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CHAPTER1

INTRODUCTION

1.1 Background

The graphite oxide sheet or graphene oxide (GO) has demonstrated its
potential for many applications, such as functional materials [1,2], electronic devices
[3—5], chemical catalysts [6—-10], gases storages [11-14] and artificial receptors [15].
GO was prepared by oxidation of graphite with a water—free mixture of concentrated
sulfuric acid, sodium nitrate and potassium permanganate [16] and newly prepared
and characterized by modern method [1]. The local structure of GO was studied by
density functional theory method and GO was defined as the partially oxidized
graphene which is linked by peroxide—like linkages [17]. The presence of epoxy
groups and double bonds of GO and its derivatives was found by solid—state C-NMR
spectroscopic method [18]. GO was reviewed including its synthesis, structure and
reactions which are reductions as removing oxygen groups from graphene oxide and
chemical functionalizations as adding other chemical functionalities to GO [19]. Due
to possible structures of GO are somewhat variety, its structural models were
proposed by many research groups, namely by Hofmann and Holst [20], Ruess [21],
Scholz and Boehm [22] and Nakajima and Matsuo [23] from experiments. The GO

models were theoretically constructed and asserted by comparing energies [24-28].

Synthesis, properties and applications of GO and GO—derived graphene—based
materials were reviewed [29]. The atomic level structure and mechanical properties of
GO paper—like materials were elucidated by molecular dynamics simulations and the
individual GO platelets interlinked via a non—uniform network of hydrogen bonds
mediate by oxygen—containing functional groups and water molecules were found
[30]. Since oxygen functionalities existing in GO have been identified, epoxide (—O-)
and hydroxyl (—OH) located on the basal plane of GO but carbonyl (—C=0) and
carboxyl (COOH) distributed at the edges of GO were observed [31-40]. Adsorption



configurations of hydroxyl and epoxy groups on and pristine and defective graphene
and co—existing in GO were studied [41]. For carbon to oxygen ratios in GO lying
between 2.1 to 2.9 [16] and 2.9 [42] were found. Ratios for oxygen—containing
groups, epoxide: hydroxyl: carbonyl/carboxyl of 4.9: 19.3: 11.15 have been also
reported [42].

1.2 Fundamentals of the GO structures

GO is two—dimensional hexagonal plane in which are held together by sp>-
and sp’~hybridization whose structures were characterized by X-rays and NMR
techniques [18, 33]. The structures model of GO have been proposed by many reseach
groups such as Hofmann, Ruess, Scholz—Boehm, Nakagima—Matsuo and
Lerf—Klinowski models. Hofmann model was proposed by Hofmann and Holst that
structure of GO consists of epoxide groups on the basal plane of graphene [21], Ruess
model was proposed by Ruess that structure of GO consists of epoxide groups in the
position 1,3 and hydroxyl groups in the position 4 of cyclohexane. These model were
shown sp*-hybridized system than sp?-hybridized of basal plane [21]. Scholz—Boehm
model was suggested by Scholz and Boehm that GO model consists of quinoidal
species in backbone [22]. Nakagima—Matsuo model was proposed by Nakagima and
Matsuo that structure of GO consists of O™ species and hydroxide groups on basal

plane [23].



(c) (d)

Figure 1.1 The structural models of GO: (a) Hofmann, (b) Ruess (¢) Scholz-Boehm
and (d) Nakajima-Matsuo.

The most popular model is Lerf-Klinowski model. This GO model was
studied by Lerf and Klinowski by using solid state nuclear magnetic resonance
(NMR) spectroscopy and X-rays techniques. Lerf—Klinowski model consists of
epoxide and hydroxide groups on basal plane, carboxyl groups attached at edge of

graphene [18, 35].
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Figure 1.2 Structures of GO in the Lerf and Klinowski model.

The experimental data show that C:0O atomic ratio of GO depends on synthesis
techniques as well as length of reaction [38, 43]. Chemical oxidation of graphite
causes breaking up sp’~hybridization to generate defect GO structure and increasing
distance between layer of graphite oxide from 3.35 A to 6.8 A [44]. Functionalization
of graphene with oxygen—containing group derives hydrophilicity on surface of GO.
GO can be dispersed in water and other organic solvents [45], the bond length
between two carbon atoms increases from 1.407 A of graphene to 1.514 A and
adsorption energy is —3.14 eV [46]. GO structure is shown high chemical reactivity

and large specific surface area which can be modified on several techniques.



1.3 Literature reviews

In 2011, Zhang and Zhang [47] studied on the topics of directly exfoliate of
graphite oxide to GO nanosheets without ultrasonication. Aqueous colloid of graphite
oxide is precursor for exfoliation. They used a modified Hummers method to prepare
aqueous colloids of graphite oxide in de-ionized water with stir and heat. After 3-days
centrifuged solution to remove unexfoliate GO and yield turn to be dark brow with
little sediments. The results from exfoliation were characterized by atomic force
microscopy (AFM). GO sheets was shown thickness of sheets in range from 0.8 to 2.0
nm. GO layer revealed oxygen—containing groups on sheets such as C=0 (1718
cm '), OH (3240 cm™'), C—O (1047 cm™!) and C—OH (1223 cm™!). The Van der
Waals interaction between GO layers in graphite oxide sheets makes it high strong

hydrophilicity and easy to disperse in water.

In 2009, Mkhukan and et al. [46] studied on the topic of atomic and electronic
structure of GO. The atomic and electronic of GO were studied by using annular dark
file (ADF). ADF was used to detect image of single and multilayer sheets. The
structure of GO was measured by using electron energy loss spectrophotometry
(EELS) and scanning transmission microscope (STEM). The investigation of GO
reveals that GO structure is predominantly amorphous because distortion from sp’
C-0O bond about 40% and O:C ratio as 1:5. The results from AFM reveal that the
thickness of monolayer is 1.6 nm and ration due to mono—, bi— and tri—layer scale as
1:1.6:2.2. ADF was shown the thickness ratio of mono—, bi—, and tri-layer as
1.0:1.5:2.0 as same as results from AFM. These results were explained by effectively
packing of GO layer which the oxygen groups were attached on both side of graphene
sheet and form randomly covalent bond with carbon atom. Oxygen attached on
surface created defect sheet of GO. The electronic structure of GO sheet was studied
on C and O K—edge by EELS and found that GO is both of sp*>— and sp*~hybridization
presented on GO sheet.

In2011, Lu and et al [48] studied on structure of GO in terms of

thermodynamic and kinetics by using computational calculations i.e. DFT, molecular



dynamic (MD) simulations and the veinna ab initio simulation package (VASP). The
optimization structure of GO was shown that the bond length of C-O is 1.46 A and
distance between two oxidized carbon atom is 1.51 A and O—H bond length is 1.49 A.
The results from thermodynamics calculations reveal that sovation energy (AGsol) is
—0.08 eV for isolated epoxide group while isolated hydroxyl group AGsol is —0.25 eV.
The kinetics properties of the isolated hydroxyl group reveal that energy barrier is
0.27 eV and the distance between C—O in initial state is 1.51 A and in the transition
state is 2.51 A. The calculation of diffusion barrier for isolated epoxy group is 0.74
eV.

In 2010, Ghaderi and Peressi [41] studied on the adsorption of hydroxyl
functional groups on pristine graphene and defected graphene based on numerical
method. The adsorption energy of individual OH on the top of carbon atoms is —0.54
eV. The nudge elastic method (NEB) was used to explain OH diffusion in graphene
sheets. The results from NEB method revealed that OH can diffused on graphene
surface with energy barrier 0.32 eV. OH groups can adsorbed on the both side of
graphene. The adsorption energy for one—side is —1.10 eV per molecule, energy gain
1.12 eV per pair and two-side is —1.29 eV per molecule, energy gain is 1.50 eV per
pair. The formation energy of OH groups on stone—wales (SW) defect is 5.20 eV
within range from 4.8 to 10.4 eV in previous work. The adsorption energy of OH
adsorbed on SW defect is —1.80 eV and energy barrier for diffusion is 1.39 eV. OH
pair binds to on one—side SW with adsorption energy —1.8 eV/OH and —2.23 ¢V/OH

for two—side adsorption.

1.4 Objective

In this study, all possible functionalized structures for epoxide and hydroxyl
groups on basal plane of graphene, on the other hand carbonyl and carboxyl groups
was added to edge of graphene. The functionalization of graphene cluster model with
oxygen—containing groups such as hydroxyl (—OH), epoxide (—O-), carbonyl (—C=0)
and carboxyl (—COOH) groups was investigated using the quantum chemical

calculations based on the DFT method. Cluster models containing CgoH22 model and



CosH24 model. Adsorption energy and electronic properties of functionalization were
obtained by the calculation at the B3LYP/6-31(d,p) level. The structure of double
hydroxide was studied by PES scan by using AM1 method. Due to carbonyl and
carboxyl GOs, carbon atoms of these two functional groups have been changed from
their graphene sheet during oxidation processes and their structures have been
obtained. Reaction energies of oxidation process to afford carbonyl and carboxyl GOs

have been determined.



CHAPTER 11

THEORETICAL BACKGROUND

The fundamental of quantum chemistry was studied under the Schrodinger
equation [49—51]. The main of quantum chemistry based on approximate solutions of
the Schrodinger equation relate to ground state energy of individual atoms and
molecules, excited states and transition state via chemical reactions. The
computational quantum chemistry was separated into division of semi—empirical,
Hartree-Fock (HF) and density functional theory (DFT) that can be used to
calculation and prediction of electronics properties, molecular structure, bond strength

and other characteristics of chemical bonds.

2.1 The Schrodinger equations

The first principle of quantum chemistry is the Schrodinger equations [52, 53]

that use to be approximate of ground state energy of electron in molecule

HY=EV¥ 2.1)

where H is the Hamiltonian operator for system of M nuclei and N electrons in terms

of magnetics and electric field there for can be written as (2.2)

243 i 2A=1MA 4 i=l =1 g =1 j>1 77 4=1B>4 RAB .

Equation (2.2) represent to the ground state energy when the first two term describe to
kinetic energy of electrons and nuclei, the last tree term remain to the attractive
electrostatic interaction between nuclei and electron and repulsive potential among

electron—electron and nucleus—nucleus interactions.



Born—Oppenheimer was used to calculate the significant difference between
mass of nuclei and electron to describe the Schrédinger equation. The approximation
was considered about electron moving faster than, so their kinetic terms be zero.

Thus, in equation (2.2) can be reduced to the electronic Hamiltonian in equation (2.3)

1N N

n N Z N N 1 "
=1 Jj>i i

i=1 i= A

The total energy is summation of electronic energy and nuclear repulsion term and the

constant nuclear repulsion term that depends on electron coordinate.

A

elec ‘Pelec . E elec \Ilelec (2 4)

and

D,

total

=E, +E (2.5)

elec nuc

The second operation V,, in equation (2.3) is term of the external potential term V,

ext

in DFT method

2.2 HF Approximation

The solution of Schrédinger equation [53] which contain wave function of N
electron gives total energy. The wave function which is minimized to lowest energy

will be ¥, and the energy will be ground state energy £, .

E, = min E['¥] = min in(W|T+Vy,+7,

) (2.6)

The ground state wave function enable to determination of ground state energy of

system.



10

The HF was used to approximation of many electronic wave function at

ground state. The approximation consists of the N—electron wave function by an

anti—symmetrically product of one electron wave function y,(x;) which product

referred to Slater determinant [54], @,

Zl(xl) X2(x))e 20(x,)
L X(%)  Xa(x)e Xa(xy)

X)) 2(xy)  an(xy)

W - (2.7)

where the one electron wave function y;(x;) is spin orbital which compose of spatial
orbital @.(r) and the two spin of wave functions, a(s) and S(s). The energy from
slater determinant is minimal when the spin orbital are varied under the constraint.
Eyr = ¢?ENE[®SD] (2.8)
The equation (2.9) is a functional of the spin orbitals, £, =E [ l.] that the £ [;(l]

remains to orthonormal, which introduces the Lagrangian multipliers &, in the

resulting equations.
f4 =€ 2ni=1,2...N 2.9)

This equation (2.10) represent the HF equation, where &, are the eigenvalues of the

A

operator f . The ¢, is an orbital energy and the Fock operator f is an effective one

electron operator defined as

7 | MZA
f. =—Ev,. —Z + Ve (2.10)
4 Ty
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The first two terms are kinetic energy and V. is the HF potential. The HF method

represents to exchange energy, constitute main obstacle in density functional which
the Fock operator depends on the HF potential. A Slater determinant is defined as the
sum of the Fock operator in equation (2.10) which uses to determine N interacting

electron
A . N N
H, Dy, = Epp gy, = Zﬁ(DSD = Zgi(DSD (2.11)

Equation (2.10) describes a system of N electrons which no interaction of
electron—electron. The HF approximation describe under the Coulomb potential and a

non—local exchange potential.

2.3 DFT method

The basis for DFT is determination of ground state electronic energy by

electron density, p[55—58]. The electron density refers to the external potential and

Hamilton operator.

The HF model is known as DFT based on the solution of many—electron

problem. The HF energy can be written as a sum of the kinetic energy, E,, the
electron—nuclear potential energy, E,, and coulomb, E,, and exchange, E,, as

equation (2.13)
EW=E +E,+E, +E, (2.12)

The first three terms take over directly to density functional models, its energy

is replaced by exchange—correlation energy, E ., the form of which follows from the

solution of the idealized electron gas problem

E’""=E +E, +E, + Ey. (2.13)
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where E, , all components depend upon the total electron density, p(r):

orbitals

p(r) =23 ()’ (2.14)

where y; are orbitals, strictly similar to molecular orbitals in HF theory.

2.3.1 The Kohn—Sham energy and the Kohn—Sham equations

The basic ideas of the Kohn—Sham theory [55] are: (1) to present the
molecular energy as a sum of terms involves the “unknown” functional and (2) to use
the electron density p in the Kohn—Shame equations for calculation of the
Kohn—Shame orbitals and energy levels. The final Kohn—Sham orbitals are used to

calculate an electron density ( p ).

2.3.1.1 The Kohn—Sham energy

The Kohn—Shame energy [56] was used to separate the electronic energy of
molecule into a portion which can be calculate without using DFT. The basic concept
in this this approach is the concept of non—interacting system, thus the ground state

electron density was defined by p, that the same as real ground state system, p, = p,.

The sum of the electron kinetic energy, the nucleus—electron attraction
potential energy and the electron—electron repulsion potential energy is the ground

state electronic energy of the real molecule, E,

E, =(TIp,))+(V.Ip.))+(V.[p,)) (2.15)

The brackets referred to expectation values of the energy term in quantum-—
mechanical that is a functional of the ground—state electron density. The middle term
was shown the nucleus—electron potential energy in term of sum over all 2n electrons,

the potential corresponding to attraction of an electron for all the nuclei A:
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V=33 -4 iv(n) (2.16)

i=l nucleiA ’/;A

Z,. . . . .
where —2 is the potential energy between interaction of electron i and nucleus A4 at

T4

distance r, v(r;) is the external potential for the attraction of electron i to all the

nuclei. The density function p in equation (2.14) can be rewrites into V,, :

[3 s vde=[ )y @.17)

where f{r;) is a function of the coordinates of the 2n electrons of a system and ¥ is the

total wave function. From equations (2.15) and (2.16) the notion of expectation

value, (V,.) = <‘I’ V. ‘P> , and since V =V, was shown in equation (2.18)

ey =] por)v(r)dr (2.18)
and the ground state energy was written in equation (2.19)
Ey = [ pyrvrydr + (T[p, )+ (V.. [o,]) (2.19)

but this equation cannot used to describe the kinetic and potential energy functionals

in terms (7[p,]) and (V_[p,]). The Kohn and Sham is the idea of a reference system of

non—interacting electrons and lets to know the quantity A(T [p0]> as the deviation of

the real kinetic energy from that of the reference system.

A<T[po]> = <T[p0]> - <T;[po]> (220)
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From the electronic potential energy, A(V,.) was defined as the deviation of the real

ce
electron—electron repulsion energy from a classical charge cloud coulomb repulsion

energy. The classical electrostatic repulsion energy is sum of the repulsion energies
for pairs of minimal volume elements p(7)dr, and p(7;)dr, separated by a distancer,,,

multiplied by one-half.

AT La) =) - 22 g, @21)

12

The classical charge-cloud repulsion is inappropriate for electrons because it repulse
itself, as any two regions of the cloud interact repulsively. The another way to
compensate for this physically incorrect electron self-interaction is a good exchange—

correlation functional can be written

Ey = [ py(r)v(r)dr +(T [ p,]) - j | p—o(ﬁﬂ”z—)drdrz +ATp )+ AV, [p) (222)

Na

The major problem with DFT is the summation of the kinetic energy deviation from
the reference system and the electron—electron repulsion energy, called the exchange-

correlation energy. This exchange-correlation energy, E,., is a functional of the

electron density function;
E [p]1=NTIp])+MV.lp]) (2.23)

where the A<T > term represent to kinetic correlation energy of the electrons and the

<AV;6> term is the potential correlation and the exchange energy. The ground state

energy was became to equation (2.24)

E,= [ p(r)dr +(T(p,)),, + j [ Mdrdrz +E[p] (2.24)

N
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equation (2.21) is the Kohn—Sham energy equation.

2.3.1.2 The Kohn—Sham equations

The Kohn—Sham equations [57—58] are derived by differentiating the energy
base on the HF equations, where differentiation is with refer to wave function
molecular orbitals. The ground state of system was determine by using distribution of
the electron density of the reference system, which as same as the ground state of real

system, is given by
2n = P
Po=p, =D w0 (2.25)
i=1

where y/“are the Kohn-Sham spatial orbital. The Kohn—Shame equation was
determine by substituting of the orbitals into the energy and varying E, with respect to

the y/°, this procedure is the same of the HF equations,

{—1%2 - N g cha)} s =S (226)

2 nucleid ’/;'A riZ

where £/ °are the Kohn—Sham energy levels and v, (1) is the exchange correlation
potential which is defined as the functional derivative of E [p,(r)] with respect to

p(r);

_OE, [p(r)] 227
Ve (r) () (2.27)

The Kohn—Sham theory p(7)is expressed in terms of Kohn—Sham orbitals (Eq. 2.25),
are discussed by Parr and Yang [59] and outlined by Levine [49].

SRS 1) = 5555 () (2.28)
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The difference between DFT methods is the choice of the functional from of the
exchange—correlation energy. Functional forms are often designed to have a certain
limiting behavior, and correct parameters to known perfect data. Which functional is
the better will have to be settled by comparing the performance with experiments or

high—level wave mechanics calculations.

The Kohn—Sham equations give the correct energy if we knew the exact

exchange correlation energy functional.

2.4 Gaussian basis sets

A basis set is a set of mathematical functions (basis functions). The
approximation of molecular orbitals as linear combinations of basis functions is
usually called the linear combination of atomic orbitals or LCAO. The basis functions
was used to describe the electron distribution around atom and combining atomic

basis functions.
2.4.1 Linear combination of atomic orbitals

The LCAO approximation [54] requires the use of a basis set made up of a
finite number of well-defined functions centered on each atom. This functions was
not cost effective, and early numerical calculations were carried out using Slater—type

orbitals (STOs), defined by

(2C/ao)n+1/2 rnfl —

— ¢rjagym
¢(r,0,4) = amy? "¢ 10,9 (2.29)

where the notation of n, m, and / was shown the usual quantum numbers and ¢ are the
effective nuclear charge. Further work revealed that the cost of calculations can be
further reduced if the AOs are expanded in terms of Gaussian functions, which have

the form in equation (2.30)
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gy () =Nx'yze™ (2.30)
where x, y, and z are the position coordinates form the nucleus of an atom; 1, j, and k

are nonnegative integers, and «r is an orbital exponent.

The solution of the STOs by a linear combination was used to approximate
Gaussian functions that function has a different « values, more than by a single
Gaussian function. These linear combinations was called contracted functions that

became to the elements of basis set.

2.4.2 Minimal basis sets

The minimal basis sets [53—54] have been studied under STO-3G basis set.
These basis functions is extended in terms of three Gaussian functions The values of
the Gaussian exponents and the linear coefficient have been determined by least

squares as best fits to Slater—type (exponential) functions.

p(2s) =d,.e " +d, e " +d, e’

$Q2p)=d,, e " +d,, e +d;, e
~ =, =0y, *{Z} r

¢(2py)—dlpy_e Z +d2pye & +d3pye l

$Q2p.)=d, e " +d,, e +d,, e

2.4.3 Split—valence basis sets

The Split—valence basis sets [55—57] presents core atomic orbitals by one set
of functions and valence atomic orbitals. The basic of a split—valence basis sets are
3-21G and 6-31G. Each core atomic orbital in the 3-21G basis set is extended in
terms of three Gaussians, on the other hand a basis functions represent to inner and
outer components of valence atomic orbitals which expanded in term of two and one
Gaussians. The 6-31G basis sets are the same constructed which core orbitals was
presented in terms of six Gaussians and valence orbitals split into three and one

Gaussians components. The expansion coefficients and Gaussians exponents for
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3-21G and 6-31G basis sets have been investigated by HF energy minimization on

atomic ground states.

2.4.4 Polarized basis sets

The polarization functions [55—57] can be included in terms of hybrid orbitals,
(i.e, pd and sp hybrids) and in terms of a Taylor series expansion of a function. The
simplest polarization basis set is 6-31G*, raised from 6-31G by adding a set of
d-type polarization functions and set of six second—order Gaussians is added in the
case of 6-31G*. The Gaussian exponential for polarization functions have been used
to give the lowest energies for representative molecules. Polarization of the s orbitals

on hydrogen atoms is necessary for description of the bonding in many systems.
2.4.5 Basis sets incorporating diffuse functions

The diffusion function [55—-57] can be used to expand the highest energy
electron systems. The basis sets may use to be supplemented by diffuse functions,
such as diffuse s— and p—type functions. The 6-31+G (d) basis set was added to heavy
atoms and the double plus description, 6-31++G(d), added to the hydrogen atoms.
The diffuse functions can also be added along with polarization functions, for

example, to the 6-31+G*, 6-31++G*, 6-31+G** and 6-31++G** basis sets.
2.5 The potential energy surface

The PES [55, 56] is main concept in computational chemistry because this
concept can be used to visualization and explanation of the relationship between
potential energy and molecular geometry by using a plot of the energy of nuclei and

electrons with the geometric coordinates of the nuclei.

The Born—Oppenheimer is a very good approximation the nuclei in a
molecule. The approximation base on the Schrédinger equation, a molecule may be
separated into an electronic and a nuclear equation. The solution of electronic
Schrédinger equation was used to calculate energy of molecule and then add the

electronic energy to the internuclear repulsion to get the total internal energy. The
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PES concept are in valid when nuclear coordinates was fixed that the concepts of

molecular geometry or shape.

The PES calculation may be called a Born—Oppenheimer surface that can be
represent to the geometries and the corresponding energies of a collection of atomic
nuclei. The PES scan was shown the global and local minimum of structure from

geometry optimization.



CHAPTER 111

DETAILS OF THE CALCULATIONS

3.1 Computational method

Geometry optimizations of the pristine and defective graphene and GOs were
performed using the DFT/B3LYP method [60-62]. Configurations of di—hydroxide in
GOs were obtained by PES method using semi—empirical AM1 method [63] and their
structures were reoptimized at the B3LYP/6-31G(d,p) level of theory. Optimizations
for system of oxygen atom, their doublet state were applied. All calculations were

investigated under the GAUSSIAN 03 program [64].

Adsorption energies (AEags) of oxygen and hydrogen peroxide molecules on

basal plane of GO are defined by equations (3.1) and (3.2), respectively.

AEgs =  Eoy,g - (Eg + £Ep)) (3.1

AEs = Eomes — (Ec  + Enpo,) (3.2)

where E),G, Eg and Ep, are total energies of epoxy GO, strained graphene and

free oxygen molecule, respectively. E(OH)ZG and EH202 are total energies of

di—hydroxyl GO and free hydrogen peroxide molecule, respectively.

Reaction energies (AEract) of graphene oxidation to produce carbonyl and
carboxyl GOs are defined by equations (3.3) and (3.4), respectively.

Carbonylation:

AEreact = (Egocpem, T EHz) - (ECsonz + Eoz) (3.3)
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Carboxylation:

AEreact = EHOOCC79H21 o (Econzz + Eoz) (34)

where Ec ¢ u, > Enooc,g, and Ecgp,, are total energies of carbonyl GO, carboxyl

GO and graphene, respectively. Ey, is total energy of hydrogen molecule.

Formation energies (AEfm) for n oxygen molecules and m hydrogen peroxide
molecules on basal plane of GO as one (top side, GO’) and both (top and bottom
sides, GO") sides are defined by equations (3.5) and (3.6), respectively. The strain
energies of graphenes in form of GO’ (AEsuwin(GO')) and GO" (AEstain(GO")) are
computed by equations (3.7) and (3.8), respectively.

AEtom (GO) = Ego - (Eg + nEp + mEyg)) (3.5)
AEfom (GO") = Ego - (Eg + nE02 + mEHzoz) (3.6)
AEgun (GO = Eq  — E,_ (3.7)
AEn(GO") = E — E, (3.8)

where E; ~and E; = are total energies of graphenes in forms of GO’ and GO”,

respectively. EGﬁee is total energy of isolated graphene sheet.

3.2 Cluster models

Two sizes of graphene clusters, CsoH22 and CocH24 were employed for three
cluster models. Larger size of graphene cluster, CosH24 was employed as Model 1
(noted GM1) of which interaction area is the perfect Cs4 subcluster (coronene—like
cluster), in order to get more accurate results of interaction in vicinity of hexagonal
center instead of bond center of Model 2. The CgoHa22 cluster was used for Model 2
and Model 3 of which interaction areas are the perfect C42 subcluster and the Stone—

Wales defect (SW) [65] Ca42 subcluster, respectively. The centers of subcluster for
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perfect and SW—defective graphenes are a pyrene—like (C16) and a 5-7-7-5 (C16)
clusters, respectively. The Model 2 and Model 3 are also noted as GM2 and GM3,
respectively, as shown in Figure 3.1 Model 4 and Model 5 are defined as CgoH22
cluster of which flexible areas are pyrene—like cluster located at C—C bond of
armchair edge and tetracene—like cluster located at C—C bond of zigzag edge,

respectively.

(d) ()
Figure 3.1 Cluster models for (a) pristine graphene, Model 1 or GM1 (Cs4 in CosHo4
cluster), (b) pristine graphene, Model 2 or GM2 (C4 in CgoH2 cluster), (c) SW—
defective graphene, Model 3 or GM3 (Ca42 in CsoHa22 cluster), (d) Model 4 and (e)

Model 5. Ball atoms are defined as flexible atoms treated in optimization; the rest

atoms are frozen. C—C bonds labeling is used in di—epoxide GOs notation.
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3.3 Definition of oxidation for producing GO

Oxidations of graphene to produce epoxy and hydroxyl GOs are defined
adsorption of oxygen and hydrogen peroxide molecules on basal plane, respectively.
For oxidations to produce carbonyl and carboxyl GOs are defined as reaction of
oxygen and hydrogen molecules at graphene edge. The oxidations to produced GOs

are therefore defined as follows.

(1) Two epoxy groups formed on graphene due to an oxygen molecule adsorption
during oxidation process are assumed.

(i1) Two hydroxyl groups formed on graphene due to a hydrogen peroxide molecule
adsorption during oxidation process are assumed.

(ii1) Overall reactions of carbonylation and carboxylation on graphene are defined by

equations (3.9) and (3.10), respectively.

CgoH + O2 — (OC)-CssHzo + H: (3.9)
CsoH2 + O — HOOC-C79Hzi (3.10)

where CgoHz» 1s graphene sheet which is defined as a cluster Model 4.
3.4 PES scans for di-hydroxyl GO

PESs for interactions between of two hydroxyl groups in GO were scanned
using semi—empirical AM1 method. The PESs for di-hydroxyl GOs are shown in

Figure A—2, in appendix for perfect graphene (Model 2) and Figure A—3 for SW—
defective graphene (Model 3).
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3.5 Notations for GOs

Notation for di—epoxide GO is defined as OP"¥! Q®nd¥2;GM(#), where
bond#1 and bond#2 are bond numbers as defined in Figure 3.1 and GM(#) is
graphene model #. GM1, GM2 and GM3 are therefore graphene Model 1, Model 2
and Model 3, as shown in Figure 3.1 (a), (b) and (c), respectively. Underline O atom
in QPond#l - Qbond®2/GM(#) notation means that this O atom is located on opposite side
of graphene sheet. Notation for di—hydroxyl GO is defined as (OH)(#)/GM(#)
where # in (OH)2(#) is running number for GO configuration. For graphene reacts in
oxidation, the C42Ha2x cluster as Model 2 is employed as graphene sheet. The carbonyl
GO and carboxyl GO are therefore represented with (OC),—C7sH20 and HOOC—

C79Ha1, respectively.



CHAPTER 1V

RESULTS AND DISCUSSION

In the present study, all possible functionalized structures of graphene with
oxygen—containing groups were presented. The cluster models such as CgoHa
(Model 2 with Cs subcluster and Model 3 with Stone-Wales Cs> subcluster) and
CosH24 (Model 1 with Cs4 subcluster), these cluster models were functionalized with
di—epoxide from oxygen and di—hydroxide from hydrogen peroxide on the basal
plane. In the other hand, carboxyl and carbonyl groups were presented at edge of
graphene their structure were presented in model 4 and model 5. The adsorption
energy and electronic properties of GO have been investigated. The results and

discussion were shown at below.

4.1 Conformations for epoxy GO

All possible configurations of di—epoxide on pristine graphene sheets are
shown in Figure 4.1. Relative energies of configurations of di—epoxide GOs compared
with the lowest energies for each computational models are shown in Table 4.1 and
their selected geometrical parameters for configurations of di—epoxide GOs are shown
in Table A—1. The Table 4.1 shows that O'O*’GM1 and O%0°/GM3 are the most
stable configurations of di—epoxide GOs using Model 1 and Model 3, respectively.
The two configurations of which relative energies are slightly different which is less
than 1 kcal/mol are O'0*GM1 and O'"O?GM1 for pristine graphene system and
0%0°/GM3 and O*0%/GM3 for SW-defective graphene system. As energy gap
depends on chemical reactivity, it may be conclude that O'O*/GM1 (Egp=1.10 V) is
more reactive than O'"0O*GM1 (Egp=1.69 eV) and O°0°/GM3 (Egp=1.25 V) is
more reactive than O’0%*/GM3 (Ep=1.88 eV).
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AE..=0.54
(d) (e)

Figure 4.1 Configurations of di—epoxide in vicinity of pristine graphene sheets center,
noted as (a) O'O%GMI, (b) O'O*/GMI, (c) O"0Y/GMI1, (d) O'0*/GMI,
(e) O"0¥GM1 and (f) O'O*/GMI. Their relative energies and bond lengths are in

kcal/mol and A, respectively.
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Table 4.1 Relative energies of configurations of di—epoxy GOs compared with lowest

energies for each cluster models, their frontier orbital energies and energy gaps.

Species AErel® Erumo® Enomo” Egap”
Model 1:
0'0%/GM1 4.10 -2.64 -3.66 1.02
0'0*/GM1 6.62 -2.61 -3.79 1.18
0"0!"/GM1 3.80 -2.74 —-4.31 1.57
0'0%/GM1 0.00 -2.62 -3.72 1.10
0"0¥GM1 0.54 -2.64 -4.33 1.69
0'0*/GM1 3.52 -2.69 -3.77 1.08
Model 3:
020%/GM3 13.99 -2.68 —-4.54 1.86
020%/GM3 18.67 —2.86 -3.84 0.98
0'0’/GM3 6.76 -2.67 -3.74 1.07
0'0°/GM3 10.65 —2.62 —4.10 1.48
0°0%/GM3 7.57 -2.53 -3.75 1.22
020%/GM3 22.03 -3.00 -4.26 1.27
020%/GM3 0.39 -2.69 —4.56 1.88
0°0°/GM3 8.03 -2.85 -3.74 0.89
0'0’/GM3 5.64 -2.68 -3.79 1.11
0'0°/GM3 11.16 -2.62 -4.17 1.55
0°0*/GM3 0.00 -2.49 -3.74 1.25
0°0°/GM3 18.74 -3.01 —4.37 1.36
4 In kcal/mol.
"IneV.

The most stable configuration of GM1 is O',0’/GMI, its total energy
is —3823.65715494 au. and GM3 shows that the most stable configuration is
0°,0°/GM3, its total energy is —3212.49499330 au.

All possible configurations of di—epoxide in vicinity of SW-defective in
graphene sheets are shown in Figure 4.2. The adsorption energies of oxygen molecule
on the graphene basal plane to afford epoxy GOs and strain energies of their graphene
sheets are shown in Table 4.2. The adsorption energies of oxygen on pristine and
SW-—defective graphenes as epoxy GOs are within the range of —22.43 to —1.52
and —42.39 to —24.82 kcal/mol, respectively. The strain energies of s pristine and SW—
defective graphenes are within the range of 33.79 to 44.74 and 30.57 to 48.50

kcal/mol, respectively. The most stable configuration for di—epoxy pristine and
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di— epoxy SW—defective GOs are O!0*/GM1 and 0°03/GM3, respectively of which

corresponding adsorption energies are —9.36 and—42.39 kcal/mol, respectively.

4
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Figure 4.2 Configurations of di—epoxides in vicinity of SW-—defective graphene
sheets noted (a) O°0*/GM3, (b) O*0*/GM3, (c¢) 0O'0*/GM3, (d) 0O'O°/GM3, (e)
0%0%/GM3, (f) 0*0*/GM3, (g) 0O*0*/GM3, (h) 0°0°/GM3, (i) O'0*/GM3, (j)



29

0'!0°/GM3, (k) 0°0%*/GM3 and (1) O°0>/GM3. Their relative energies and bond

lengths are in kcal/mol and A, respectively.

Table 4.2 Adsorption energies of oxygen molecule on the graphene basal plane to

afford epoxy GOs and strain energies of their graphene sheets.

Adsorption AEyds® AFEstrain
Model 1:

GMI1(1) + 0, — 0!0¥%GMlI -12.02 41.65
GM1(2) + 0O, — O0!'0¥/GM1 —4.52 36.66
GM1(3) + 0O, — 0OY0"/GMl1 —18.54 47.87
GM1(4) + 0, — 0!0%GMI -9.36 34.88
GM1(5) + 0O, — OI0O¥GM1 -22.43 48.50
GM1(6) + 0O, — O0!'0¥/GM1 -1.52 30.57
Model 3:

GM3(1) + 0, — O0*0¥/GM3 -34.97 44.74
GM3(2) + 0, — 0*0*/GM3 -24.90 39.35
GM3(3) + 0, — 0!'0%GM3 -33.84 36.37
GM3(4) + 0, — 0'0%GM3 -33.11 39.54
GM3(5) + 0, — 0°0*GM3 -32.40 35.75
GM3(6) + 0, — 0*0*/GM3 -25.79 43.59
GM3(7) + 0O, — O*0¥/GM3 -39.07 35.24
GM3(8) + 0, — 0°0GM3 -31.02 34.83
GM3(9) + 0, — 0'0’GM3 -32.37 33.79
GM3(10)+ O, — 0'0GM3 -30.83 37.77
GM3(11) + 0, — 0°0’GM3 —42.39 38.17
GM3(12) + 0, — 0°0%GM3 —24.82 39.34

2 In kcal/mol.

4.2 Conformations for hydroxyl GO

All possible configurations of di-hydroxide on pristine graphene sheets are

shown in Figure 4.3. Relative energies of configurations of di—hydroxyl GOs

compared with lowest energies for each cluster models are shown in Table 4.3 and

their selected geometrical parameters for configurations of di—hydroxyl GOs are

shown in Table A-2.
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Figure 4.3 Configurations of di-hydroxide on pristine graphene sheets, noted as
(a) (OH)(1))GM2, (b) (OH)(2)/GM2, (c) (OH)2(3)/GM2, (d) (OH)2(4)/GM2,
(e) (OH)(5)/GM2, (f) (OH)(6)/GM2, (g) (OH)2(7)/GM2, (h) (OH)2(8)/GM2,
(1) (OH)2(9)/GM2 and (j) (OH)2(10)/GM2 Their relative energies and bond lengths

are in kcal/mol and A, respectively.
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Table 4.3 Relative energies of configurations of di—hydroxyl GOs compared with

lowest energies for each cluster models, their frontier orbital energies and energy

gaps.

Species AEre* Erumo® Enomo” Egap®

Model 2:
Scan #1: (OH)»(1)/GM2 15.99 —2.71 -3.55 0.84
(OH)2(2)/GM2 8.02 —2.71 -3.53 0.82
Scan #2: (OH)(3)/GM2 10.70 2,65 —4.40 1.75
(OH)2(4)/GM2 11.22 2,65 —4.41 1.76
(OH)2(5)/GM2 10.72 -2.67 —4.40 1.73
(OH)2(6)/GM2 11.19 —2.68 —4.40 1.72
Scan #3: (OH)x(7)/GM2 0.12 249 372 123
(OH)2(8)/GM2 0.09 -2.49 -3.72 1.24
(OH)2(9)/GM2 0.21 250 23,69 118
(OH)2(10)/GM2 0.00 -2.50 -3.70 1.20

Model 3:
Scan #4: (OH)y(1)/GM3 15.57 3.07 447 1.40
(OH)»(2)/GM3 16.54 -2.74 -3.51 0.77
Scan #5: (OH)2(3)/GM3 6.73 —2.71 —4.16 1.45
(OH)2(4)/GM3 6.30 277 411 1.34
Scan #6: (OH)2(5)/GM3 0.27 233 371 1.37
(OH)2(6)/GM3 0.00 -2.31 -3.68 1.37
Scan #7: (OH)x(7)/GM3 23.19 263 349 0.86
Scan #8: (OH)»(8)/GM3 16.54 257 381 1.24
Scan #9: (OH)2(9)/GM3 19.92 -2.63 —4.26 1.63
(OH)2(10)/GM3 19.64 263 427 1.64
(OH)y(11)/GM3 19.31 257 429 1.72
(OH)2(12)/GM3 20.13 -2.58 —4.29 1.71
Scan #10: (OH)y(13)/GM3 17.57 262 425 1.64
(OH)2(14)/GM3 17.01 -2.66 —4.21 1.55
(OH)(15)/GM3 17.42 —2.64 —4.25 1.62
(OH)x(16)/GM3 16.75 263 424 1.61
(OH)x(17)/GM3 17.01 266 421 1.55
Scan #11: (OH)s(18)/GM3 19.12 272 —4.06 134
(OH)2(19)/GM3 20.08 275 406 131
Scan #12: (OH)2(20)/GM3 4.34 235 371 1.36
(OH)2(21)/GM3 3.73 -2.33 -3.73 1.40
(OH)2(22)/GM3 3.73 233 373 1.40
(OH)2(23)/GM3 434 235 371 1.36
Scan #13: (OH)»(24)/GM3 16.58 257 381 124
(OH)2(25)/GM3 16.62 249 380 131
Scan #14: (OH)2(26)/GM3 14.36 279 410 131
(OH)2(27)/GM3 14.70 -2.81 —4.11 1.30
(OH)2(28)/GM3 14.00 277 415 137
Scan #15: (OH)2(29)/GM3 2371 271 382 1.10
(OH)2(30)/GM3 23.14 -2.70 -3.81 1.11
(OH)(31)/GM3 2371 271 382 1.10
Scan #16: (OH)2(32)/GM3 25.88 250 409 1.60
(OH)2(33)/GM3 25.97 -2.49 —4.09 1.60
(OH),(34)/GM3 25.82 248 410 1.62

# In kcal/mol.

"TneV.
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The most stable configuration of GM2 is (OH)»(10)/GM2, its total energy is —
3213.88111251 au. and the most stable configuration of GM3 is OH)»(6)/GM3, its total
energy is —3213.77303232 au.

Adsorption energies of hydrogen peroxide molecule onto the graphene basal
plane to afford hydroxyl GOs and strain energies of their graphene sheets are shown
in Table 4.4. The adsorption energies of hydrogen peroxide on pristine and SW—
defective graphenes as hydroxyl GOs are within the range of —47.55 to —30.742 and —
78.80 to —46.58 kcal/mol, respectively.

The most stable configuration for di—hydroxyl pristine and di—hydroxyl SW—
defective GOs are (OH)»(10)/GM2 and (OH)2(6)/GM3, respectively of which
corresponding adsorption energies are —46.47 and —78.80 kcal/mol, respectively. All
possible configurations of di~hydroxide in vicinity of SW—defective in graphene

sheets are shown in Figure 4.4 and 4.5
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Table 4.4 Adsorption energies of hydrogen peroxide molecule onto the graphene

basal plane to afford hydroxyl GOs and strain energies of their graphene sheets.

AdSOI‘ption AEads a AEstrain a
Model 2:

GM2(1) + H:0, —  (OH)(1)/GM2 39.11 69.39
GM2(2) + H,0» —  (OH)(2)/GM2 4755 69.85
GM2(3) + H,0, —  (OH)(3)/GM2 33.05 58.03
GM2(4) + H,0, —  (OH)(4)/GM2 3178 57.28
GM2(5) + H.0, —  (OH)(5)/GM2 -30.74 55.75
GM2(6) + H0, —  (OH)(6)/GM2 _32.44 57.91
GM2(7) + H,0, —  (OH)(7)/GM2 ~47.08 61.48
GM2(8) + H.0, —  (OH)(8)/GM2 —47.05 61.41
GM2(9) + H:0, —  (OH)(9)/GM2 4637 60.86
GM2(10) + H0, —  (OH)(10)/GM2 —46.47 60.75
Model 3:

GM3(1) + H:0. —  (OH)(1)/GM3 ~66.42 70.28
GM3(2) + H,0, — (OH)(2)/GM3 ~72.64 77.47
GM3(3) + H.0, —  (OH)(3)/GM3 ~71.55 66.57
GM3(4) + H:0, —  (OH)(4)/GM3 271 67.31
GM3(5) + H,0, —  (OH)(5)/GM3 ~77.14 65.69
GM3(6) + H0, —  (OH)(6)/GM3 ~78.80 67.09
GM3(7) + H:0. —  (OH)(7)/GM3 ~58.50 69.98
GM3(8) + H0, —  (OH)(8)/GM3 5912 63.95
GM3(9) + H0, —  (OH)9)/GM3 53.88 62.09
GM3(10) + H,0» —  (OH)(10)/GM3 ~52.88 60.81
GM3(11) + H,0, —  (OH)(11)/GM3 54.68 62.28
GM3(12) + H,0, —  (OH)(12)/GM3 5491 63.33
GM3(13) + H,0» —  (OH)(13)/GM3 49,05 5491
GM3(14) + H,0, —  (OH)(14)/GM3 5834 63.65
GM3(15) + H,0, —  (OH)(15)/GM3 5019 55.91
GM3(16) + H,0, —  (OH)(16)/GM3 -55.75 60.79
GM3(17) + H,0, —  (OH)(17)/GM3 59.03 64.33
GM3(18) + H,0, —  (OH)(18)/GM3 4750 5491
GM3(19) + H,0» —  (OH)(19)/GM3 4754 55.91
GM3(20) + H,0, —  (OH)(20)/GM3 65.22 57.86
GM3(21) + H,0, —  (OH)(21)/GM3 66.15 58.17
GM3(22) + H,0» —  (OH)(22)/GM3 ~68.50 60.52
GM3(23) + H,0, —  (OH)(23)/GM3 6742 60.06
GM3(24) + H,0, —  (OH)(24)/GM3 59.59 64.46
GM3(25) + H,0, —  (OH)(25)/GM3 ~54.95 59.86
GM3(26) + H,0» —  (OH)(26)/GM3 56.87 59.52
GM3(27) + H,0, —  (OH)(27)/GM3 57.68 60.67
GM3(28) + H,0» —  (OH)(28)/GM3 ~57.65 59.94
GM3(29) + H,0, —  (OH)(29)/GM3 4864 60.65
GM3(30) + H,0, —  (OH)(30)/GM3 4735 58.78
GM3(31) + H,0» —  (OH)(31)/GM3 4886 60.86
GM3(32) + H,0, —  (OH)(32)/GM3 —48.06 62.23
GM3(33) + H,0, —  (OH)y(33)/GM3 ~46.58 60.84
GM3(34) + H)O, — (OH)»(34)/GM3 —48.56 62.68

2 In kcal/mol.
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Figure 4.4 Configurations of di~hydroxide in vicinity of SW—defective graphene
sheets, noted as (a) (OH)2(1)/GM3 (b) (OH)2(2)/GM3, (c¢) (OH)2(3)/GM3, (d)
(OH)2(4)/GM3, (e) (OH)2(5)/GM3, (f) (OH)2(6)/GM3, (g) (OH)2(7)/GM3, (h)
(OH)2(8)/GM3, (i) (OH)2(9)/GM3, (G) (OH)2(10)/GM3, (k) (OH)2(11)/GM3, (1)
(OH)2(12)/GM3, (m) (OH)2(13)/GM3, (n) (OH)2(14)/GM3, (o) (OH)2(15)/GM3, (p)
(OH)2(16)/GM3 and (q) (OH)2(17)/GM3. Their relative energies and bond lengths are
in kcal/mol and A, respectively. Their relative energies and bond lengths are in

kcal/mol and A, respectively.
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Figure 4.5. Configurations of di—hydroxide in vicinity of SW—defective graphene
sheets, noted as (a) (OH)2(18)/GM3, (b) (OH)2(19)/GM3, (c¢) (OH)2(20)/GM3,
(d) (OH)2(21)/GM3, (e) (OH)2(22)/GM3, (f) (OH)2(23)/GM3, (g) (OH)2(24)/GM3,

(h) (OH)2(25)/GM3, (i) (OH)2(26)/GM3, (j) (OH)2(27)/GM3, (k) (OH)2(28)/GM3,

(1) (OH)2(29)/GM3, (m) (OH)2(30)/GM3, (n) (OH)2(31)/GM3, (o) (OH)2(32)/GM3,
(p) (OH)2(33)/GM3 and (q) (OH)2(34)/GM3. Their relative energies and bond lengths
are in kcal/mol and A, respectively. Their relative energies and bond lengths are in

kcal/mol and A, respectively.
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4.3 Formations for carbonyl and carboxyl GOs

Optimized structures of carbonyl and carboxyl graphene oxide sheets are
shown in Figure 4.6. Three types of carbonyl GOs, namely carbonyl locate at (i)
armchair edge, (ii) zigzag edge connection with armchair edge and (iii) middle zigzag
edge were found. Only one type of carboxyl GO of which carboxyl is located at the
armchair edge. Reaction energies for oxidation processes of graphene sheets at their
edges to afford carbonyl and carboxyl GOs are shown in Table 4.5. The reaction
energies for oxidation of graphene by oxygen molecule to afford carbonyl GO and
hydrogen molecule are within the range of —64.74 to —60.47 kcal/mol. The
carboxylation as oxidation hydrogenation of graphene by hydrogen molecule to afford
carboxyl GO and methane molecule, its reaction energy of —67.18 kcal/mol was

found.

(d) :
6718

AB
Figure 4.6 Optimized structures of carbonyl GOs of which oxygen atoms bonded to C
atoms at (a) armchair edge, (b) at zigzag edge connection with armchair edge, (c) at
middle zigzag edge and (d) carboxyl GO afforded due to carbon atom at armchair
edge. Ball shaped atoms were treated as flexible atoms employed in structure
optimizations. All the reaction energies (kcal/mol) for GOs are computed based on

graphene Model 4, except reaction in (c) based on Model 5.
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Table 4.5 Reaction energies for oxidation processes of graphene sheets at their edges

to afford carbonyl and carboxyl GOs.

Oxidation AEreact a
Carbonylation:
CsoHx(1) by 0, — (0C)—CpiHoo(1) + Ha -64.74
CsoHn(2) P+ 0, — (00)-CrHa(2) + Hs ~60.55
CsoH22(3) ‘+ 0, — (0C)—C7sH20(3) + Ha -60.47
Carboxylation:
Cgonzb + H,O, + H, — HOOC-Cp9H;; + CHa —67.18
# In kcal/mol.
® Using Model 4.
¢ Using Model 5.

4.4 GO simulation for adsorption of 3H20: and 30: on graphenes

Formation energies for GO simulations by random adsorptions of 3H>O> and
302 on basal planes of one and both sides of pristine and SW—defective graphene
sheets are shown in Table 4.6. The epoxide to hydroxyl ratio in GOs is exactly 1:1.
Table 6 shows that SW—defective graphenes of which strain energies are much higher
than pristine graphene, can form GO with very stable configuration. Adsorption of
3H20: and 30: on both sides of either pristine or SW—defective graphenes are much
stronger than on one side. The optimized structures of GOs which randomly adsorb

302+3H0: on one and both sides of their basal planes are shown in Figure 4.7.
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Table 4.6 GO simulations for random adsorptions of 3H>0O> and 30; on basal planes

of one and both sides of pristine and SW—defective graphene sheets.

Oxidation AEform? AEstrain *
Pristine G:

G (CsoH2)® + 3 H20, 30, GO(a) ¢ —208.01 309.50
G (CgoHn)® +3H,0, + 30, GO(b)¢ -305.08 304.17
SW-defective G:

G (CsoHn)¢ + 3 Ha0, 30, GO(c)¢ 2290.51 400.48
G (CsoHn)® +3H:0, + 30, GO(d) ¢ -356.46 377.80

# In kcal/mol.
® Using Model 2.
¢ Using Model 3.

4 GO(a), GO(b), GO(c) and GO(d) are defined as shown in Fig. 8(a), 8(b), 8(c) and

8(d), respectively.
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Figure 4.7 Optimized structures of GOs as random adsorptions of 302+3H>0: on (a)
one side, (b) both sides of pristine graphene sheets, (d) one side and (d) both sides of
SW-—defective graphene sheets. For adsorption on both sides, O>+2H>O. and
20,+H>0; are adsorbed on up and down sides, respectively. Top and side views are

located at top and bottom, respectively.



CHAPTER YV

5.1 Conclusions

Oxidation of pristine and SW-—defective graphenes by oxygen and hydrogen
peroxide to afford graphene oxides (GO) as epoxy and hydroxyl compounds were
studied and their adsorption energies were obtained. The adsorption energies of oxygen
on pristine and SW—defective graphenes as epoxy GOs are within the range of —22.43
to —1.52 and —42.39 to —24.82 kcal/mol, respectively. The adsorption energies of
hydrogen peroxide on pristine and SW—defective graphenes as hydroxyl GOs are
within the range of —47.55 to —30.742 and —78.80 to —46.58 kcal/mol, respectively. The
adsorption abilities for the most stable GO configurations are in order: hydroxyl/SW—
defective > hydroxyl/pristine (for hydrogen peroxide adsorption) > epoxy/SW-—
defective > epoxy/pristine (for oxygen molecule adsorption). Three types of carbonyl
GOs, namely carbonyl locate at (i) armchair edge, (ii) zigzag edge connection with
armchair edge and (iii) middle zigzag edge were found. The reaction energies for
oxidation of graphene by oxygen molecule to afford carbonyl GO and hydrogen
molecule are within the range of —64.74 to —60.47 kcal/mol. Only one type of carboxyl
GO of which carboxyl is located at the armchair edge and its reaction energy is —67.18
kcal/mol. Formation energies for GO simulations by random adsorptions of 3H>02 and
30, on basal planes of one and both sides of pristine and SW—defective graphene sheets

are (—208.01 and —305.08 kcal/mol) and (-290.51 and —356.46 kcal/mol), respectively.
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APPENDIX A

Figure A—1. 3D (top) and contour (bottom) plots for (a) scan #1, (b) scan #2,
(c) scan #3, on SW—defect sheets (d) scan #4, (e) scan #5, (f) scan #6, (g) scan #7 and
(h) scan #8, of which dihedral angles parameters for PES scan (¢1, ¢2) are defined
in Figure A—3.
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Figure A—2. Atomic numbering for double hydroxide located on pristine graphene
sheets for (a) scan #1, (b) scan #2, (c) scan #3, on SW—defect sheets (d) scan #4,
(e) scan #5, (f) scan #6, (g) scan #7 and (h) scan #8, of which dihedral angles
parameters for PES scan are (pl= —178.8, ¢2= —12.9), (p1= 0.0, ¢2= 59.3),
(pl= —180.0, p2= —60.0), (pl= —180.0, 2= 180.0), (p1= —180.0, 2= —180.0),
(p1=10.0, p2=0.0), (p1= 0.0, p2=0.6) and (p1= 0.0, p2= 0.0), respectively.
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Figure A-3. Atomic numbering for double hydroxide located on SW-defect
graphene sheets (a) for scan #9, (b) scan #10, (c) scan #11, (d) scan #12,
(e) scan #13, (f) scan #14, (g) scan #15 and (h) scan #16, their dihedral angles
parameters for PES scan are (¢1= 0.0, 2= 0.0), (p1=—180.0, 2= 180.0), (¢1=0.0,
2= 0.0), (p1= 0.0, p2= 0.0), (pl= 0.0, 2= 0.0), (p1= 0.0, p2= 0.0), (p1= —0.5,
@2=115.5) and (¢p1= 0.9, 2= 0.0), respectively.
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Table A—1 Selected geometrical parameters for configurations of di—epoxide GOs.

. Bond distance * Bond angle® Dihedral angle ®

Species

C1-01 C2-01 Cl1-C2 C3-02 C4-02 C3-C4 Cl1-C2-01 (C2-C1-01 (C3-C4-02 (C4-C3-02 01-C2-C3-02

Model 1:
0'0’/GM1 1.460 1.433 1.497 1.433 1.460 1.497 59.7 58.0 58.0 59.7 0.0
0!0*/GM1 1.477 1.447 1.476 1.443 1.469 1.485 60.7 58.7 58.5 60.2 -61.9
or"oV/GM1 - 1.405 - 1.432 1.483 1.478 - - 57.8 61.2 -
0'0*/GM1 1.478 1.447 1.469 1.447 1.478 1.469 60.9 58.8 58.8 60.9 123.7
0"0*GM1 - 1.400 - 1.431 1.484 1.476 - - 57.8 61.4 -
0!0¥/GM1 1.488 1.442 1.472 1.439 1.478 1.480 61.4 58.3 58.3 60.8 -179.1

Model 3:
0’0%*/GM3 1.478 1.443 1.497 1.443 1.478 1.497 60.4 58.0 58.0 60.4 0.0
0%0%*/GM3 1.478 1.451 1.451 1.450 1.477 1.493 60.3 58.5 58.5 60.2 65.3
0'0%*/GM3 1.473 1.424 1.509 1.426 1.473 1.419 60.2 57.0 59.0 59.0 —4.6
0!0%/GM3 1.477 1.426 1.504 1.453 1.464 1.501 60.5 57.2 58.7 59.4 60.5
0°0¥GM3 1.461 1.456 1.457 1.427 1.469 1.423 60.2 59.9 59.1 62.1 —65.7
0?0*/GM3 1.457 1.442 1.488 1.438 1.461 1.534 59.6 58.6 57.3 58.8 -2.9
0%0%¥/GM3 1.486 1.441 1.494 1.441 1.486 1.494 60.8 57.9 57.8 60.8 -113.6
0°0%/GM3 1.487 1.433 1.501 1.432 1.483 1.506 60.9 57.3 57.2 60.6 179.7
0!0*/GM3 1.491 1.434 1.483 1.457 1.455 1.408 61.4 57.7 61.2 61.0 —-128.5
0'0%/GM3 1.470 1.439 1.494 1.453 1.476 1.489 60.1 58.1 58.7 60.2 177.6
0°0%*/GM3 1.464 1.451 1.462 1.442 1.449 1.422 60.4 59.4 60.3 60.8 176.3
0°0%/GM3 1.478 1.454 1.459 1.449 1.510 1.481 61.0 59.4 57.9 62.0 124.8

a1n A ,° In degrees.
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Species Bond distance ® Bond angle® Dihedral angle ®
C2-01 OI1-H1 (C2-02 02-H2 6 & h i)

Cluster Model 2

(OH)2(1)/GM2 1.450 0.968  1.450 0968 1059 1059 —58.3 58.5
(OH)2(2)/GM2 1.459 0971  1.459 0971 1057 105.7 664 -177.1
(OH)2(3)/GM2 1.475 0977 1.515 0971 1049 1059 166.6 69.2
(OH)2(4)/GM2 1.474 0.977 1511 0970 1053 106.7 1593 -167.5
(OH)2(5)/GM2 1.516 0971 1.474 0976  105.8 104.8 52.6 —46.3
(OH)2(6)/GM2 1.511 0.970  1.472 0977 106.8 1053 -70.5 -39.6
(OH)2(7)/GM2 1.495 0.970  1.461 0977 106.7 1053 -59.6 62.4
(OH)2(8)/GM2 1.494 0970 1.4e61 0977 106.7 1053 58.1 57.8
(OH)2(9)/GM2 1.462 0.977 1.492 0970 1053 106.8 -177.5 -1783
(OH)2(10)/GM2 1.462 0977  1.493 0970 1053 106.6 178.0 —62.8
Cluster Model 3

(OH)2(1)/GM3 1.460 0.971  1.460 0.971 1054 1054 -72.3 —72.3
(OH)2(2)/GM3 1.444 0.972  1.467 0966 1057 1079 -141.0 36.4
(OH)2(3)/GM3 1.473 0.970  1.430 0977 1064 1041 -156.7 148.5
(OH)2(4)/GM3 1.438 0.976  1.464 0970  104.7 106.4 91.84 34.24
(OH)2(5)/GM3 1.441 0.972° ~ 1.453 0970 104.8 1063 -164.9 174.0
(OH)2(6)/GM3 1.467 0.970 ~ 1.431 0976  106.8 104.7 -34.0 -96.12
(OH)2(7)/GM3 1.472 0.971  1.447 0973 1059 1047 -167.1 176.8
(OH)2(8)/GM3 1.453 0975 1.499 0972 1045 106.1 -754 -1564
(OH)2(9)/GM3 1.456 0.975  1.495 0.969 1062 107.7 —24.4 41.7
(OH)2(10)/GM3 1.458 0.975  1.503 0.971 105.6  105.8 -36.0 164.9
(OH)2(11)/GM3 1.478 0.969  1.466 0976  106.6 106.0 —163.2 -93.5
(OH)2(12)/GM3 1.476 0971  1.472 0975 1064 1054 63.7 -79.5
(OH)2(13)/GM3 1.447 0976  1.497 0970 1053 107.0 -699 -1715
(OH)2(14)/GM3 1.486 0.970  1.4e61 0976  106.6 104.7 169.2 —48.3
(OH)2(15)/GM3 1.481 0.969 1.462 0975 106.8 1052 70.6 —46.2
(OH)2(16)/GM3 1.447 0976  1.499 0970  105.1 106.2 —66.1 74.9
(OH)2(17)/GM3 1.486 0.970  1.461 0976  106.6 104.7 169.0 —48.3
(OH)2(18)/GM3 1.459 0.977  1.511 0.971 105.1 106.0 —165.2 165.8
(OH)2(19)/GM3 1.497 0.971  1.470 0976  106.0 1054 -56.1 -75.1
(OH)2(20)/GM3 1.479 0.970  1.449 0976 1072 105.7 64.4 168.3
(OH)2(21)/GM3 1.481 0.970  1.450 0975 106.6 105.6 59.5 -79.3
(OH)2(22)/GM3 1.450 0975 1.481 0970 105.6 106.6 —177.7 45.8
(OH)2(23)/GM3 1.449 0976  1.479 0970 1057 107.2 —65.4 40.9
(OH)2(24)/GM3 1.499 0.972  1.453 0975 106.1 104.5 38.5 75.3
(OH)2(25)/GM3 1.467 0.975  1.490 0970  105.7 105.7 1504 -176.5
(OH)2(26)/GM3 1.456 0.975  1.491 0970  105.5 106.5 412 -1769
(OH)2(27)/GM3 1.455 0.975  1.487 0970 105.8 107.1 36.4 -59.4
(OH)2(28)/GM3 1.485 0.970  1.459 0974 106.2 104.5 —77.2 64.1
(OH)2(29)/GM3 1.466 0970 1.471 0970  106.5 106.9 64.6 174.1
(OH)2(30)/GM3 1.465 0970  1.477 0970 1063 107.1 160.2 69.3
(OH)2(31)/GM3 1.466 0.970  1.471 0970  106.5 106.9 64.5 174.2
(OH)2(32)/GM3 1.469 0.970  1.466 0.969 106.5 106.7 67.6 51.6
(OH)2(33)/GM3 1.469 0971  1.469 0969 106.6 106.7 177.0 —63.0
(OH)2(34)/GM3 1.470 0.970  1.465 0970 106.4 106.7 —50.3 56.0

21n A, ® In degrees.
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