography,"®! photolithography,!'” soft-

" and e-beam lithography“ﬂ have been employed to generate patterned

transfer printing
graphene. Existing methods of patterning graphene include mask lithography, transfer
printing, and direct-write process. The utilization of masks as sacrificial materials is a
convenient way to pattern graphene on a large scale.["’! Using polystyrene (PS) nanosphere as
a mask in combination with O, reactive ion etching (RIE) was reported to produce
periodically ordered graphene nanodisk arrays.[g] A monolayer of highly ordered PS spheres

was self-assembled on water surface,m]

this monolayer was then lifted off and transferred
onto graphene sheet on SiO; /Si ( Figure 1a and 1b). O, RIE was subsequently carried out to
etch  a portion of the graphene sheets that was not protected by the PS nanospheres
(Figure 1c). The PS spheres were then removed by sonication in chloroform, resulting in
periodic graphene nanodisk arrays (Figure 1d and 1e). The dimension of graphene nanodisks
can be effectively tuned by varying the size of the PS spheres, which can be scaled down to
tens of nanometers. Such graphene nanodisks may be used as microelectrode array in

[16]

electrochemistry. Aluminum!"™ and hydrogen silsesquioxane!'® masks have also been used

for the creation of graphene patterns. Charged molecular templates had been employed to

transfer and immobilize single-layer graphene onto predefined areas of substrate surfaces.!'”!
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The molecular templates were generated using microcontact printing of 11-amino-1-

undecanethiol self-assembled monolayer on mica-peeled Au substrates.'™ These templates

(d) Removal of the PS

Figure 1 . Schematic illustration for graphene nanodisk arrays fabrication. a) The graphene
sheets were transferred to SiO, /Si substrate. b) The monolayer PS spheres form an ordered
array on the SiO; /Si substrate coated with graphene. c¢) A portion of graphene sheets
unprotected by the PS spheres was etched with O, RIE. d) Removal of PS spheres by

sonication in chloroform. (From ref.[9]).

were then immersed into aqueous graphene oxide (GO) dispersions so that the electrostatic
interactions between the negatively charged oxygen-containing functional groups on GO
sheets and the positively protonated amine groups of 11-amino-1-undecanethiol transfer the
GO sheets onto the patterned functionalized surfaces. The adsorption process can be
optimized by tuning various parameters such as pH, immersion time, surface passivation, and

the concentration of the GO dispersion. The immobilized GO sheets could be transformed to
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graphene sheets by thermal annealing. Hong et al. used the CVD process to grow high-
quality, few-layer graphene films on nickel-coated SiO»/Si substrates.'”! By using the pre-
patterned nickel substrate, various sizes and shapes of graphene film can be obtained. The
average number of graphene layers, the domain size and the substrate coverage can be
controlled by changing the nickel thickness and growth time during the growth process.
Etching nickel substrate layers with FeCl; solution allows one to readily transfer patterned
graphene films to an arbitrary substrate for device applications. Atomic force microscopy-
based nanolithography is used to generate the single-layer graphene oxide (SGO) patterns on
Si/Si0, substrates. In this process, a Si tip is used to scratch GO films, resulting in GO-free
trenches. Using this method, various single-layer GO patterns such as gaps, ribbons, squares,
triangles, and zigzags can be easily fabricated. By using the GO patterns as templates, the
hybrid GO-Ag nanoparticle patterns were obtained. Our study provides a flexible, simple,
convenient method for generating GO patterns on solid substrates, which could be useful for
graphene material based device applications. Scanning probe lithography has been used
widely to obtain patterns on a variety of substrates, especially to generate single-layer
graphene oxide (SGO) patterns."”? A focused laser beam technique has also been used to
construct micropatterned GO and reduced GO multilayers.””” Patterned GO has been reduced
to graphene by exposure to hydrazine or by high-temperature thermal annealing while
nanoscopic resolution has been attained by local thermal reduction of GO with a heated AFM
tip."*! The patterning of graphene is necessary for both electrical measurements as well as the
fabrication of dimensional graphene devices. Resist-based lithography is a convenient way

to define graphene features and patterns for devices but suffers from multiple issues in the
high throughput processing of graphene devices due to surface contamination issues. The
maskless, contact-free, direct “writing” of patterns in graphene using laser or heium ion beam

allows simultaneous lateral and vertical scaling. These technologies allow the fabrication
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of microscale and nanoscale features on graphene readily and pave the way for the integration
of all-carbon electronics in the semiconductor industries.
4.5.2 Scope of the present investigations

Recently, a focused laser beam technique has been employed to construct an extended
area of micropatterned GO and reduced GO multilayers on quartz substrates in a fast and
controlled manner.?” Electrostatic layer-by-layer (LBL) assembly techniques were employed
to grow multilayers of GO film on a quartz substrate with polyethylenimine as a linker. The
film was placed in the focused laser-beam system. When the focused laser beam was incident
on the multilayer GO film, the irradiated area absorbed the laser energy, and the energy was
rapidly converted into local heat. The intense heating raised the temperature of the irradiated
area above 500 °C in air and resulted in localized oxidative burning of GO to volatile gases
such as CO or CO,. By moving the computer-controlled sample stage in a programmable step
with respect to the focused laser beam, patterns with tunable width and length could be
directly written. The patterned GO can be subsequently reduced to graphene by exposure to
hydrazine gas or thermal annealing at high temperatures. In other words, direct writing of
conductive graphene pattern on GO films, where the graphene domains were isolated by
insulating GO matrix, was achieved.

We have carried out patterning and lithography by making use of our recent discovery
of a simple means of reducing GO sheets to graphene by irradiation with sunlight, UV
radiation, a KrF excimer laser, or an clectron beam. Laser irradiation of GO is found to be
specially convenient for the purpose. Since excimer laser readily dehydrogenates
hydrogenated graphene, therefore we have also carried out excimer laser patterning of

hydrogenated graphene.
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4.5.3 Experimental section

Graphite oxide (GO) was prepared by the oxidation of graphite powder and subjected
the product to an intense sonication for 1 hour to cause exfoliation. The sonicated GO was
exposed to excimer laser irradiation (Lambda Physik KrF excimer laser, 248 nm wavelength,
30 ns life time) for possible reduction of graphene oxide. For possible reduction and
patterning, GO films deposited on a glass substrate were subjected to excimer laser radiation
(300 mJ laser energy, 5 Hz repetition rate, 200 shots), after covering them by a TEM grid as
the mask. Gold and platinum compounds (HAuCl,; and H,PtCls) were taken along with
graphene oxide for reduction and patterning, in order to achieve higher electrical
conductivity. The metal compounds got reduced to metal nanoparticles upon excimer laser

irradiation due to photolysis.

To carry out the electron-beam reduction"]

and patterning, GO films were spin-
coated onto silicon substrates (n-type, 0.5 mm thick, one side polished). GO films were
exposed to electron beams (NOVA NANOSEM 600) at different voltages and currents.
Various shapes were selected from the design tools available, to expose selected areas of the
GO films to the electron beam. Graphene was hydrogenated by Birch reduction.
Dehydrogenation was achieved by exposure to an excimer laser (See chapter 7 for details).

To carry out the patterns with hydrogenated graphene, hydrogenated graphene films covered

with a TEM grid were exposed to excimer laser.

Atomic force microscopy (Innova SPM) and field scanning electron microscopy
(NOVA NANOSEM 600) were carried out to examine the morphology. Fourier transform
infrared spectra were recorded using an IFS66v/s Bruker spectrometer. Raman spectroscopy
was carried out to investigate the reduction of GO and dehydrogenation of hydrogenated

graphene. Electrical conductivity was measured with a Keithley electrometer.
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4.5.4 Results and discussion

The GO sheets were 1-3 layer in thickness and 1-2 microns in lateral dimension as

evidenced from atomic force microscopy (see Figure 2).

fe—2.5 micron———»

Figure 2. Atomic force microscopy image of GO sheets. Inset shows

height profile along the white line shown in the Figure.

Excimer laser irradiation results in the reduction of GO to graphene as evidenced from the

change in colour from brownish yellow to black (Figure 3).
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Figure3. FTIR spectra of GO (a) before and (b) after laser reduction (LRGO).

Insets show photographs of GO before and after reduction. (¢) Current-voltage

characteristics of 1, GO; 2, LRGO; 3, LRGO-Pt.
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Carbonyl and other oxygen functionalities on the surface of GO nearly disappear after the
irradiation as can be seen from the infrared spectra shown in Figures 3a and b. Raman spectra
of the laser reduced samples (LRGO) show D, G and 2D bands respectively at 1332, 1580
and 2640 cm™. The electrical conductivity increases by two orders of magnitude after laser
irradiation of GO as shown in Figure 3c. Platinum or gold salts (H,PtCls or HAuCly) taken
with GO get reduced to metal nanoparticles on irradiation and get deposited on the graphene
surface. The conductivity of the metal-decorated graphene is much larger than that of
graphene as shown in Figure 3c.

By employing a TEM grid as a mask, we obtained nice patterns formed by graphene
in the form of squares on removing the mask as shown in the optical microscopic image in
Figure 4a. We show a large-area field-emission scanning electron microscope (FESEM)

image of a pattern in Figure 4b.

Figure 4. (a) Optical microscopic image of the pattern achieved after excimer laser
reduction of graphene oxide surface and (b) Large-area FESEM image of the

pattern.

We have generated similar images using GO + HAuCly and GO + H,PtCls as starting

materials. In Figures 4c and d, we show large-area FESEM images obtained after laser
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irradiation. These graphene samples contain Au and Pt nanoparticles as revealed by the

images in Figures 4e and f.

Figure 4. Large-area image of a pattern produced by laser irradiation of the
mixture of GO with (c) HAuCly and (d) H,PtCls. FESEM images showing (e) Au

and (f) Pt nanoparticles on the graphene surface.

Various shapes with controllable sizes could be written by electron beam on GO films. We
have obtained excellent nano patterns by electron beam induced reduction and patterning as
shown in Figure 5 (a-d), the line width in these images being 250 nm. We could also attain
line widths of 100 nm. We could obtain sharp and distinguishable features at 20 kV and 12
nA. We used a Z-dimension depth of 1 micron and exposure times upto 100 microseconds.
Lines (100 nm width) and squares (50 micron x 50 micron and 20 micron x 20 micron) were

used for the purpose of e-beam reduction and patterning.

The hydrogenated graphene film was spin-coated onto a silicon substrate and the film

irradiated through a mask (TEM grid). The pattern obtained was recorded with an optical
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Figure 5. Electron-beam direct writing of (a) micron-sized square patterns, (b) -

(d) diagrams with 250 nm wide lines produced with electron beam irradiation.

microscope as well as FESEM. We show these images in Figure 6a. Raman spectroscopy

confirms that the D-band intensity reduces relative to the G-band upon laser irradiation

Figure 6a. Optical microscope image of micropattern imprinted on hydrogenated graphene

film. Inset shows FESEM image for laser exposed area.

203



Properties of few-layer graphenes

indicating that dehydrogenation has indeed occurred (Figure 5b). Dehydrogenation of
hydrogenated graphene can be exploited for patterning in several applications. It should be
noted that graphene is electrically conducting while hydrogenated graphene is many orders of

magnitude less conducting.

(b) — before

Int. (arb. units)

1200 1500 2700 3000
Raman shift (cni')

Figure 6b: Raman spectra for hydrogenated graphene before and after

laser irradiation.

4.5.5 Conclusions

In conclusion, the present study demonstrates that excimer laser or electron beam
irradiation of graphene oxide and hydrogenated graphene films provides an effective means
of micropatterning and nanolithography. The patterns of graphenes so produced have higher
electrical conductivity. This method of patterning may find useful applications in device

technology.
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CHAPTER S

INTERACTION OF GRAPHENE WITH ELECTRON

DONOR & ACCEPTOR MOLECULES AND METAL

NANOPARTICLES

Summary*

Interaction of tetrathiafulvalene (TTF) and tetracyanoethylene (TCNE) with few-layer
graphene samples prepared by different methods has been investigated by Raman
spectroscopy to understand the role of the graphene surface. The position and full-width at
half maximum of the Raman G-band are affected on interaction with TTF and TCNE and the
effect is highest with EG and least with HG. The effect of TTF and TCNE on the 2D band is
also maximum with EG and least with HG. The observed trend in the magnitude of
interaction between the donor and acceptor molecules as found from the Raman
spectroscopy, vary in the same order as the surface areas of the graphenes. Interaction of
metal nanoparticles such as Ag, Au, Pt and Pd with graphene has been examined by
employing Raman spectroscopy and first-principles calculations. There is a significant shift
of the G-band as well as of the other bands, in addition to variation in the relative intensities
of D and 2D bands when the metal nanoparticles are deposited on graphene. The shifts in the
G and D bands show meaningful trends with the ionization energies of the metals as well as
the charge-transfer energies. Results from the calculations underscore the importance of

charge-transfer between the metal particles and graphene.

*Papers based on these studies have appeared in Chem. Phys. Lett. (2009), (2010).
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5.1 Introduction

Graphene, exhibits a number of exotic physical properties, previously not observed at

(211 particular, the band structure of graphene exhibits two intersecting bands at

nanoscale.
two inequivalent K points in the reciprocal space, and its low energy excitations are massless
Dirac Fermions near these K points because of the linear (photon-like) energy momentum
dispersion relationship. This results in very high electron mobility in graphene, which can be
further improved significantly, even up to ~10° cm?/V-s. Electron or hole transport in field-
effect devices based on graphene can be controlled by an external electric field. It has been
demonstrated theoretically that the chiral massless Dirac Fermions of graphene propagate
anisotropically in a periodic potential, which suggests the possibility of building graphene
based electronic circuits from appropriately engineered periodic surface potential patterns,
without the need for cutting or etching. Graphene-based devices can be expected to have
many advantages over silicon-based devices. However, precise control of the carrier type and
concentration in graphene is not easy. Up to now, most of the graphene samples were either
deposited on a SiO, surface or grown on a SiC surface, and these epitaxial graphenes are
usually electron doped by the substrate.”) To control the n-type carrier concentration in the
graphene, alkali metal atoms have been deposited on graphene. The single, open-shell NO,
molecule is found to be a strong acceptor, whereas its equilibrium gaseous state N,O4 acts as
a weak dopant and does not result in any significant doping effect.!! Thus, it is desirable and

crucial to develop new methods to precisely control the carrier type and concentration in

graphene for further development of graphene-based nanoelectronics.

The control of carrier type and concentration has been achieved in SWNTs by
electrochemical doping or chemical doping. Through electrochemical top-gating, it was
possible to achieve a high level of doping.”” The electronic structure and phonon frequencies

of SWNTs are affected on doping with electrons or holes. Changing the electronic properties
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of SWNTs by chemical means has attracted considerable attention. Metal (M) to
semiconductor (S) transition in SWNTs has also been induced by helical wrapping of DNA.®!
Water appears to be critical to this reversible transition which accompanied by hybrid
formation with DNA. It is predicted that a band gap can open up in metallic SWNTs wrapped
with DNA in the presence of water molecules, due to charge-transfer. Kim et al.l”! have
shown that adsorption of AuCl; to SWNTs results in high level of p-doping due to strong
charge-transfer from the SWNTs to AuCl; and they have shown that sheet resistance was
systematically reduced with the increasing doping concentration. Ehli et al.™™ have shown
that charge-transfer between SWNTs and perylene dyes leads to individualized nanotubes
and they have observed radical ion-pair state is formed in the excited state. There are reports
of charge-transfer interaction of SWNTs with I, and Br..”" 'Y Doping of double-walled

- 121 Charge-transfer

carbon nanotubes with bromine and iodine has been investigated.!
doping of DWNTs has been used to distinguish between the behavior of the S/M and M/S
outer/inner semiconducting (S) and metallic (M) tube configurations. The binding of electron
accepting molecules (FATCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane) and
NO;) to SWNTs leads to a threshold voltage shift toward positive gate voltages, while the
binding of electron donating molecules (NH3; and polyethylenimine) leads to a shift toward

13-151 Field-effect transistor (FET) devices made of semiconducting

negative gate voltages.!
SWNTs have been used to obtain quantitative information on charge-transfer with aromatic
compounds.!'® Stoddart et al!'” have fabricated SWNT/ FET devices to investigate the
electron/charge-transfer with the donor-acceptor SWNT hybrids. A SWNT/FET device,
functionalized noncovaletly with a zinc porphyrin derivative shows that SWNTs act as
electron donors and that the porphyrin molecules act as the electron acceptors. There are

various efforts in the literature to tune the electronic properties of SWNTSs. Charge transfer is

well known in molecular systems. This can be achieved either by intramolecular or by
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intermolecular charge-transfer pathway. For the intramolecular case, the donor and/or
acceptor molecule has to form a new chemical bond with the nanotubes. Obviously, the
formation of new covalent bonds through functionalization of nanotubes may significantly
modify the structure as well as its electronic properties. On contrary to that, one can self
assemble some selective donor or acceptor molecules on the surface of SWNTs developing a

1" have investigated the

possibility of through charge-transfer. Recently, Voggu et a
interactions of  wvarious electron-withdrawing (chlorobenzene, nitrobenzene,
tetracyanoquinodimethane (TCNQ), tetracyanoethylene (TCNE)) and electron-donating
(anisole, aniline, tetrathiafulvalene (TTF)) molecules with SWNTs to determine the
sensitivity of their electronic structure and properties to molecular charge-transfer. They have
investigated the effect of these donor and acceptor molecules as measured by both electronic

and Raman spectra of the SWNTs and found that donor and acceptor molecules induce

opposite effects in the electronic and Raman spectra as well as in electrical resistivity.

Voggu et al. have also studied the effect of metal nanoparticles on the electronic
structure of SWNTs."” For this purpose, SWNTs have been coated with nanoparticles of
gold and platinum by microwave treatment™ and gold nanoparticles were covalently
attached through the click reaction.?'"! Raman spectra of SWNTs attached to the metal
nanoparticles in comparison with the spectrum of pure SWNTs have been studied by made
use of the G-band in the Raman spectra to obtain the relative proportions of the
semiconducting and metallic species. They have also used the radial breathing mode (RBM)
bands in the Raman spectra to affirm the results obtained from the analysis of G-bands. The
Raman studies establish that there is an increase in the proportion of the metallic SWNTs on
interaction with Au and Pt nanoparticles. In other words, the metal nanopaticles cause a
semiconductor to metal transition in the SWNTs-nanoparticle composites.Theoretical

calculations which reveal that the interaction of SWNTSs with small and reasonably large Au
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and Pt clusters, as well as cylindrical monolayers of these metals, leads to the modification of
the electronic structure resulting in semiconductor to metal transition of the SWNTs. The
primary interaction responsible for electronic transition is Coulombic charge-transfer
between the metal particles and SWNT surface. It is noteworthy that metallic SWNTs do not

transform into semiconducting nanotubes upon interaction with metal particles.

Pristine graphene is a zero-gap semiconductor, and its Fermi level exactly crosses the
Dirac point.”> ! For practical application, an energy gap is essential. Raman spectroscopy
has emerged as an effective probe to characterize graphene samples in terms of the number of

2. 31 By combining Raman experiments with in-situ transport

layers and their quality.!
measurements of graphene in field-effect transistor geometry, it has been shown that the G-
modes of single and bi- layer graphenes blue shift on doping with electrons as well as
holes.?®?" On the other hand, the 2D band blue-shifts on hole doping whereas it red shifts on
doping with electrons. The relative intensity of the 2D band is quite sensitive to doping.
Theoretical calculations based on time-dependent perturbation theory have been employed to
explain the observed shifts of the G-band. Comparison between theory and experiment,
however, is not entirely satisfactory at high doping levels (>1x10"/cm?) and the
disagreement is greater for the 2D band. In the case of bi- layer graphene,*’! the blue-shift of
the G-band with doping has contributions from phonon-induced inter-band and intra-band
electronic transitions, thereby giving an experimental measure of the overlap integral between
A and B atoms in the two layers. Furthermore, the in-plane vibration in bi- layer graphene
splits into a symmetric Raman active mode (Eg) and an anti-symmetric infrared active mode

28] and

(Eu). Doping dependence of these modes has been examined by Raman scattering
infrared reflectivity measurements.'*”! The latter show a drastic enhancement of intensity and

a softening of the mode as a function of doping, along with a Fano-like asymmetric line

shape due to a strong coupling of the Eu mode to inter-band transitions. Graphene is a nearly
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semimetal membrane, whose extreme physical strength®® and high electron mobility at room
temperature result from extensive electron conjugation and delocalization. Charge transfer to

£t 32} the graphene Fermi level by a large fraction of an

and from adsorbed species can shi
electron olt. Such adsorption-induced chemical doping adjusts the Fermi level without
introducing substitutional impurities, or basal plane reactions, that interrupt the conjugated
network. Adsorption induced chemical doping may well become an important aspect of

future graphene technologies. In graphenes consisting of only a few layers, chemical doping

can result from both surface adsorption and intercalation between layers.

Organic molecules containing aromatic m systems can be used to solubilize and
modify the electronic structure of graphene. Charge-transfer with coronene tetracarboxylate
(CT) has been exploited recently to solubilize graphene sheets.””*! It was shown that the CT
molecules help to exfoliate few-layer graphene and selectively solubilize single- and double-
layer graphenes. Graphene quenches the fluorescence of aromatic molecules, probably due to
the electron transfer, a feature of possible use in photovoltaics. Charge-transfer from
fluorescent molecules to graphene has been utilized in visualization of graphene sheets by
fluorescence microscopy[3 * and in the use of graphene as a substrate for resonance Raman
spectroscopy.”™ This chapter describes our efforts towards understanding the effect of
various electron-donor and acceptor molecules and metal nanoparticles on the electronic

structure of graphene.
5.2 Scope of the present investigations

The extremely high mobility of electrical carriers in graphene makes it an ideal
candidate for next-generation nanoelectronics."" ¥ However, lacking a band gap, graphene as
a semimetal has been limited from some direct applications in electronics such as a channel
material for field-effect transistors. Therefore, opening and tuning the bandgap of graphene, a

crucial step to the wider device applications of graphene electronics, has attracted great
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scientific interest. To date, many methods have been developed to open the band gap of

[36]

graphene, including hydrogenation,” electrically gated bi-layer graphene,””** Stone-Wales

[43] [44,45]

defects,” graphene-substrate interaction.

We considered it is important to investigate the effects of doping graphene through
molecular charge-transfer by the interaction of graphene with electron-donor and -acceptor
molecules and compare the results from electrochemical doping. We have, therefore,
investigated the effects of TTF and TCNE on the Raman bands with few-layer graphenes
prepared by three different methods and hence associated with differences in the nature of the
surface. The methods employed for the preparation include the exfoliation of graphite oxide,
conversion of nanodiamond and arc-evaporation of graphite in a hydrogen atmosphere, of
which the last is a new method. The results do indeed show that the maximum changes in the
Raman band positions and widths occur in the case of graphene with the largest surface area.
We studied the interaction of graphene with tetrathiafulvalene (TTF) which is a powerful
electron-donor and tetracyanoethylene (TCNE) which is an excellent electron-acceptor. We
have employed Raman spectroscopy as well as electronic spectroscopy, the former enabling

us to monitor the changes with the concentration of the donor and acceptor molecules.

Optical absorption spectroscopy gave clear evidence of charge transfer in these systems.

Carbon nanotubes have been decorated by nanoparticles of metals such as gold and
platinum. This has been accomplished by different methods and such composite materials

[46. 971 A specially interesting aspect of

have found applications in catalysis and other areas.
such composites is that the nanoparticles of gold and platinum affect the electronic structure
of single-walled carbon nanotubes (SWNTs) through Coulombic charge-transfer.!'”! In the
light of the recent discovery that both SWNTs and graphene interact with electron donor and
acceptor molecules through molecular charge-transfer, resulting in changes in their electronic

[18, 48-51]

structure, we considered it is important to investigate the influence of metal
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nanoparticles on the electronic structure of graphene. For this purpose, we have deposited
nanoparticles of gold, silver, platinum and palladium on graphene samples prepared by two
independent methods. There have been a few reports on the deposition of metal particles on
graphene, but the studies generally deal with synthesis, surface plasmon resonance of the
metal nanoparticles and other properties.”>>*! There is little known on the nature of
interaction between graphene and the metal particles. We have, therefore, employed Raman
spectroscopy to examine the interaction between metal nanoparticles and graphene, since it is
well-established that Raman spectra reflect changes in the electronic structure of graphene as
well as of SWNTs brought about by doping. In order to understand the nature of interaction
between the metal particles and graphene, detailed first-principles calculations were carried
out by Prof. Pati and co-workers. The calculations along with the changes in the Raman
spectra point to the importance of charge-transfer interaction between the metal particles and

graphene.

5.3 Experimental section

To study the interaction of electron donor and acceptor molecules, 1 mg of the
graphene sample was dispersed in 3 ml of benzene containing appropriate concentrations of
TTF and TCNE and sonicated.

To prepare graphene-gold nanoparticle composites, graphene (1 mg) was dispersed in
the mixture of ethylene glycol (4 ml), water (4 ml) and aqueous solution of chloroauric acid
(HAuCly) (0.2 ml, 10 mM) by sonication for 0.5 hr. This mixture is transferred to a 50 ml
PTFE-lined bomb and sealed. The sealed autoclave was placed in a domestic microwave
oven (General Electric model JES738WJ) equipped with a 900 W magnetron operating at
2.45 GHz and subjected to treatment for an hour.” To minimize solvent superheating and
pressure buildup in the bomb, a two-minute off-time interval was allowed for every 10

minutes of microwave exposure. After this treatment, graphene-Au nanoparticles composites
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were obtained by centrifugation followed by washing with deionized water to remove the
excess ethylene glycol. Composites with other metal nanoparticles were prepared by a similar
procedure. In order to deposite Ag nanoparticles, a mixture of graphene (1 mg) with a
solution of silver nitrate (AgNO;) in water (1ml, 5 mM) and ethylene glycol (0.5 ml (or) 1
ml) was subjected to microwave treatment for 15 minutes. To decorate graphene with silver
nanoparticles of different diameters, the concentrations of the reactants were varied. To
decorate graphene with platinum nanoparticles, the mixture of graphene (1 mg), an aqueous
solution of chloroplatinic acid (H,PtClg) (1 ml, 10 mM) and ethylene glycol (1 ml) mixture
was treated for 15 minutes. To prepare graphene-Pd nano composite, the mixture of graphene
(1 mg), 0.5 ml aqueous solution of tetra-chloropalladic acid (H,PdCls) (10 mM) and 4 ml of
ethylene glycol was treated for 45 minutes. Graphene and its composites with metal
nanoparticles were characterized using transmission electron microscopy (TEM), atomic

force microscopy (AFM), UV-VIS spectroscopy and Raman spectroscopy.

5.4 Results and discussion

5.4.1 Interaction with electron donor and acceptor molecules

In order to study the interaction of TTF and TCNE with graphene, 1 mg of the
graphene sample was dispersed in 3 ml of TTF and TCNE solutions of different
concentrations (0 M, 0.001 M and 0.1 M) and sonicated for 1 hr. The resultant solution was
filtered and the obtained product was employed for Raman studies. In Figure 1, we show the
changes in the Raman G-bands of the EG, DG and HG samples brought about by interaction
with TTF and TCNE. The band on the right-side of G-band is due to the defect-related D'-
band. The D'-band is more prominent in HG than in DG and EG. The full-width at half
maximum (FWHM) of the G-band is lowest in HG and highest in EG. We have followed the

variation in the G-bands of EG, DG and HG on interaction with different concentrations of
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TTF and TCNE. All the samples show an increase in the G-band frequency on interaction

with TCNE and a decrease in the G-band frequency on interaction with TTF. Figure 2 shows
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Figure 1. Variation in the Raman G-bands of graphene samples: (a) EG (b) DG

and (¢) HG, caused by interaction with varying concentrations of TTF and TCNE.
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Figure 2. Changes in the position of G-band plotted against the
logarithm of concentration of TTF and TCNE. Inset shows the data

plotted against the concentration.
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the changes in the G-band position of the three graphene samples with varying concentrations
of TTF and TCNE. The change in the G-band frequency is maximum in the case of EG and
least in the case of HG. Thus, the shifts in the G-band in the EG, DG and HG samples are
25,17 and 11 cm™ respectively on interaction with 0.1M TCNE.

In Figure 3, we show the variation of the FWHM of the G-band of the three
graphenes with the concentration of TTF and TCNE. The FWHM of the G-band generally
increases on interaction with TTF and TCNE, the magnitude of increase being highest in the

case of EG.
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Figure 3. Variation in the FWHM of the G-band with the concentration of

TTF and TCNE.

We also notice that initial increase is generally sharp. We could obtain reliable data on the
changes in the D' band in the case of HG. The FWHM of D' band also increases with increase
in the concentration of TTF and TCNE. It is known that the 2D-band is highly sensitive to
electron or hole doping.*® In Figure 4, we show the effect of interaction of TTF and TCNE

on the 2D bands of EG, DG and HG. The 2D-band intensity generally decreases on
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interaction with TTF or TCNE. The effect is least in the case of HG. In Figure 5a, we have
plotted the ratio of intensities of the of 2D and G bands, I(2D)/I(G) against the concentrations
of TTF and TCNE. The 2D-band intensity decreases with the increase in concentration of

both TTF and TCNE, the initial decrease being sharp in all the cases.

(a) EG (b) DG (c) HG
0.IM TCNE
0.1IM TCNE 01MT e
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__—.—-\
oM OM
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Raman shift, cm’ Raman Shift, cm” ! Raman shift, cm’
Figure 4. Variation in the Raman 2D-bands of the graphene samples, (a) EG
(b) DG and (¢) HG, caused by interaction with varying concentrations of TTF

and TCNE.

The decrease in intensity is higher with EG and DG when compared to HG. The intensity of
the defect-related D band also varies with the TTF/TCNE concentration, but in a direction
opposite to that of the 2D-band. This is because the origin of the 2D and D band is different.
The D-band, unlike the 2D-band couples preferentially to electronic states with wave vector k
such that 2q=k. Two scattering events of which one is an elastic process involving defects

and another is inelastic involving a phonon occur in the case of the D-band. In the case of the
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2D-band both processes are inelastic. The intensity ratio of I(D)/I(G) increases more

markedly in the case of EG and DG compared to HG, the initial increase being sharp in all

the cases.
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Figure 5: Variation in the (a) 2D/G and (b) D/G intensity ratios with the

concentration of TTF and TCNE.
5.4.2 Interaction with metal nanoparticles

Graphene-metal nanoparticle composites prepared by glycol reduction under microwave
irradiation were examined by both FESEM and TEM. In Figure 6 we show typical FESEM
and TEM images of the graphene (EG) decorated with Au nanoparticles. From Figure 6 we
see a uniform coating of spherical gold nanoparticles on the graphene sheet. The insets in
Figure show the histogram of the diameter of nanoparticles. The average diameter of the gold
nanoparticles is around 14 nm. The UV-Visible spectrum in Figure 7 of the nanocomposite

shows the characteristic surface plasmon band due to the Au nanoparticles around 530 nm. "]
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)
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Figure 6. FESEM (top panel) and TEM (bottom panel) images of EG-Au (~14 nm)

Insets in bottom panel show the histogram of the diameters of Au nanoparticles.
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Figure 7. UV-VIS spectrum of EG-Au showing the plasmon band.
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We have also decorated graphene prepared by arc-evaporation of graphite (HG) with gold
nanoparticles, the average diameter of the nanoparticles being 35 nm (Figure 8). The Au

nanoparticles in the HG-Au nanocomposite give rise to a broad plasmon band centered

around 550 nm.

0.32
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0.28+4
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‘Wavelength (nm)

Figure 8. (a, b and ¢) TEM images and (d) UV-VIS spectrum of HG-Au.

We have decorated graphene with silver nanoparticles of different diameters. To control
the diameter of silver nanoparticles, different amounts of ethyleneglycol were added to the 1
ml of silver nitrate (AgNOs3) (ImL, 5 mM) solution suspended with graphene. When 1 ml of
ethylene glycol was added to the solution, the average diameter of the silver nanoparticles
was around 4 nm range as revealed by the TEM image in Figure 9. These particles show a
surface plasmon band around 410 nm as shown in Figure 10. When 0.5 ml of ethylene glycol

was added for the preparation, the average diameter was in the 17 nm range (Figure 11).
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Figure 9. (a) FESEM and (b, ¢ and d) TEM images of EG-Ag (~4 nm). Insets

in ¢ and d show the histogram of the diameters of Ag nanoparticles.
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Figure 10. UV-VIS spectrum of EG-Ag showing the plasmon band around 410 nm.
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Figure 11. TEM images of EG-Ag (~17 nm). Insets show the histogram of

the diameters of Ag nanoparticles.

In Figures 12 and 13 we show typical FESEM and TEM images of graphene decorated with
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Figure 12. FESEM images of EG-Pt.
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Pt respectively. From both FESEM and TEM it is clear that Pt nanoparticles well decorated
uniformly on the graphene surface. Histogram analysis show that the size of nanoparticles in

the range of 7-12 nm.

Figure 13. TEM images of EG-Pt. Insets show the histogram of the

diameters of Pt nanoparticles.

Figure 14 shows TEM images of Pd decorated graphene (EG-Pd). Histogram analysis
showed that the diameter of Pd nanoparticles was in the 7-12 nm range. The TEM images of
the graphene-metal nanoparticle composites clearly demonstrate that the graphene sheets are

covered by the metal nanoparticles fairly uniformly.
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Figure 14. TEM images of EG-Pd. Inset shows the histogram of the

diameters of Pd nanoparticles.

We have examined the Raman spectra of the graphene-metal nanoparticle composites
by recording the spectra at different locations. The Raman spectrum of graphene exhibits the
characteristic D-band (1320 cm™), G-band (1570 cm'l), D'- band (1620 cm'l) and 2D-band
(2635 cm'l).[ﬁl] The D and D'-bands are defect-induced features and are absent in defect-free
samples. The G-band corresponds to the E>, mode of graphite and arises from the vibration of
sp” bonded carbon atoms. The 2D band originates from second order double resonant Raman
scattering and varies with the number of layers. The intensity of the 2D band is sensitive to
doping of graphene by holes or electrons. In Figure 15, we show typical Raman spectra of EG

and the EG-metal nanoparticle composites and list typical data in Table 1.
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Figurel5. Raman spectra of EG, EG-Ag, EG-Pt and EG-Au.
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Figure16. Raman spectra of HG and HG-Au.
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Table 1. Raman data of EG, EG-Ag, EG-Au, and EG-Pt

EG @ EG-Ag | EG-Au® EG-Pt
Average diameter of the - 4 14 10
nanoparticles (nm)
D (cm™) 1323 1329 1325 1324
G (ecm™) 1571 1577 1574 1574
2D (em™h) 2635 2638 2640 2636
FWHM of G-band (cm™) 32 50 50 46

(a) HG gave D, G and 2D bands at 1319, 1567 and 2636 cm"!
respectively while HG-Au (~ 25 nm) gave these bands at 1321,
1571 and 2643 cm™! respectively.

We shall first discuss the effect of silver nanoparticles on the spectrum of EG. On
depositing Ag nanoparticles of 4 nm diameter on EG, we see stiffening of the G-band with an
increase in frequency of nearly 6 cm™. The D band also gets shifted to higher frequency by 6
cm™ and the intensity of the D band relative to that of the G band increases by 25%. The
intensity of the 2D band relative to that of G band, however, decreases. The decrease in the
intensity of 2D band of EG can thus be taken to reflect electronic interaction between the Ag
nanoparticles and the graphene. Furthermore, on interaction with the Ag nanoparticles the
full-width at half-maximum (FWHM) increases by 21 % in the case of D-band and by 56% in
the case of G-band. The FWHM of the 2D band increases by about 10 %. We have also
carried out Raman measurements on EG-Ag nanocomposite with Ag nanoparticles of an
average diameter of 17 nm particles and found the magnitude of the shifts of Raman bands to
be comparable to those of the EG-Ag nanocomposite formed with 4 nm particles.
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Raman spectra of the EG-Au nanoparticle composite show effects similar to those of
the EG-Ag nanocomposite. Thus, we observe stiffening of both the D- and G-bands though to
a smaller extent than in the case of Ag nanoparticles. The increase in frequencies of the D-
and G- bands are 3 and 2 cm™ respectively. The intensity of D band relative to that of the G
band increases to a smaller extent (7 %) than in case of Ag nanoparticles, and relative
intensity of 2D band with respect to the G-band decreases to the same extent. The Raman
spectrum of the HG-Au nanocomposite shows similar changes although the magnitudes vary

(See Table 1).

Raman spectra of the EG-Pd and EG-Pt nanocomposites exhibit changes similar to
EG-Ag and EG-Au with stiffening of Raman bands, increase in the FWHM of the bands as
well variation in the relative intensities of the D and 2D bands. Comparing the changes in the
Raman spectra of EG caused by the different metal nanoparticles, we find that the effects of
Ag and Pd nanoparticles on the G and D bands are similar in that the magnitude of changes is
large. Pt and Au nanoparticles, on the other hand, cause smaller changes. Such differences
may be related to the intrinsic properties of the metal nanoparticles. We have, therefore, tried
to relate the changes in the Raman spectrum of EG to the ionization energy of the metal. In
Figure 17 we have plotted the frequency shifts of the G band of EG against the ionization
energy (IE) of the metal. Note that the ionization energy varies as Ag<Pd<Pt<Au, the values
for Ag and Au being 7.5 and 9.2 eV respectively. Interestingly, the magnitude of the band
shifts generally decreases with increase in ionization energy of the metal. The position and
FWHM of the D band also show a similar trend. The shift in the 2D band does not show any
definitive trend just as in the case of electrochemical or chemical doping. The variation in the
G band is better described as follows. In a given group, the shift decreases on going down the

group. Thus, the shifts vary as Pd > Pt and Ag > Au, in the same manner as the [Es.
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Figure 17. Variation in the position of the G-band with the ionization energy of

the metal. The broken curves given as a guide to the eye.

Prof. Pati and co-workers have investigated the energetics as well as the changes in
structural and electronic properties of graphene on deposition of metal nanoclusters of Pd,
Ag, Pt and Au using first-principles density functional theory (DFT) calculations. The
calculations were carried out using the linear combination of atomic orbital density-

621 A supercell

functional theory (DFT) methods as implemented in the SIESTA package.
(8 x 8 x 1) containing 128 carbon atoms is used for the electronic structure calculations and
considered the two dimensional arrays of metal clusters deposited on graphene (Figure 18).
The relative stability of the metal nanoclusters embedded on graphene surface (i.e.,
graphene@My,) is determined by the stabilization energies (AEgu,) or the binding energy.

The larger the stabilization energy, stronger is the binding of the dopant cluster to the

graphene surface.
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/
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Figure 18. Optimized geometries of four metal nanoclusters deposited on

graphene surface.

From the fully optimized geometries, it was find that the relative stabilization energies are
higher in magnitude for Pd, Ag, Pt clusters embedded graphene complexes compared to the
Au cluster indicating a relatively weak interaction between the Au nanoparticles and the
graphene compared to others. An analysis of the Miilliken population suggested that there is
an effective charge transfer between the adsorbed metal cluster and graphene. For the Pd, Ag,
and Pt clusters, charge transfer occurs from graphene to the metal cluster while for the Au
nanoclusters the direction of charge transfer is from the metal cluster to graphene. The extent
of charge transfer for Pd, Ag and Pt nanoclusters is larger than that for the Au cluster, with
the largest charge transfer in the case of Pd. The stabilization energies found in the present
study followed the same trend as IE or EA of the metal clusters belonging to a particular
period in the periodic table. The comparatively smaller magnitude of EA and IE make the Au
cluster to act as weak electron donor towards graphene. The interaction energy is found to

change inversely with the distance between metal cluster and graphene, clearly predicting
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that such interactions are mainly due to Coulombic forces as already observed for SWNTs

interacting with Pt and Au nanoclusters and for electron donor/acceptor adsorbed on SWNTs.

7.5Conclusions

The G, D and 2D bands in the Raman spectrum of graphenes have been effectively
employed to examine the dependence of the interaction of electron donor and acceptor
molecules on the graphene surface. Among the three graphene samples, the one with highest
surface area is obtained by the exfoliation of graphite oxide (EG), the lowest surface area
being found in the sample obtained by the arc evaporation of graphite in a hydrogen
atmosphere (HG). The changes in the Raman spectra and hence the magnitude of the charge-
transfer interaction are found to be highest in the case of EG and least in the case of HG. The
present study shows the importance of the graphene surface in determining doping effects
through molecular charge-transfer.

The study on the interaction of Ag, Pd, Au and Pt nanoparticles with graphene
demonstrates that there is significant electronic interaction between them giving rise to
changes in the Raman spectrum of graphene. First-principles calculations support the
conclusions from the Raman study and demonstrate the importance of charge-transfer
between the metal particles and graphene. The charge-transfer itself is related to the

ionization energy and electron affinity of the metal particles.
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CHAPTER 6

BORON AND NITROGEN DOPING OF

GRAPHENE

Summary*

Two-dimensional graphene exhibits fascinating electronic properties as exemplified by
ballistic electronic conduction and occurrence of quantum Hall effect at room
temperature. Graphene can be doped electrochemically and through molecular charge-
transfer, both causes marked changes in the Raman spectrum. Clearly, it showed of great
importance to dope graphene substituting by boron and nitrogen. We have now found
way to prepare doped graphene. Boron-doped graphenes (1-3 at%) prepared by carrying
out arc discharge of graphite in an atmosphere of H,+B,Hg and by arc discharge of boron-
stuffed graphite electrodes. Nitrogen-doped graphenes (0.6-1 at%) have been prepared by
arc discharge of graphite in the presence of H,+pyridine or NH3; and also by the
transformation of nanodiamond in the presence of NHj3 (or) pyridine. The graphene
samples generally had 2-3 layers estimated by atomic force microscopy and transmission
electron microscopy. The B- and N-doping in graphenes causes a stiffening of the G-band
in the Raman spectra and intensification of the defect related D-band. The stiffening of

the G-band depends on the extent of doping.

* A paper based on this work has been published in Adv. Mater. (2009).
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6.1 Introduction

Tuning physicochemical properties by chemical modification of materials
becomes necessary in many applications.!'! One way of achieving this control is by
elemental doping, a method effectively used in semiconductor silicon technology.* *! For
example, nitrogen atoms in silicon lock dislocations to increase mechanical strength.
Effects of doping silicon with phosphorous and other elements with different oxidation
states have been well documented. Chemical substitution brings about significant changes
in carbon materials as well. In particular, substitution of boron or nitrogen in carbon
nanostructures renders them p-type or n-type respectively. Besides the electronic
structure, doping affects the Raman spectra and other properties of carbon

nanostructures. (

Different routes have been reported to dope carbon nanotubes (CNTs). In as early
as 1997, substitution of carbon by nitrogen in multi-walled carbon nanotubes (MWNTs)
was achieved by the pyrolysis of aza-aromatics (pyridine, triazine).*! The nitrogen
content decreased with increasing temperature of pyrolysis, the estimated nitrogen
content being around 5, 3.5, and 3 at.% in nanotubes prepared by the pyrolysis of pyridine
at 973, 1123 and 1273 K respectively. Good yields of N-doped MWNTs are obtained by
carrying the pyrolysis of a mixture of pyridine and Fe(CO)s in flowing Ar+H,.™ 1n this
procedure, the iron particles formed by the decomposition of Fe(CO)s act as nucleating
centres for the growth of carbon nanotubes. N-doped MWNTSs were also be prepared by
pyrolyzing pyridine over Co powder at 1000 °C."! Pyrolysis of the organic precursors in
the presence of pyridine yields bundles of aligned N-MWNTs. The nitrogen content
depends upon the catalyst and the nitrogen content is greater with an iron catalyst rather

than a cobalt catalyst.') 3 at.% of N in MWNTs has been achieved by this procedure.
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Pyrolysis of ferrocene-melamine mixtures at 900-1000 °C in the presence of Ar produces
large arrays of aligned CN, nanotubes.”) Incorporation of 2-10 at.% N in MWNTs is
achieved by this procedure. The electronic density of states (DOS) of CNy nanotubes
obtained from scanning tunneling spectroscopy (STS) exhibits strong features in the band
close to the Fermi level (0.18 eV). Based on tight-binding and ab initio calculations, it is
found that pyridine-like N is responsible for introducing donor states close to the Fermi
Level.

Boron-doped MWNTs are prepared by the pyrolysis of acetylene—diborane
mixtures in a stream of helium and hydrogen.™ The composition obtained by this
procedure is C;35B. B-CNTs can also be prepared by arc discharge between boron stuffed
graphite electrodes.” In this method, doping of 1 at.% boron could be achieved. MWNTs
with Y-junctions were prepared some time ago by the pyrolysis of nickelocene along with
thiophene.[lo] N-doped MWNTs (2 at.% N) with Y-junctions have been prepared by the
pyrolysis a nickel phthalocyanine—thiophene mixture as well.'") Tunneling conductance
measurements reveal rectifying behavior with regions of Coulomb blockade, the effect
being much larger in the N-doped junction nanotubes. CNx-CNT intramolecular junctions
have been produced via chemical vapour deposition with ferrocene and melamine.!'*!

N-doped single-walled carbon nanotubes (N-SWNTSs) have been prepared by the
arc-discharge method by introducing a nitrogen-rich precursor into the anode along with
the catalyst and graphite.!"! The nitrogen source is melamine or boron nitride. Up to 1
at.% of nitrogen has been incorporated in SWNTs by this method. Arc-discharge between
BN-stuffed graphite electrodes yields 1 at.% of nitrogen in SWNTs but no boron
incorporation. The nanotubes so obtained are long. N-SWNTs have also been prepared by

chemical vapour deposition of xylene and acetonitrile over catalyst-coated substrates.*!
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Nitrogen concentration in the nanotubes could be varied (2-6 at. %) by changing the
concentration of acetonitrile in the feed.

Long strands of nitrogen-doped SWNTs (< 2 at.% N) have been prepared by the
thermal decomposition of ferrocene+ethanol+benzylamine (FEB) solutions in an Ar
atmosphere at 950 °C.!"") When the amount of nitrogen present in the starting FEB
solution is increased, the formation of large diameter tubes is inhibited. This can be
correlated with a study of Choi et al.l" where they report that N-doped (substitutional)
inner layers in double-walled nanotubes become more stable as the inner wall is more
heavily doped. Water plasma chemical vapor deposition of methane and ammonia is
employed to prepare N-SWNTs on SiO,/Si substrates.!'”! Up to 4 at.% nitrogen can be
incorporated in SWNTs by this means. SWNTs obtained by this route are small in
diameter and are semiconducting in nature. The density of nanotubes formed
monotonically decreases with the increase in ammonia content. N-SWNTs are not formed
under high doses of ammonia.

N-SWNTs with a defined diameter range can be prepared by chemical
decomposition of a 100% benzylamine vapour using ceramic supported bimetallic
catalysts (Mo, Fe).'"! A maximum nitrogen content of 2 at.% is obtained by this
procedure. The amount of nitrogen incorporated in the nanotubes varies with the
temperature employed. SWNTs of up to 15 at.% boron doping are obtained by a
substitution reaction. A mixture of B,O; and SWNTs is heated in an NH; atmosphere to
achieve high doping."” ** Laser vaporization of NiB loaded graphite yields B-SWNTs
with boron concentration up to 1.8 at.%.!*'! Substitutional boron in a carbon lattice
represents an electron-deficient atom, rendering the B-SWNTSs p-type in character. Low
boron doping (less than 1 at.%) of SWNTs is achieved by the CVD method using tri-

[22]

isopropyl borate (CyH,;BO3) vapour as the boron as well as the carbon source. Boron
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doped SWNTs (up to 10 at.% B) can be prepared by thermal treatment of B,O; and
SWNTs at 1600 K in nitrogen flow.”! N-doped DWNTs are synthesized by chemical
vapor deposition of methane and ammonia over the bi-metallic catalyst,
M00_1F60_9Mg130.[24’ 23] Decomposition of methane along with pyridine over this catalyst
yields nitrogen- doped DWNTs (~ 1 at.%).”*) This method can be used to prepare 1 at.%
boron-doped DWNTs using diborane as the boron source.” In this chapter we discuss

different synthetic routes to prepare boron and nitrogen doped graphenes.
6.2 Scope of the present investigations

N- doped MWNTs exhibit interesting electrical transport properties. Tunneling
conductance measurements of these materials have been reported.”! The conductance of
N- doped MWNTs is generally higher than that of undoped ones. The gap estimated from
the normalized conductance is smaller in the N- doped MWNTs. Some properties of B-
and N-doped MWNTs have been reported. Thus, N-doped MWNTs exhibit excellent
electron emission behaviour.””? The emission efficiency is enhanced by incorporating a
larger nitrogen concentration at the nanotube tip, due to the occurrence of a peak in the
electronic structure near the Fermi-level. B-doped MWNTs are metallic.”® There is a
closing of the apparent band gap in doped nanotubes and development of a prominent
acceptor-like feature on the valence band side close to the Fermi level. This acceptor-like
feature results from nanodomains of BC; within the nanotube lattice. Field electron (FE)
emission properties of boron- and nitrogen- doped carbon nanotubes grown in-situ on
tungsten tips and silicon substrates have been studied.””! For a total emission current of
1 pA, the current density (J) is 4 A/cm® at 368 V/um for B-doped CNTs and at 320 V/um
for N-doped MWNTs grown on W tips, compared with the value of 1.5 A/cm’ at
290 V/um for undoped MWNTs. FE currents upto 400 pA drawn from both B- and N-

doped MWNTs are stable for more than 3 hours.
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Lithium metal has proved to be important in the fabrication of lightweight and
energy-efficient batteries. Electrochemical Li insertion into B-doped MWNTs has been
investigated in a non-aqueous medium.®” The reversible capacity observed is 156 mAh/g
for undoped and 180 mAh/g for B-doped MWNTs in the first cycle with almost equal
Coulomb efficiencies of 55-58%. The Coulomb efficiency increased to more than 90%
after the second cycle.

Villalpando-PGez et al.’'! designed a NHs-sensitive device utilizing nitrogen-
doped MWNTs. This sensor exhibits response times of the order of a few tenths of a
second and reaches a steady state value in 2-3 s. A strong, reversible response to ethanol
has been found with vertically aligned nitrogen-doped MWNTs that showed a response
time of less than one second. CNy, nanotubes could, therefore, be more efficient in
detecting hazardous gaseous species because of the presence of pyridine-type sites on
their surface. Theoretical®? and experimental™ studies suggest no charge transfer
between CO and pure MWNTs. However, calculations suggest the possibility of using
doped MWNTSs for sensing purposes.” N- MWNTs appear to be less toxic than pure
MWNTs.¥

Meissner effect has been found in thin films of B-doped SWNTs.*! A low boron
concentration and a highly homogeneous ensemble of B-SWNTs films leads to Meissner
effect with a T, of 12 K. Ab initio calculations indicate that the work function for B-
doped nanotubes to be 1.7 eV lower than compared to that of pure carbon-terminated
nanotubes. B-doped nanotubes produced by arc-discharge techniques are found to contain
B mainly at the tips and to exhibit stable electron field emission at lower turn-on voltages
(1.4 V/um) compared to undoped single- and multi-walled carbon nanotubes (2.8 and 3.0

V/um, respectively).*®!
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Doping of graphene through molecular charge-transfer caused by electron-donor
and —acceptor molecules also gives rise to significant changes in the electronic structure
of graphenes composed of a few layers, as evidenced by changes in the Raman and
photoelectron spectra.’” **1 Charge-transfer by donor and acceptor molecules soften and
stiffen the G-band, respectively. The difference between electrochemical doping and
doping through molecular charge-transfer is noteworthy. It is of fundamental interest to
investigate how these effects compare with the effects of doping graphene by substitution
with boron and nitrogen and to understand dopant-induced perturbations of the properties
of graphene. Secondly, opening the bandgap in graphene is essential for facilitating its

applications in electronics, and graphene bi- layers™”

are an attractive option for this.
With this motivation, we prepared, for the first time, B- and N-doped graphene (BG and
NG) bi- layer samples by employing different strategies and investigated their structure
and properties. To prepare BGs and NGs, we employed our newly discovered technique
to prepare graphene in which arc discharge between carbon electrodes in a hydrogen
atmosphere yields graphenes (HG) composed of two to three layers. The method makes
use of the fact that in the presence of hydrogen, graphene sheets do not readily roll into
nanotubes. In the case of BG, we carried out the arc discharge using graphite electrodes in
the presence H, + B,Hg (BG1) or using boron-stuffed graphite electrodes (BG2). We
prepared NG by carrying out the arc discharge in the presence of H, + pyridine (NG1) or
H; + ammonia (NG2). We also performed the transformation of nanodiamond in the
presence of pyridine and ammonia to obtain nitrogen doped DG samples NG3 and NG4
respectively. All doped graphene samples were characterized by a variety of physical

methods along with an undoped sample prepared by arc discharge in hydrogen (HG). To

understand the effect of substitutional doping on the structure of graphene as well as its
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electronic and vibrational properties first-principles density functional theory (DFT)

calculations were carried out by Prof. Waghmare and co-workers.
6.3 Experimental section

Synthesis of Boron- and Nitrogen-Doped Graphene: BG1 was prepared by
performing the arc discharge of graphite electrodes in the presence of hydrogen, helium,
and diborane (B,Hg). BoHg vapor was generated by the addition of BF;-diethyl etherate to
sodium borohydride in tetraglyme. B,Hg vapor was carried to the arc chamber by flowing
hydrogen (200 Torr) and subsequently He (500 Torr) through the B,Hg generator. BG2
was prepared by carrying out the arc discharge using boron-packed graphite electrodes
(3 at.% B) in the presence of H, (200 Torr) and He (500 Torr). NG1 was prepared by
performing the arc discharge of graphite electrodes in the presence of H,, He, and
pyridine vapor. Pyridine vapour was carried to the arc chamber by flowing hydrogen
(200 Torr) and subsequently He (500 Torr) through a pyridine bubbler. NG2 was
prepared by carrying out arc discharge of graphite electrodes in the presence of H, (200
Torr), He (200 Torr), and NH3 (300 Torr). The transformation of nanodiamond was
carried out in the presence of pyridine and NH; vapor at 1650 °C to obtain NG3 and NG 4

respectively.
6.4 Results and discussion

In Figure 1a, we show the typical core-level X-ray photoelectron spectra (XPS) of
BG1 and BG2 along with the elemental mapping from electron energy loss spectroscopy
(EELS) of BG2 carried out on transmission electron microscope (TEM) images. The C 1s
signal is at approximately 285 eV, while the B 1s peak is around 189 eV. The position of
this feature indicates that boron is bonded to carbon in the sp” carbon network.**! Based

on the XPS data, we found that BG1 and BG2 contain 1.2 and 3.1 at.% of boron,
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Figure 1. (a) C Is and B 1s XPS signals of B-doped graphene (BG1 and BG2),

EELS elemental mapping of C and B of BG2.(b) C 1s and N 1s XPS signals of N-

doped graphene (NG1 and NG2), EELS elemental mapping of C and N of NG2.
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respectively. EELS measurements performed on the graphene nanostructures in the
electron microscope indicated the content of boron in these samples to be 1.0 and 2.4
at.%, respectively. In Figure 1b, we show the typical XPS data for the NG2 sample along
with the EELS elemental mapping. The asymmetric shape of the N 1s peak indicates the
existence of at least two components. On deconvolution, we found peaks at 398.3 and 400
eV, the first one being characteristic of pyridinic nitrogen (sp2 hybridization) and the
second due to nitrogen in the graphene sheets.” **! XPS data indicated that NG1, NG2,
and NG3 contain 0.6, 1, and 1.4 at.% of nitrogen, respectively. EELS results were
comparable, indicating that NG2 contained 0.9 at.% nitrogen. TEM images clearly show

the presence of two to three layers in the BG and NG samples. In Figure 2 a,b,c and d we

Figure 2. TEM images of B-doped graphene (a) BG1) and (b) BG2 and N-doped

graphene (c) NG1 and (d) NG2.
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show the high-resolution transmission electron microscopy (HREM) images of the BG1,
BG2, NGland NG2 samples respectively. In Figure 3, we show typical atomic force
microscopy (AFM) images of BGl and NGI1. The images correspond to two-layer
graphenes. The AFM images generally show the presence of two to three layers in the

various BG and NG samples, with the occasional presence of single layers.
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Figure 3. Typical AFM images of flakes of B- and N-substituted graphenes:

(a) BGland (b) NG1.

Thermogravimetric analysis indicated that the BG and NG samples undergo combustion
at temperatures only slightly lower than the parent graphene (580 °C). The BG and NG
samples exhibit higher electrical conductivity than the undoped graphene (Figure 4). We
examined the Raman spectra of all BG and NG samples in comparison with that of HG,
i.e., pure graphene, prepared by the H,-discharge method (Figure 5a and b). The Raman
spectra (with 632.8nm excitation) of these samples show three main features in the 1000—

3000 cm™ region,****! the G-band (-1570 cm™), the defect-related D-band (-1320 cm™)
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and the 2D-band (-2640 cm™). It is noteworthy that the G-band stiffens both with boron

and nitrogen doping as can be seen in Figure Sc.
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Figure 4. Electrical conducting data of NG1, BG1 and pristine grapene (HG).
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Figure Sa: Raman spectra of HG, and BG2.
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Figure 5c: Shifts of the G-band caused by electron (N) doping (with pyridine)
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This is similar to what happens with electrochemical doping!*”’ but differs from what
occurs when the doping is done by molecular charge-transfer.”” ** The blue-shift in the
case of BG2, which has a higher B-content, is larger than that of BG1 (Table 1). In case

of NG, the sample with the highest N content, NG3, shows the largest shift (Table 2).

Table 1. Raman data of HG, BG1 and BG2.

Sample D(cm™) | G (ecm™) | 2D (em™) ID/IG IZD/IG
HG 1321 1569 2641 0.6 |0.7
BGl1 1322 1576 2628 1.3 102
BG2 1327 1581 2640 1.2 (03

Table 2. Raman data of HG, NG1, NG2, DG, NG3 and NG4.

Sample D (cm™?) | G(cm™) | 2D (ecm™) ID/IG IZD/IG
HG 1321 1568 2641 0.6 0.7
NG1 1322 1572 2638 1 0.65
NG2 1321 1570 2641 0.8 0.7
DG 1327 1576 2657 0.6 0.45
NG3 1313 1584 2622 1.7 0.1
NG4 1315 1586 2626 2 0.23

Stiffening of the G-band arises from the nonadiabatic removal of the Kohn anomaly at
the G-point, and its broadening is due to the absence of blockage of the decay channels of
the phonons into electron—hole pairs.”*?! The intensity of the D-band is higher with respect
to that of the G-band in all doped samples. On doping, the relative intensity of the 2D-
band generally decreases with respect to that of the G-band. It is known that the 2D-band
is sensitive to doping.’” ** * The 2D-band can also be deconvoluted to show the

presence of more than one layer (2 and/or 3). The changes in the G-band and the other

250



Boron and nitrogen doping of graphene

bands in the Raman spectra along with the XPS and EELS results mentioned earlier
suggest that the dopant B- and N-atoms occur substitutionally.

Prof. Waghmare and co-workers carried out first-principles density functional
theory (DFT) calculations to understand the effect of substitutional doping on the
structure of graphene as well as its electronic and vibrational properties. In their
simulations, two configurations of doped bilayer graphene (4 x 4 supercell), where the
substituted atoms (3.125% B or 3.125% N) in the two layers are a) close to and b) far
from each other were considered.

Calculations revealed that the linearity in the dispersion of the electronic bands
within 1 eV of the Fermi energy is almost unchanged with B- and N-doping indicating
that the doped graphenes have the potential to exhibit the interesting properties of pristine
graphene. The Fermi energy, which is at the apex of the conical band-structure near the
K-point of the Brillouin zone of graphene, is shifted by -0.65 and 0.59 eV in the case of
2 at.% B and N-substitutions. These shifts are of -1.0 and 0.9 eV in 3.125 at.% B- and N-
doped bilayers, respectively. A large amount (96%) of shift in Fermi energy arised from
substitution with dopants, and the remaining 4% arised from lattice relaxation. The shifts
in vibrational frequencies calculated based on only changes in bond length obtained at a
fixed lattice constant showed opposite signs. However, after adding the dynamic
corrections, the frequency shifts become positive, in agreement with experimental

observations.
6. 5 Conclusions

We have demonstrated that different routes are possible for the synthesis of BG
and NG. Based on an agreement between experiments and calculations, we conclude that
BGs and NGs to exhibit p- and n-type semiconducting electronic properties that can be

systematically tuned with the concentration of B and N and characterized by Raman
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spectroscopy. Interestingly, elemental doping and electrochemical doping produce similar
shifts in the Raman G-band, but molecular charge-transfer gives rise to different effects.
Such p-and n-type conducting graphene bilayers should be usable in a variety of devices

similar to those based on semiconductors.
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CHAPTER 7

CHEMICAL STORAGE OF H; BY GRAPHENE

Summary*

Hydrogen can be chemically stored in graphene employing hydrogen plasma treatment and
Birch reduction. Hydrogen plasma treatment and Birch reduction of few-layer graphene
samples give rise to hydrogenated samples containing up to 1.7 and 5wt % of hydrogen
respectively. Hydrogenation of graphene results in the increase of magnetization values with
the hydrogen content. Spectroscopic studies reveal the presence of sp’ C-H bonds in the
hydrogenated graphenes. They, however, decompose readily on heating to 500 °C or on
irradiation with UV or laser radiation releasing all the hydrogen, thereby demonstrating the
possible use of few-layer graphene for chemical storage of hydrogen. First-principles
calculations provide the mechanism of dehydrogenation which appears to involve a

significant reconstruction and relaxation of the lattice.

* A paper based on these studies has appeared in Proc. Natl Acad. Sci. (USA) (2011).
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7.1 Introduction

Energy can be stored in different forms: as mechanical energy, in an electric or
magnetic field, as chemical energy of reactants and fuels or as nuclear fuel. Among those
forms chemical energy is the one that can be transmitted easily. It is based on energy of the
unpaired outer electrons (valence electrons), eager to be stabilized by electrons from other
atoms. In the periodic table, of all elements, hydrogen has the best valence electrons to
protons (also neutrons) ratio, and a very high energy gain per electron as well. Though
hydrogen is the most abundant element on earth, majority is chemically bound with oxygen
as H,O (water), and some bound to liquid or gaseous hydrocarbons. The hydrogen consumed
today as a chemical raw material (about 5x10'° kg per year worldwide) is mainly produced
from fossil fuels and by the reaction of hydrocarbon chains (—CH,—) with H,O at high
temperatures, which produces H, and CO,. In fact, most of the world energy consumption is
from fossil fuels (Figure 1); the rest mainly comes from nuclear power, hydro power, and
also burning of waste and wood. Fossil fuels are generally employed for a wide variety of
purposes ranging from cooking to transportation; quite long and exhaustive. Almost every
aspect of human life, today, is associated with the use of fossil fuels. There is an ever
increasing energy consumption which is caused by population growth and higher living
standards. In order to support the growing demand for fossil fuels new reserves need to be
discovered. Someday, we will inevitably run out of fossil fuels due to limited availability.
Another important issue which might become critical even before we run out of fossil fuels is
global warming which can potentially harm the life of many people due to rising sea levels

and increasingly harsh weather conditions.
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Figure 1: World energy consumption by source 1949-2003. Data are from the
Energy Information Administration (EIA), U. S. Department of Energy, Annual

Energy Review 2003 (http://www.eia.doe.gov/emeu/aer/txt/ptb0103.html).

A possible way of addressing the above problems is a gradual transformation of our
present fossil fuel based society to hydrogen based society viz. a society in which hydrogen
is the primary energy carrier. The chemical energy per mass of hydrogen (142 MJ kg_l) is at
least three times larger than that of other chemical fuels (for example, the equivalent value
for liquid hydrocarbons is 47 MJ kg ). Hydrogen is a clean synthetic fuel: when burnt with
oxygen, the only exhaust gas is water. Primarily, there are two ways to run a road vehicle on
hydrogen. One is combustion of hydrogen with oxygen from air in an internal combustion
engine. Second one is reaction of hydrogen with oxygen from air in a fuel cell, which
produces electricity (and heat) and drives an electric engine. But for on-board energy storage,
vehicles need compact, light, safe and affordable containment. Commercially available car
requires about 24 kg of petrol to cover a range of 400 km with a combustion engine, whereas,

8 kg hydrogen for the combustion engine version and 4 kg hydrogen for an electric car
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equipped with a fuel cell is enough to cover the same range. Hydrogen is a molecular gas. At
room temperature and atmospheric pressure, 4 kg of the gas has a volume of 45 m’. As
hydrogen occupies large volume at ambient conditions, packing of hydrogen as compact as

possible, possible is required to reach the highest volumetric density (Figure 2).!"

Mg;NiH,; LaNigH; H, (iquic) H (200 bar)

Figure 2. Volume of 4 Kg of hydrogen compacted in different ways, with size relative to

the size of a car. (From ref. [1]).

This can be enabled either by compressing the gas or reducing the repulsion by interaction of
hydrogen with another material. Importantly, the use of hydrogen for transportation, personal
electronics and other portable power applications requires an effective hydrogen storage
medium.

High-pressure tanks made of steel are tested up to 300 bar and regularly filled up to
200 bar in most countries. To store 4 kg hydrogen still requires an internal volume of 225
litres (about 60 gallons) or 5 tanks of 45 litres each. Carbon-fibre-reinforced composites
based on high-pressure tanks are tested up to 600 bar and filled up to 450 bar for regular use.
But they require a special inert inner coating to prevent the reaction of high pressure

hydrogen with the polymer. These high-pressure containers, when full, would contain about
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4% hydrogen by mass, but with significant disadvantages: the fuel would be available at a
pressure dropping from 450 bar to zero overpressure, so additional pressure control would be
essential. These standard piston-type mechanical compressors can be employed to compress
hydrogen. Theoretical work for the isothermal compression of hydrogen is given by the
equation:
AG=R-T-In(-£)
Do

Where R is the gas constant, T the absolute temperature, p and py the end pressure and the
starting pressure, respectively. Low hydrogen density and high gas pressures in the system
are important drawbacks of this storage method. High-pressure vessels pose a considerable
risk and the compression itself is the most dangerous and complicated part.

Liquid hydrogen is stored in cryogenic tanks at 21.2 K at ambient pressure. Due to
low critical temperature of hydrogen (33 K), the liquid form can be stored only in open
systems, as there is no liquid phase existent above the critical temperature. The simplest
liquefaction cycle is the Joule-Thompson cycle (Linde cycle). The large amount of energy
necessary for liquefaction and the continuous boil-off of hydrogen limit the possible use of
liquid hydrogen storage systems in commercial applications. We considered it would be
scientifically interesting to do research on the interaction of hydrogen with different
graphenes. In this chapter we discuss chemical storage of H, by graphenes prepared by

different methods.
7.2 Scope of the present investigations

The use of hydrogen for transportation, personal electronics and other portable
power applications requires an effective hydrogen storage medium. Existing technology for

hydrogen storage is limited to compressed gas and liquefaction, both of which are now used
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in demonstration vehicles. Compressed gas, even at the highest practical pressure of 10,000
psi, is still a bulky way to store hydrogen that requires a significant fraction of the trunk
space in a small car to enable a 500 km driving range. Liquid hydrogen takes up slightly
more than half the volume of 10,000 psi compressed gas, but it loses 30-40% of its energy in
liquefaction. Although gas and liquid storage are useful as temporary options in a provisional
hydrogen economy, more compact and efficient storage media are needed for a mature
hydrogen economy.

Recent developments in nanoscience hold promise for meeting the difficult hydrogen
storage challenge. Small dimensions of nanoscale materials minimize the diffusion length
and time for hydrogen atoms to travel from the interior to the surface. Their large relative
surface area provides a platform for dissociation of molecular hydrogen to atomic hydrogen,
a prerequisite for diffusion and chemical bonding with the host. Pekker er al.”*! have carried
out chemical storage of hydrogen in CNTs by employing Birch reduction. They obtained
0.72 wt% H, desorption corresponding to C: H ratio of 10.8:1. Hydrogenation has been
attained by Nikitin ez al.’) by utilizing atomic hydrogen beam. XPS measurements revealed
that 65 atomic % hydrogenation of carbon atoms which corresponds to 5.1 wt% of H, has
been achieved. The C-H bonds thus formed were stable at ambient temperature and pressure
and broke completely above 600 °C. Molecular H, also led to hydrogenation in CNTs at
elevated temperature and pressure.[4]

We thought it would be worthwhile to study chemical storage of hydrogen by
graphene. For this purpose, we prepared graphene by employing different procedures namely
exfoliation of graphite oxide (EG),"” arc-evaporation of graphite in hydrogen atmosphere

(HG) and reduction of graphene oxide (RGO).!®’ We reduced the graphene samples by
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employing hydrogen plasma treatment and Birch-reduction and the products were then
characterized by employing various techniques. Hydrogen plasma treatment was carried out
by employing 13.56 MHz radio frequency plasma generator. Birch reduction of graphene
was carried out in dry liquid NHj3 in the presence of lithium at -33 °C. We found that up to
5 wt % of hydrogen could be incorporated in few-layer graphenes by Birch reduction and up
to 1.7 wt % of hydrogen by hydrogen plasma treatment. First-principles calculations were
carried out to understand the nature of hydrogen in reduced graphene. Magnetic properties of
the hydrogenated samples were studied and compared to their pristine counterpart.
Magnetization values of the hydrogenated graphenes increased with the hydrogen content.
Sp3 C-H bonds formed by the reduction of few-layer graphenes were broken on heating or on

irradiation with ultraviolet or laser radiation, releasing all the hydrogen.
7.3 Experimental section

To carry out the hydrogen plasma treatment, graphene samples (HG) coated on glass/Si
substrates were exposed to H, plasma generated by 13.56 MHz radio frequency plasma
generator. [7-10]

Birch reduction of EG, HG and RGO was carried out by taking graphene (70 mg) with
lithium in dry liquid NH3 (40 ml).!" ¥ The resulting suspension was maintained at -33 °C by
using a liquid ammonia reflux condenser and stirred for lhr. The amount of lithium was
varied between 200 and 700 mg and added in different proportions. At the end of the reaction,
10 ml of 2-methyl 1-propanol was added slowly and gradually heated the reaction mixture to

ambient temperature to evaporate NHj. The resultant black product was washed with

methanol, dil. HCI1, water and methanol and dried in vacuum at 50 °C.
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Hydrogenated EG, HG and RGO samples (designated as EG-H, HG-H and RGO-H
respectively) were heated to different temperatures in the 200-500 °C range and the products
subjected to chemical analysis and other methods of characterization. To study photolytic
decomposition of the hydrogenated samples, the samples were deposited on a KBr crystal
and subjected to ultraviolet (Hg lamp, A=260 nm, 90 W) or Lambda physik KrF excimer
laser (A=248 nm, 1=30 ns, rep. rate 5 Hz, beam energy = 300 mlJ) radiation. For laser
irradiation, the KBr crystal (coated with the sample) was covered with a quartz plate so that
the material did not get delaminated from the substrate. Aluminum metal slit (beam shaper)
which usually gives a rectangular beam was removed while laser irradiation was carried out.
This makes laser energy almost uniform throughout the area where the sample is present.
Excimer laser beam direction was aligned normal to the substrate.

EG, HG, RGO, EGH, HGH and RGOH samples, as well as the dehydrogenated products
were characterized by various techniques. Elemental analysis of the samples was carried out
using a Perkin Elmer 2400 CHN analyzer. Evolution of hydrogen on heating was followed
by employing a gas chromatograph (Mayura 9800). DC resistance measurements were
carried out by standard four-probe method, using the resistivity option in the physical
property measurement system (PPMS) of Quantum Design, USA. I-V characteristics were
recorded with a Keithley electrometer (model 236). Magnetic measurements were performed
with a vibrating sample magnetometer (VSM) in physical property measuring system

(Quantum Design, USA).
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7. 4 Results and discussion

7.4.1 Plasma hydrogenation
To carry out hydrogen plasma treatment of few-layer graphene samples (HG), we
employed 13.56 MHz radio frequency plasma generator. Figure 3 depicts schematic

illustration of the experimental setup.

-
[ RF Generator Plasma
PR—

Gas inlet /

() )

/

Quartz tube RF coil

Vacuum Pump

Sample coated on substrate

Figure 3. Schematic illustration of the experimental set up.
Graphene (HG) dispersed in 1,2 dichlorobenzene was spin-coated coated on glass/Si
substrates and then heated in vacuum at 200°C for 1 hour, prior to the plasma treatment to
free from traces of solvent. Vacuum annealed samples were then placed in hydrogen plasma
of power 40 W (at room temperature) and 100 W (at room temperature and 170 °C).

We have carried out the elemental analysis of plasma treated samples of 100 W for 20
minutes. Elemental analysis indicated that plasma treated samples at room temperature and
170 °C contain 1.25 and 1.7 wt % of H, respectively. In Figure 4 we show Raman spectra of
pristine samples and those plasma-treated at 40 W for 5 and 10 min. Figure 5 shows Raman
spectra of samples plasma-treated at 100 W for 5, 10 and 20 min at room temperature. After

H, plasma treatment, Raman spectra of graphene samples change significantly. The Ip/Ig
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ratio increases with the increase in plasma power and duration of plasma treatment. On

heating at 500 °C for 4 hrs Ip/Ig ratio in the Raman spectrum reverts to the original value of

1./1,=0.55
L, /1,=0.84

Pristine graphene (HG)

E

After hydrogen plasma ID/IG:1 3
treatment (40W 5min) [/1,=0.92

Intensity (a.u)
=

After hydrogen plasma
treatment (40W 10min) ID/IG:1'38
J\ L,/1,=0.64
12|00 I 15IOO I 18|00 I 21|00 I 24|00 I 27|00 I 30|00 I 33|00

Raman shift(cm*l)

Figure 4. Raman spectra of HG before and after plasma treatment of 40 W

for 5 and 10 min.
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Figure 5. Raman spectra plasma treated samples of 100 W for 5, 10 and 20 minutes
at room temperature.
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of graphene as in the case of Birch-reduced samples due to dehydrogenation (Figure 6).

B 1/1.50.6
1,/1.=0.75

After hydrogen plasma
treatment (100W 20min)

1/1=2.5
1, /1.=0.35

Intensity (a. u.)

After annealing the plasma treated sample
at 500 °C for 4 hrs 1L/1.=07
D G

1,/1.70.6

1500 2000 2500 3000
Raman shift (cm™)

Figure 6. Raman spectra of pristine, plasma treated (100 W for 5 20 min) and

annealed samples.

267



CHAPTER 7

7.4.2 H; storage through Birch reduction
To chemically store hydrogen, we have carried out Birch reduction of EG, HG and

H-13] During the reaction, the amount of lithium (200 to

RGO with lithium in liquid ammonia.!
700 mg) and reaction time (1 hr to 2 hr) were varied. In Figure 7 we show infrared (IR)
spectra of the pristine, as well as the hydrogenated samples. Hydrogenated samples clearly
show aliphatic C-H stretching bands in the 2850-2950 cm™ region. In Table 1, we show
elemental analysis of the reduced samples. The maximum amount of hydrogen that can be
incorporated in graphene is 7.7 wt %. Those reduced samples of EG (EGH), HG (HGH) and
RGO (RGOH) obtained with a use of excess Li showed maximum hydrogen content of

around 5 wt % (Table 1). And, these samples, containing ~ 5 wt % hydrogen were found to

be stable and could be stored over long periods.

()
)

)

—

)

Transmittance (a. u.)

2750 2800 2850 2900 2950 3000
Wavenumber (cm’)
Figure 7. IR spectra of (1) EG, (2) EGH and EGH heated for 4 hrs

(3) at 200 °C and (4) at 500 °C.
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Table 1. C to H ratio of pristine and reduced samples inferred from elemental analysis.

Sample C H CH
(Wt%) | (Wt%) (atomic
ratio)
HG 99.5 0.5
HG-H (Birch) (1 hr, Li = 200 mg, HG=70 mg) | 98 2 CsH,
HG-H (Birch) (2 hr, Li = 200 mg, HG=70 mg) | 97 3 CsHs
HG-H (Birch) (2 hr, Li = 700 mg, HG=70 mg) | 95 5 CgHs
EG 99.75 10.25
EG-H (Birch) (1 hr, Li = 200 mg, EG=70 mg) 95.5 4.5 Ci6Ho
EG-H (Birch) (2 hr, Li = 200 mg, EG=70 mg) 95.5 4.5 Ci6Ho
EG-H (Birch) (2 hr, Li = 700 mg, EG=70 mg) 95 5 CsHs
RGO 100 0
RGO-H (Birch) (2 hr, Li = 700 mg, RGO=70 95 5 CgH5
mg)
RGO-H-350 °C-10 hr 99 1 CgH1

We show AFM images of graphene (HG) before and after reduction in Figure 8.

_
g
z g
= &
20 =
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Figure 8a. AFM images of graphene (HG).
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HGH

Height (nm)
Height (nm)

100 200 300 400

Distance (nm)

0 100 200 300 400 500 600 700 800

Distance (nm)

Figure 8b. AFM images of hydrogenated graphene (HGH).
Hydrogenated graphene shows similar features as the starting material with the number of
layers remain unchanged. In Figures 9 and 10 we show, respectively, the Raman spectra of
pristine as well as reduced EG and HG samples. On reduction, due to the C-H sp® bond
formation and breaking of C=C sp” translational symmetry, intensity of D band increases and

2D band decrease. Increased defects in graphene lattice (due to sp> C-H bond formation)
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™ N
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T v T v T
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Raman shift (cm™)

Figure 9. Raman spectra of EG and reduced EG samples.
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causes evolution of D+G peak at 2909 cm™. Raman data of both pristine and hydrogenated

samples are given in tables 2 and 3.

MA HG
1OIOO I 15IOO I 20I00 I 25I00 I 30I00
’J\LHG H-1h-Li-200
z 10I00 I 15I00 I 20I00 I 25IOO 30I00
> HGH-2h-Li-200
-é T T T T T T T
= 1000 1500 2000 2500 3000
HGH-2h-Li-700
_M’/\\,__,__..\‘
10I00 I 15IOO I 20IOO 25IOO I 30I00
HGH at 500 °C for 1 hr
10I00 15IOO 2OIOO 25IOO 30I00
Raman Shift (cm’1)
Figure 10. Raman spectra of HG and reduced HG samples.
Table 2. Raman data of pristine and hydrogenated EG samples.
-1 -1 -1 -1
Sample D(em”) | G(cm™) 2D(em™) | D+G(cm™) ID/IG I2D/IG
EG 1334 1582 2668 2909 1 0.2
EG-1h (Li- | 1312 1582 2620 2894 1.8 0.25
200 mg)
EG-2h (Li- | 1313 1584 2624 2890 1.8 0.3
200mg)
EG-2h (Li- | 1310 1583 2607 2890 1.7 0.4
700 mg)
EG-H at 1332 1583 2665 2908 1 0.1
500 °C for
4 hr
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Table 3. Raman data of pristine and hydrogenated HG samples.

Sample D G D’ 2D D+G Ip/Ig Lp/Ig
(cm'l) (cm'l) (cm'l) (cm'l) (cm'l)

HG 1321 1571 1602 2640 - 0.3 0.45
HG-1h (Li- | 1318 1576 2638 2894 1.8 0.25
200 mg)
HG-2h (Li- | 1316 1574 1603 2639 2890 1.8 0.3
200mg)
HG-2h(Li- 1319 1572 1603 2637 2890 1.7 0.4
700 mg)
HG-H at 1333 1579 1617 2672 - 0.5 0.3
500 °C for
1 hr

We show the UV spectrum of graphene (HG) before and after hydrogenation in Figure 11.
On hydrogenation, the intensity of the 260 nm band decreases progressively with the

hydrogen content and giving rise to a band around 235 nm.

HG

HG-H (BIRCH)(1hr, Li=200 mg)

Absorbance (a.u.)

HG-H (BIRCH)(2hr, Li=700 mg)

T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 Q00 1000

Wavelength (nm)

Figure 11. UV spectrum of HG before and after reduction.
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The hydrogenated graphene containing ~ Swt % hydrogen is stable and can be stored
over long periods. We have examined its thermal stability in detail. In Figure 12 we show the
change in weight percentage of hydrogen in EGH and HGH samples on heating to different
temperatures (as obtained from elemental analysis). All the hydrogen gets released around
500 °C (Table 4). Gas chromatography shows that the evolution of hydrogen starts around
200 °C, and is complete at 500 °C (see inset of Figure 8). TGA of the hydrogenated samples
shows weight loss starting around 200 °C, confirming gas chromatographic data. We have
followed the loss of hydrogen on heating EGH and HGH by recording the IR spectra. C-H
stretching bands in the IR spectrum gradually disappear on heating as can be seen from

Figure 7.

Table 4. Change in weight percentage of hydrogen in the EGH, HGH

and RGOH samples on heating at different temperatures.

Sample C H CH (atomic ratio)
(Wt %) (Wt %)

HG-H - 200 °C-4 hr 96 4.5 CsHyss

HG-H-350 °C-4 hr 98.5 1.5 CsHi s

HG-H-500 °C-1 hr 99.6 0.4 CsHo4

EG- H-200 °C-4 hr 96 3.75 CsHs 75

EG-H-350 °C-4 hr 97 3 CsH;

EG-H-500 °C-4 hr 99 0.5 CsHo s
RGO-H-350 °C-10 hr 99 1 CgH1
RGO-H-500 °C-1 hr 99.6 0.4 C8H0.4
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Figure 12. Change in the weight percentage of hydrogen of EGH and HGH
with temperature. Inset shows the evolution of hydrogen as recorded by a gas

chromatograph.

We also find that irradiation of the hydrogenated samples with UV radiation or with a KrF
excimer laser results in dehydrogenation, as shown in the IR spectra (Figure 13). In the case
of UV irradiation dehydrogenation occurs over a few hours, whereas the same result is
obtained within 2 min using the laser. On dehydrogenation, the Ip/Ig ratio in the Raman
spectrum reverts to the original value of graphene. The conductivity of the graphene samples
substantially decreases on hydrogenation as expected” and increases again on
dehydrogenation by thermal treatment or irradiation. In Figure 14 we show how the

conductivity increases upon UV irradiation of the HGH sample.
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Figure 13. IR spectra of (1) HG, (2) HGH and HGH subjected to (3) UV and (4)

laser radiation.
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Figure 14. I-V characteristics of (1) as-prepared HGH and HGH subjected to UV

irradiation for (2) 1 hr, (3) 2 hr and (4) 3 hr.
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In order to understand the nature of hydrogenated graphene, Prof. Waghmare and co-
workers carried out first-principles calculations based on density funcational theory within a
generalized gradient approximation (GGA).'" Local minima of energy landscape of H-
graphene interaction are obtained through structural relaxation starting with different initial
structures and using Hellman-Feynman forces and stresses, and local stability of the structure
of local minima is assessed by obtaining frequencies of phonon modes. Two supercells with
18 and 4 carbon atoms were considered in simulation of interaction of hydrogen with
different coverages.

Three different coverages of hydrogen: 25 % (C4H;), 50 % (C4H;) and 100 % (C4H4) and
at least two configurations in each case: one with hydrogen atoms far (> 2 A) from graphene
(labeled /), and another with hydrogen atoms closer (< 1.2 A labeled s) were considered. The
latter typically results in a stable local minimum with the C-H bond length varying from 1.07
to 1.17 A, while the former results in an unstable local minimum (saddle point) with the C-H
bond length longer than 2.5 A forming a transition state. In cases with coverages of 25 and
100 %, there is only one symmetry inequivalent configuration each, while there are two
distinct configurations (S1 and S2) in the case of 50 % coverage, labeled by 12 and 13
indicating the atomic sites (see Figure 15) that hydrogen is closest to. Results showed that
among the locally stable H-graphene states, 50 % of hydrogen coverage, corresponding to 4
wt % of hydrogen, has the lowest energy relative to the energy of graphene and isolated
atomic hydrogen, consistent with experimental observations. Calculated phonons of S1
clearly showed two high frequency C-H stretching modes (for the two H atoms), confirming

the observation of C-H bond formation. While the configurations with hydrogen atoms
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farther from graphene have lower energies, they are locally unstable and form a transition

state. These findings can be understood in terms of the competition between (a) the gain in

Figure 15. Hydrogen is chemically bonded to carbon in configuration S1 in (a),

whereas it is not bonded to carbon in the transition state configuration S2 (b).

energy due to the formation of C-H bonds and (b) the energy cost associated with in-plane
expansion of the C-C lattice. The stable configuration S1 is higher in energy than the
transition state because it involves the stretching of the C-C bonds to about 1.52 A. Hence,
one needs to pump in a little energy in getting hydrogen chemically bound to graphene. The
energy barrier for the release of chemically bonded hydrogen is very small, and involves
significant relaxation and reconstruction of the lattice, which is considered to be important in

H-graphene interaction based on a detailed first-principles study.
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Magnetic properties of hydrogenated graphene

Hydrogenated graphene samples with hydrogen contents of 2 wt%, 3 wt% and 5 wt%
(designated as HGH 1, HGH_2 and HGH_3 respectively) obtained by Birch reduction have
been examined for the magnetic properties. From magnetization data it is evident that there is
a gradual increase in the magnetic moment with increase in the hydrogen content. In Figure
16 we show the remanent magnetization (M), saturation magnetization (M;) and
magnetization at 3000 Oe (FC@10 K) of HG with different weight percentages of hydrogen.
The values of these properties increase with hydrogen content. Increase in the magnetization
values can be ascribed to the formation of tetrahedral carbons which can reduce the
connectivity of the m - m sheets and hence the ring current diamagnetism. On
dehydrogenation at 500 °C for 4 hours, the samples exhibit a decrease in the magnetic
moment (Table 5). This observation clearly confirms that the increase in the magnetic

properties arises from hydrogenation.

m FC 30000e@ 10K
0.05 ® M@I100K
A M@100K n
| |
/5\0 0.04 -
E -
g 0.034
(D]
= [ )
= 0.024 ¢
| |
[ ]
0.013 ¢
0.006 ] A A
A
| A
0.003 4
0 ] 2 3 4 5
Weight % H,

Figure 16. Comparison of the magnetic properties of the hydrogenated few-

layer graphene (HGH 1, HGH 2 and HGH_3) with pristine sample (HG).
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Table 5. Magnetic properties of the pristine, hydrogenated and dehydrogenated

graphene samples.

Sample name | Wt (%) of | M (emu/g) (FC @ Saturation

hydrogen 10 K) magnetization
(My)

3000 Oe 1T | 100K | 300K

HG 0.017 0.025 | 0.012 0.01
HGH_1 2 0.034 0.07 | 0.015 | 0.012
HGH_2 3 0.044 0.092 | 0.024 0.02
HGH_3 5 0.048 0.099 | 0.022 | 0.016
HGH_2_ DH - 0.038 0.048 | 0.019 | 0.015

7.5 Conclusions

Birch reduction and hydrogen plasma treatment of few-layer graphenes give rise
to hydrogenated samples containing up to 5 and 1.7 wt % of hydrogen respectively.
Especially, chemical storage of hydrogen up to ~5 wt % employing Birch reduction is
noteworthy and may have potential applications. Hydrogenation of graphene leads to an
incease in the values of magnetic properties with the increase in hydrogen content. The
hydrogenated samples containing sp> C-H bonds are stable at room temperature, but the
hydrogen is progressively removed on heating, leading to complete removal at 500 °C. Laser
or UV irradiation can also be employed to dissociate the C-H bonds to eliminate the
hydrogen. While Birch reduction enabled us to incorporate ~5 wt % of hydrogen in few-layer
graphenes, it may be possible to carry out hydrogenation more effectively by other methods.

First-principles calculations reveal how dehydrogenation of reduced graphene is associated
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with a small barrier and involves significant relaxation and reconstruction of the lattice.
Graphene has the potential of being a useful H, storage material and H, uptake studies of

improved graphene samples should be pursued.

280



H, storage by graphene

7.6 References

[1]
[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

L. Schlapbach, A. Zuttel, Nature 2001, 414, 353.

S. Pekker, J. P. Salvetat, E. Jakab, J. M. Bonard, L. Forr, J. Phys. Chem. B 2011, 105,
7938.

A. Nikitin, H. Ogasawara, D. Mann, R. Denecke, Z. Zhang, H. Dai, K. Cho, A.
Nilsson, Phys. Rev. Lett. 2005, 95, 225507.

A. V. Talyzin, S. Luzan, I. V. Anoshkin, A. G. Nasibulin, H. Jiang, E. 1. Kauppinen,
V. M. Mikoushkin, V. V. Shnitov, D. E. Marchenko, D. Noreus, ACS Nano 2011, 5,
5132.

H. C. Schniepp, J. L. Li, M. J. McAllister, H. Sai, M. Herrera-Alonso, D. H.
Adamson, R. K. Prud'homme, R. Car, D. A. Saville, I. A. Aksay, J. Phys. Chem. B
2006, 110, 8535.

S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A. Kleinhammes, Y. Jia, Y.
Wu, S. T. Nguyen, R. S. Ruoff, Carbon 2007, 45, 1558.

D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake, M. P. Halsall,
A. C. Ferrari, D. W. Boukhvalov, M. I. Katsnelson, A. K. Geim, K. S. Novoselov,
Science 2009, 323, 610.

M. Jaiswal, C. H. Yi Xuan Lim, Q. Bao, C. T. Toh, K. P. Loh, B. OiAzyilmaz, ACS
Nano 2011, 5, 888.

L. Xie, L. Jiao, H. Dai, J. Am. Chem. Soc. 2010, 132, 14751.

J. D. Jones, W. D. Hoffmann, A. V. Jesseph, C. J. Morris, G. F. Verbeck, J. M. Perez,
Appl. Phys. Lett. 2010, 97,233104.

A. J. Birch, J. Chem. Soc. 1944, 430.

281



CHAPTER 7

[12] A. Govindaraj, Current Science 1993, 65, 868.

[13] A. Govindaraj, A. Rathna, J. Chandrasekhar, C. N. R. Rao, Proc.Indian Acad. Sci.

1993, 105, 303.

[14] G. Kresse, J. Hatner, Phys. Rev. B 1993, 47, 558.

282



	title.pdf
	declaration.pdf
	Preface.pdf
	Contents.pdf
	introductn.pdf
	synth.pdf
	function.pdf
	4,1.pdf
	4..pdf
	4.pdf
	4.4.pdf
	4.5.pdf
	5.pdf
	6 th chapter.pdf
	7.pdf

