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| Abstract ||

Abstract

Thiswork is classified as follows:

Hydrogen is abundant, uniformly distributed throaghthe
Earth’s surface and its oxidation product (wate@nvironmentally
benign. Owing to these features, it is consideredaa ideal
synthetic fuel for new energetic matrix (renewabdéecure and
environmentally friendly) that could allow a sustable future
development. However, for this prospect to becomeedality,
efficient ways to produce, transport and store bgen still need to
be developed. In this thesis, theoretical studie® number of
potential hydrogen storage materials have beenoqeeid using
Hartree Fock (HF) and Density Functional (DFT) tihe® with
applying 3-21G and 6-31G basis sets. The hydrogmage in two
different types of carbon materials, pristine- dpiégp and carbon
(5.5) nanotubes, will be investigated. Then, we @iplore the role
of defects and doping on the cavity of hydrogemagje. Therefore,
we will study isolated, mono- and di- vacancy deddagyraphite and
(5.5) carbon nanotubes. The effect of boron anwgen doping in
graphite and (5.5) carbon nanotubes will be aladistd. Mulliken
analysis, electron distribution and molecular aisiwill be applied

to analyze the obtained results.

Xii



| Contents ||

Ccontents
Page
Acknowledgement..........cocoiiiii i i
List Of TADIES....ovii i e, iii
LisSt Of FIQUIES... vt e Vi
Abbreviations. ..., Xi
ADSIract. ... Xii
SUMIMAIY ..ottt e e e e e e e e e e e Xii
Chapter |
| ntroduction

1.1 Current Situation of Energy Sources...................o.... 1
1.2 Hydrogen as Clean, Efficient, Renewable En€&agsrier 2
1.3 Scientific Challenges And Fundamental Reseledds 4

Of On-board Hydrogen Storage........................
1.4 Generating Green ElectriCity............ccccocevviiininen. 8
1.5 Carbon.. .. P
151 Carbon Materlals ................................... 13
Graphites... .. e 13
Physical Propert|es of Graphltes .................... 15
Fullerenes.. N 1
Physical Propertles of Fullerenes ................. 17
Nanotubes..............c.ooo 18

Physical Properties of Nanotube................... 20
1.6 DefecCtS. ..o, 22

1.61 PoiNt DEfECES. .. oo cvee e e e e, 22

1.6.2 Line DefeCtS... v, 24

Chapter 11
Theoretical background

2.1 The Electronic Problem.........ooeeoeeeeeeeeeeeeeeeeeeeeaeee -

2.1.1TheBorn-OppenheimerApproximation............ 26



| Contents ||

2.1.2 The Antisymmetric or Pauli Exclusionrteipl.......

27
2.2 Orbital and Slater Determinants.. e 28
2.2.1 Spin Orbitals and Spatlal Orbltals ................... 28
2.2.2 The Hartree Product.. e 29
2.2.3 Slater Determinants.. < 1 1
2.3 The Hartree-Fock Theory T 7.
2.3.1 The Hartree-Fock Equatlons ............................ 32
2.3.2 The Fock operator...........ccovvieiie i i, 35
2.4 The Density Functional Theory.................................36
2.4.1 The Local Density Approximation................... 38
2.5 Theab Initio Modeling Program Packages................... 39
2.5.1 Gaussian 03 Package.............ccceveiieiiinneimn ... 39
2.5.2BaSIS SetS....ciii i 40
Chapter 111
Literature review

3.1 Literature Review on Hydrogen Storage.....................45
3.1.1 Hydrogen Storage in Graphite...........................46

3.2 Literature Review on Hydrogen Storage in
Carbon Nanotube............c.ccoi i, 48

Chapter 1V
Theroleof irradiation in graphite for hydrogen
storage

4.1 INtroduction .......oviriiei i 52
4.2 Methods ... 33
4.3 Results and DiSCUSSION .........ccovviiviiiiiiiieiieineanns 54
4.3.1 Ab initio calculations on graphite.................. 54
55

4.3.2. Chemisorption of H atom on the pristinepgite
for models A and B..
4.3.3 Chemisorption of H atom on the vacarmfyected S8
SUMACE. ...t e

4.3.3.1 Mono-vacancy defect .............c.coeeiviinnn, 58



| Contents ||

4.3.3.2. Di-vacancy defect ...........ccovveiiii i, 62
4.3.4 Chemisorption of H atom on the nitrogen doped g5
SUMACE ...t ieeeeeeceeeea

4.3.4.1 Doped graphite surface with ot@gen atom 65
4.3.4.2 Doped graphite surface with two nitrogen

atoms.. 69
4.3.5. Heats of adsorptlon or bond energles 73
4.3.6. Mulliken Analysis... 75

4.3.6.1 Pristine graphite TR TR R TN TP PP PO RIS PPRP TP
4.3.6.2 Mono-vacancy defect .. T

4.3.6.3 Di-vacancy defect .

4.3.6.4 Doped graphite surface W|th om&)gen atom g
4.3.6.5 For doped graphite surface with twoogien 80
ALOMS Lo
4.3.7. Molecular Orbitals ...........cccoviiviiiiinnnnn. a2
4.3.7.1 Pristine graphite ...........ccoceeiiiiiiiniennns
4.3.7.2 Mono-vacancy defect................c..coeeenne. 2;
4.3.7.3 Di-vacancy defect .
4.3.7.4 Doped graphite surface Wlth one mtrogmmn gg

4.3.7.5Doped graphite surface with twoagen atoms  gg
4.4 CoNCIUSION ...uinii e 87

Chapter V
Vacancy and Heteroatoms Defects in Carbon

Nanotubes for Hydrogen Storage

5.1 INtroduction.........cooie i 88
5.2 MEtNOUS. ......eevve e e e, 91
5.3 Results and DiSCUSSION.............ccuvveeeeneesienens. o1
5.3.1 Ab initio calculations of CNT without hyajen 91
) (0] = [0 [T o1
5.3.1.1 Ab initio calculations on pristine CNT...........
5.3.1.2 Ab initio calculations on mono-vacaneyett...... 93

5.3.1.3 Ab initio calculations on di-vacancyeigf......... o



| Contents ||

5.3.1.4 Ab initio calculations on isolated morazancies... 95
5.3.1.5 Ab initio calculations on nitrogen-doped........

96
5.3.1.6 Ab initio calculations on boron-doped............ 98
5.3.1.7 Ab initio calculations on doping B-N............. 100
5.3.1.8 Ab initio calculations on doping-Nind B- 101

mono vacancy defect.............coovviiiiiiennn.

5.3.2 Abinitio calculations of hydrogen storagside CNT 102
5.3.2.1 Adsorption of fHmolecules inside the pristine

ONT e 102

5.3.2.2 Adsorption of Hmolecules inside vacancy CNT.

5.3.2.3 Adsorption of fHmolecules inside doped CNT.... 103
5.3.3 Ab initio calculations of hydrogen storagesmle
N T 107
5.3.3.1 Adsorption of Fimolecules outside the pristine
CNT.. 107

5.3.3. 2Adsorpt|on of I—i molecules outside mono- 108
vacancy defect of (5,5) CNT..............
5.3.3.3 Adsorption of H2 molecules on di-vacancy

defect of (5,5) CNT.. . 109
5.3.3.4 Adsorption ofi—hmlecules out&dsolated
mono-vacancy defected of (5,5) CNT .. 110
5.3.3.5 Adsorption of H molecules outside N-
doped defect of (5,5) CNT ............... 111
5.3.3.6 Adsorption of Fimolecules outside B-doped
defect of (5,5) CNT . .. . 115
5.3.3.7 Adsorption oanoIecuIes outside BN- 119
dopedefect of (5,5) CNT......ccvviiiiiiiiiiiieiinns
5.4 Mulliken analysis and Molecular orbitals.............. 122
CONCIUSIONS. ..ot e e e e e e e 127
REfEreNCES. ..o .. 128

Arabic Summary



| List of Figures ||

List of Figures

Page

Figure(1.1): (a) a fule cell generates electricity by reacting
oxygen, hydrogen ions and electrons. (b) the hydrogen ions
generated at the anode are swept through a membrane to the 9
cathode. This membrane is impermeable to electrons
generated at the anode.

Figure 1.2 Structures of (a) hexagona form and (b)

rhombohedral form of graphite. 14
Figure 1.3 Cg bucky- ball hollow sphere 1=10-9m (1nm) in 17
diameter.

Figure 1.4 Structures of Carbon Nanotubes. 20
Figure 1.5 Point Defects. 23
Figure 1.6 Line defects (Dislocations) 24
Figure 4.1: (a) The relaxed structure of pristine graphite Cs, 55
and (b) its electron density distribution.

Figure 4.2: Modd A, the relaxed structure of hydrogen atom
chemisorbed on the top of carbon atom of pristine graphite 57
Cis (a) side view (b) top view and (c) its electron density
distribution.

Figure 4.3: Mode B, the relaxed structure of hydrogen atom
chemisorbed on the center of hexagon of pristine graphite 57

Cis () side view (b) top view and (c) its electron density
distribution.

Figure 4.4: Model C, the relaxed structure of hydrogen atom
chemisorbed on monovacancy defect of graphite, C;; H (a) 60
side view (b) top view and (c) its electron density distribution.

Figure 4.5: Model D, the relaxed structure of hydrogen atom
chemisorbed on monovacancy defect of graphite, C;;H (a) 61
side view (b) top view and (c) its electron density distribution

Figure 4.6: Model E, the relaxed structure of hydrogen atom
chemisorbed on monovacancy defect of graphite, C;;H (@) 61
side view (b) top view and (c) its electron density distribution.

Figure4.7: Modd F, the relaxed structure of hydrogen atom
chemisorbed on di-vacancy defect of graphite, Ci6 H (a) side 64
view (b) top view and (c) its electron density distribution

Vi



