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ABSTRACT

Graphene is one of the most important materials. In this research, the structures
and properties of graphene nano disks (GND) with a concentric shape were investigated
by Density Functional Theory (DFT) calculations, in which the most effective DFT

methods - B3lyp and Pw91pw91 were employed.

It was found that there are two types of edges - Zigzag and Armchair in
concentric graphene nano disks (GND). The bond length between armchair-edge carbons
is much shorter than that between zigzag-edge carbons. For C24 GND that consists of 24
carbon atoms, only armchair edge with 12 atoms is formed. For a GND larger than the
C24 GND, both armchair and zigzag edges co-exist. Furthermore, when the number of
carbon atoms in armchair-edge are always 12, the number of zigzag-edge atoms increases
with increasing the size of a GND. In addition, the stability of a GND is enhanced with

increasing its size, because the ratio of edge-atoms to non-edge-atoms decreases.

The size effect of a graphene nano disk on its HOMO-LUMO energy gap was
evaluated. C6 and C24 GNDs possess HOMO-LUMO gaps of 1.7 and 2.1eV,
respectively, indicating that they are semi-conductors. In contrast, C54 and C96 GNDs

are organic metals, because their HOMO-LUMO gaps are as low as 0.3 eV.

The effect of doping foreign atoms to the edges of GNDs on their structures,
stabilities, and HOMO-LUMO energy gaps were also examined. When foreign atoms are
attached to the edge of a GND, the original unsaturated carbon atoms become saturated.
As a result, both of the C-C bonds lengths and the stability of a GND increase.
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Furthermore, the doping effect on the HOMO-LUMO energy gap is dependent on the
type of doped atoms. The doping H, F, or OH into the edge of a GND increases its
HOMO-LUMO energy gap. In contrast, a Li-doped GND has a lower HOMO-LUMO
energy gap than that without doping. Therefore, Li-doping can increase the electrical

conductance of a GND, whereas H, F, or OH-doping decreases its conductance.
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Chapter 1

Introduction and Background

Dimensions are the most characteristic to define the properties of materials. The
bonding flexibility of carbon created various structures of carbon materials. Graphite and
diamond are well-known three-dimensional carbon allotropes. Furthermore, the zero-
dimensional carbon “fullerenes” and one-dimensional carbon ‘“nanotubes” were also
discovered in 1985 (1) and 1990 (2), respectively. However, two-dimensional carbon
“graphene”, which is a single atom thickness layer of graphite, has been ignored for a
long time. Graphene was originally described in terms of the combination of graphite and
the suffix -ene by Hanns-Peter Boehm (3), who used this term to describe the single layer
of carbon. However, following the argument between Landau and Peierls, the two
dimension of carbon allotrope that strictly 2D crystals is thermodynamically unstable and
could not exist (4,5). In 1994, Shioyama has successfully extracted graphene from
graphite by graphite intercalation compounds. However, in this case, the graphene is not
in the single sheet state (6). In 2004, this situation was completely changed with the
demonstration of the new technique for exfoliated a single graphene (7). This pioneering
work has stimulated worldwide attempts to explore properties and applications of
graphene. As a result, graphene has become the most promising two-dimensional

material (8-20).
1.1 Synthesis of graphene

In 2004, a research group at Manchester University obtained a graphene by the

mechanical exfoliation of graphite, namely, graphite crystals were repeatedly split by
11



cohesive tape to decreasingly the thickness of graphite layers (7). The tape, which was
attached with the residues of the optically transparent flakes, was dissolved in acetone,
followed by reduction of the flakes into the monolayers and deposited on a silicon wafer.
Afterward, this group used a new procedure to simplify the previous technique by using
dry deposition. The graphene obtained from this new approach is a relatively large
crystallites size.

Epitaxial growth on SiC substrate is achieved by heating a silicon carbide (SiC) to
a high temperature (>1100 °C) (21). The properties of obtained graphene, such as
thickness, mobility and carrier density, are dependent upon the heating temperature, time
and the dimension of SiC substrate.

Graphene can also be synthesis via chemical vapor deposition (CVD) technique,
namely, graphene can be grown on metal surfaces by catalytic decomposition of
hydrocarbons or carbon oxide (22-24). When hydrocarbon (or carbon oxide) contact a
heated surface, it can decompose into carbon atoms and hydrogen gas (or oxygen gas) on
the surface, and the carbon atoms will form a graphene single-layer.

As a promising route for graphene synthesis, the oxidation of graphite followed
by reduction has been widely employed to produce a large amount of graphene (25-28).
In this approach, graphite can be oxidized via its reaction with KCIOs; (potassium
chloride) and HNOj (nitric acid) (27) or with KMnO, (potassium permanganate) and
concentrated H,SO4 (sulfuric acid) (28). Currently, many thermal and mechanical
approaches are available for the exfoliation of graphite oxide into graphene oxide single-

layer, but ultrasonic treatment is commonly used. Finally, the reduction of graphene
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oxide single-layers into graphene sheets can be achieved by thermal or chemical

treatments (25).

1.2 Properties of graphene

The single sheet of graphene exhibits many unique properties (29-33), which were
summarized in Table 1. For example, graphene has been recognized a unique mixture of
a semiconductor and a metal with extraordinary electronic excitations, which can be
described in terms of Dirac fermions that travel in a curved space (31). In contrast to the
case of regular metals and semi-conductors, the electrons in graphene are nearly

insensitive to disorder and electron-electron interactions.
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Table 1. Summary of graphene properties (29)

Properties Value Observations
Length of the lattice a=+3 e a. . ~1.42Aisthe
Vector

Surface area

Mobility

Means free path
(ballistic transport)
Fermi velocity
Electron effective mass
Hole effective mass

Thermal conductivity

Breaking strength
Young modulus
Opacity

Optical transparency

2600m?/g

15,000 cm*V's™ (typical)

200,000 cm*V™'s™ (Intrinsic)

300-500 nm

¢/300=1,000,000 m/s
0.06 m,
0.03 m,
(5.3£0.48)x10° W/mK

40N/m
1.0 TPa
2.3%
97.7%

carbon bond length (31)
Theoretical prediction (66)

At room temperature (13,67)

At room temperature (68)

At room temperature (68)

At room temperature (68)

At room temperature (68)

Better thermal conductivity

than in most crystals (69)
Reaching theoretical limit (70)
Ten times greater than in steel (70)
Visible light (71)

Visible light (71)

1.3 Doped graphene

Graphene is a suitable material for electronic industrial and chemical processes.

However, only graphene itself is not sufficiently for electronic devices and catalysts due

to the lack of controlling the chirality of carbon atoms in its structure to modify the

electronic properties. The doping foreign atoms into graphene are attracting more

attention to manipulate the electronic and chemical properties.
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Chen and his coworkers evaluated the catalytic oxidation of CO on Fe-embedded
graphene by means of first-principles computations (34). The reactions between the
adsorbed O, with CO via both Langmuir-Hinshelwood (LH) and Eley-Rideal (ER)
mechanisms were examined, which indicated that the Fe embedded graphene exhibited
good catalytic activity for the CO oxidation via the ER mechanism. Ahlgren et al.
employed classical molecular dynamics simulations combined with density functional
theory to evaluate the feasibility of low-energy ion irradiation for doping B/N into
graphene (35). Their results showed that 50 eV can be used as an optimized irradiation
energy, with which substitution probabilities for B and N elements are 40 and 55%,
respectively. Furthermore, they concluded that the ion irradiation is a effective approach
to create C-B/N hybrid structures for nanoelectronics. Ao et al theoretically examined the
effect of doping Al on hydrogen storage in graphene (36), indicating that C and H,

electronic structures could be altered by doped Al.

The edges of graphene play an important role in its structures and properties.
Nakada and Mitsutaka found that the edge state possesses the charge density localized at
the sites of zigzag edge (37). Zhao et al. employed a semi-model to evaluate the
relaxation effects of edge bonds for GNRFETs (graphene nanoribbon field-effect
transistors) with AGNR (armchair-edge graphene) (38). They showed that the edges of
AGNRs remarkably affect quantum capacitance. Furthermore, Sako et al. investigated
edge configuration and quantum confinement effects on electron transport in armchair-
edged graphene nanoribbons (A-GNRs) with a computational approach. They found that
the edge bond relaxation has a significant influence not only on the bandgap energy, but

also on the electron effective mass (39). In addition, Oeiras et al. investigated the
15



electronic and transport properties of defect carbon nanoribbons with ab initio
calculations. Their simulations showed that the defect in ribbon edge decreases the

energy of the ribbon (40).

The functionalization of graphene edge is demonstrated as a promising approach
to modify the properties of graphene. Cervantes-Sodi et al showed that, if armchair
ribbons are functionalized at their edge, some electronic states can be created, but their
band gap is not significantly affected (41). Ouyang et al. used the density-functional
theory (DFT) simulation and a top-of-the-barrier ballistic transport model to reveal the
effect of edge-termination on the properties of graphene nanoribbon (GNR), such as
channel conductance, quantum capacitance, and carrier injection velocity (42).
Furthermore, the H termination was identified to have the largest on current and carrier
injection velocity. Berashevich and Chakraborty evaluated the oxidized zigzag edge of
graphene (43). They found that the clusters of H,O and NH; could be formed at the
oxidized zigzag edges of graphene, because they can interact with electronegative
oxygen. There is a charge transfer from graphene to the adsorbates, and the efficiency of
charge donation from graphene is dependent on the location of adsorbates at graphene
and its distance from graphene. Cocchi et al theoretically investigated the effect of
covalent edge functionalization (with organic functional groups) on the properties of
graphene nanostructures and nanojunctions (44). Their analysis shows that
functionalization can be designed to tune electron affinities and ionization potentials of
graphene flakes, and to control the energy alignment of frontier orbitals in nanometer-
wide graphene junctions. The stability of the proposed mechanism was discussed with

respect to the functional groups, their number as well as the width of graphene
16



nanostructures. Their results indicate that different level alignments can be obtained and

engineered in order to realize stable all-graphene nanodevices.

From the above, one can see that the properties of graphene can be tuned by
doping some elements or functional groups. Furthermore, the edge with and without
dopants strongly affects the structure and properties of graphene. However, so far, the
edge and doping effects of graphene have been evaluated mainly for graphene ribbons. In
this research, we evaluate the effect of edges and dopants on structure and properties of

graphene nano disks via density functional theory calculations.
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Chapter 2

Calculation Methods

2.1 Ab initio methods for molecules and materials

Ab initio methods are widely used for molecules, clusters, and even large systems
via solving the many-body Schrodinger equation (45). Furthermore, the Born-
Oppenheimer approximation can allow us to separate the electronic freedom-degrees
from the nuclei. As a result, we can consider only electronic variable at a given nuclear

configuration. The electronic Schrédinger can be expressed as

HY =EY (1)
Where vy, E, and H are a wavefunction, the total energy, and the electronic Hamilton,
respectively. However, because the Schrodinger equation is too complicated, the largest
system, for which the exact eigenfunctions and eigenvalues can be derived from the
equation, is the hydrogen molecular ion, H,". For this reason, the two methods of
approximation are most widely used for molecules and materials calculations: the

variation principle and perturbation theory.

The exact Hamiltonian operator can be employed for the description of electron
motion and the Coulomb interactions of the electron with other charged particles in a
system. However, because the exact many-electron wavefunction is unknown, some
suitable approximations must be employed. The well-known Hartree-Fock theory

established a simple approximation for the many-electron wavefunction—the product of

18



one-electron wavefunctions, in which each individual electron possesses a one-electron
wavefunction (46). Although the Hartree-Fock theory is still applied, its critical drawback
is the neglecting of electron correlations, which could lead to a large error. Numerous
approaches have been employed to solve this issue. For example, Moller-Plesset
perturbation theory considers the correlation as a perturbation of Fock operator.
However, calculations based on Mgller-Plesset perturbation theory are very expensive,

which can be employed only for relative small systems.

In contrast to the Hartree-Fock technique, density functional theory (DFT), which
considers the entire electronic system, includes both exchange and correlations at
affordable calculation cost. Therefore, DFT has become the most powerful method for

relatively large systems.

2.2 Density Functional Theory (DFT)

In the 1960s, Hohenberg and Kohn demonstrated that the ground state density p(r)
of electrons is sufficient in principle to determine not only the energy in the Hartree-Fock
approximation, but also the exact many-body energy including all effects beyond
Hartree-Fock theory (i.e. correlation) (47), namely, the ground state energy of a system

can be correlated with the electron density as follows

E[p()]=F[p("]+ [[p(")..()d’r 2)

19



The density p(r) minimizing the energy of the system corresponds to the ground state

density. This density function is much simpler than wavefunction W(r). This

Hohenberg-Kohn (HK) theorem provides a novel approach to express many-body system

by the density rather than the wavefunctions.

To formulate an effective density p(r), Kohn and Sham used orthonormal

noninteracting single-particle wavefunctions, W, (») as follows (48)
pr) = |¥ ([ 3)

Thus, F[p(r)] as
F[p(r)]=2%jw?w/d3r+%jp (:)_”r(,r') rdr+E [p(r)] (@)

Where E [ ,o(r)] is the exchange-correlation energy. Because the true form of Ey. is

unknown, approximation to Ey. is needed. Kohn and sham originally established the local

density approximation (LDA) as follows
E. [p(M]=[e.[p()] ptr)d’r (5)

Where ¢ is the exchange-correlation energy per unit volume of a homogeneous electron

gas with a density of p(r). However, LDA tended to a high level of overbinding for
molecular systems. To solve this issue, “generalized gradient approximations” (GGA) of
the electron density was introduced (49,50). Although the introduction of the density
gradient has no significant effect on local properties (such as bond lengths), however it is

20



can improve the accuracy for energy calculations of a molecule or a relatively large

system.

2.3 Selection for calculation methods in this research

Nano-structure systems challenge molecular-orbital based quantum calculations
due to their large sizes. It is well-known that computational time increases sharply with
increasing system size, which can prohibit us to exploit the most sophisticated ab initio
methods to nano-structured system (51,52). However, electron correlations are taken into
account at low computational cost in DFT techniques. Therefore, DFT can be used for
nano-clusters with an acceptable accuracy.

It is important to determine the appropriate method for our calculations of
relatively large graphene-based systems. The B3lyp is a hybrid DFT, which is the
combination between HF and a DFT based on Becke's exchange coupled with the LYP
correlation potential (53). The B3lyp, run with a 6-31G(d) or better basis set, is generally
the best choice of a model chemistry for most systems. Nevertheless, when the bond
lengths of Cgy predicted by B3lyp/6-31G(d) DFT -calculations are consistent with
experimental data (54-56), the B3lyp calculations overestimated the energy gap of Cgo
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) (57). In contrast, our PW91PW91/6-31G(d) DFT calculation
for Cgy predicted a HOMO-LUMO energy gap of 1.7113eV, which is in excellent
agreement with experimental energy gap (1.7eV) (58). For this reason, B3lyp hybrid DFT
with 6-31G(d) basis set was exploited for geometric optimizations of nano graphene disks

in this work. Furthermore, energy calculations were carried out by using PW91PW91/6-

21



31G(d) method with the B3lyp/6-31G(d) optimized geometries. All calculations for
geometric optimizations and energies for both straight and bent chains were performed

with the Gaussian 03 program (59).
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Chapter 3

Structures and Properties of Graphene Nano Disks (GND)

Density functional theory (B3lyp and Pw91pw91) calculations were employed to
evaluate the structures and properties for graphene nano disks, including (1) the

optimization of structures, (2) stability, and (3) HOMO-LUMO energy gaps.

3.1 Structures of graphene nano disks

First, we optimized geometry of the smallest graphene nano disk (named as C6
GND) consisting of only 6 carbon atoms as a 6-member ring (Figure 3.1). From Figure
3.1, one can see that the bond-length and angle are 1.3096A and 120°, respectively.
Therefore, this smallest GND has a similar structure as benzene. However, the bond
length (1.3906A) of the GND is smaller than that (1.40A) of benzene because all carbon

atoms in the smallest NGD are unsaturated.

Figure 3.1 Structure of Cs graphene nano disk
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Bond length (angstrom) Atom internal angle (degree)

1-2: 1.309592 1 120.00000
2-4: 1.309592 2 119.99999
4-5: 1.309592 4: 119.99997
5-6: 1.309592 5: 120.00000
6-3: 1.309592 6: 119.99997
3-1: 1.309592 3 119.99997

When six 6-member rings are formed around the smallest GND, the second
graphene disk (named as C24 GND) with a concentric shape, which contains 24 carbon
atoms, is generated (Figure 3.2). The structure of this GND has separated into 4 types of
member rings with armchair edge. For the central member ring, bond lengths increases
from 1.3096A to 1.4476A when compared with C6 GND. In contrast, the bond angle of
the central 6-member ring, which remains unchanged, is still 120°C due to its
symmetrical structure. The increase of bond lengths is due to the saturation of the carbon
atoms in the C24 center ring (Figure 3.2). For 2" 3 and 4™ member rings, triple bonds
on the armchair edge are formed due to unsaturated carbons. Furthermore, one can see
that the edge of the C24 GND is armchair with two types of bond lengths (1.2380A and

1.3890A).

Figure 3.2 Structure of C»4 graphene nano disk
24




Member Ring Bond length (angstrom) Atom internal angle (degree)
1 3-4: 1.447648 3: 120.00004
4-8: 1.447650 4: 119.99998
8-9: 1.447648 8: 119.99998
9-10: 1.447648 9: 120.00004
10-7: 1.447650 10: 119.99998
7-3: 1.447648 7: 119.99998
2 4-5/7-19: 1.488014 5/19: 112.33002
5-16/19-20:  1.388999 16/20: 127.66995
16-15/20-21: 1.237996 15/21: 127.66995
15-14/21-22: 1.388999 14/22: 112.33007
14-8/22-10:  1.488010 8/10: 119.99998
8-4/10-7: 1.447650 4/7: 119.99998
3 2-1/11-23: 1.388998 1/23: 127.67004
1-6/23-24: 1.237995 6/24: 127.66992
6-5/24-22: 1.389000 5/22: 112.33002
5-4/22-10: 1.488014 4/10: 120.00004
4-3/10-9: 1.447648 3/9: 119.99998
3-2/9-11: 1.488016 2/11: 112.33000
4 18-17/13-12: 1.237995 17/12: 127.67004
17-2/12-11:  1.388998 2/11: 112.33000
2-3/11-9: 1.488016 3/9: 119.99998
3-7/9-8: 1.447648 7/8: 120.00004
7-19/8-14: 1.488010 19/14: 112.33002
19-18/14-13: 1.388999 18/13: 127.66992

If twelve new 6-member rings are formed around the edge of C24 GND, a larger
concentric graphene nano disk (named as C54 GND) with 54 carbon atoms is created
(Figure 3.3). Different from C24 GND that has only armchair edge, C54 GND possesses
a hybrid edge of armchair and zigzag, namely, 6 edge-atoms are in the zigzag and 12
edge-atoms in the armchair. The bond length associated to a zigzag carbon atom is
1.4356A, whereas the bond lengths of armchair carbons are 1.2510A and 1.3919A. There
are 8 types of member rings in the C54 GND. In the central member ring, bond lengths

decrease when compared with the smaller structure C24 GND, but the bond angle
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remains unchanged due to its symmetrical structure. Furthermore, bond lengths in 2“d, 3rd,
4™ member rings are different from those in C24 GND. This happens because these
member rings are not at the edge. The 5™ and 7™ member rings possess armchair edge
with short C-C bond lengths between armchair carbons, whereas the 6™ and 8" member

rings have zigzag edge associated with longer bond lengths between zigzag edge carbons.

Figure 3.3 Structure of Cs; graphene nano disk

26



Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.44005 3: 120.00003
4-8: 1.44005 4: 119.99999
8-9: 1.44005 &: 119.99999
9-10: 1.44005 O: 120.00003
10-7: 1.44006 10: 119.99999
7-3: 1.44005 7: 119.99999
2 4-5/7-19: 1.41631 5/19: 120.11654
5-16/19-20: 1.43772  16/20: 119.88349
16-15/20-21: 1.42371 15/21: 119.88349
15-14/21-22: 1.43772  14/22: 120.11654
14-8/22-10: 1.41631 &/10: 119.99997
8-4/10-7: 1.44005 4/7: 119.99997
3 2-1/11-23: 1.43772  1/23: 119.88348
1-6/23-24: 1.42371 6/24: 119.88353
6-5/24-22: 1.43772  5/22: 120.11646
5-4/22-10: 1.41631 4/10: 120.00004
4-3/10-9: 1.44005 3/9: 119.99999
3-2/9-11: 1.41631 2/11: 120.11650
4 18-17/13-12: 1.42371 17/12: 119.88348
17-2/12-11: 1.43772  2/11: 120.11650
2-3/11-9: 1.41631 3/9: 119.99999
3-7/9-8: 1.44005 7/8: 120.00004
7-19/8-14: 1.41631 19/14: 120.11646
19-18/14-13: 1.43772 18/13: 119.88353
5 25-26/33-34/43-44/48-49: 1.39186 26/34/46/49:  128.54058
26-30/34-36/44-46/49-51: 1.25098 30/36/44/51:  128.54067
30-28/36-35/46-45/51-50: 1.39186 28/35/43/50:  109.36253
28-18/35-6/45-12/50-24: 1.46958 18/6/13/24: 122.09681
18-17/6-1/12-13/24-23: 1.42371 17/1/12/23: 122.09687
17-25/1-33/13-43/23-48: 1.46958 25/33/45/48:  109.36255
6 18-28/6-35/24-50/13-43: 1.46958 28/35/50/43:  126.11540
28-29/35-38/50-53/43-42: 1.43556 29/38/53/42:  111.96283
29-31/38-37/53-52/42-40: 1.43555 31/37/52/40:  126.11541
31-20/37-16/52-21/40-15: 1.46958 20/16/21/15:  118.01970
20-19/16-5/21-22/15-14: 1.43772  19/5/22/14: 119.76700
19-18/5-6/22-24/14-13: 1.43772  18/6/24/13: 118.01966
7 16-37/20-31: 1.46958 37/31: 109.36254
37-39/31-32: 1.39186 39/32: 128.54064
39-41/32-54: 1.25098 41/54: 128.54064
41-40/54-52: 1.39186 40/52: 109.36254
40-15/52-21: 1.46958 15/21: 122.09682
15-16/21-20: 1.42371 16/20: 122.09682
8 25-27/48-47: 1.43556  27/47: 111.96279
27-33/47-45: 1.43556  33/45: 126.11545
33-1/45-12: 1.46958 1/12: 118.01966
1-2/12-11: 1.43772  2/11: 119.76699
2-17/11-23: 1.43772  17/23: 118.01966
17-25/23-48: 1.46958 25/48: 126.11545
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When eighteen 6-member rings are formed around the edge of C54 GND, a new
graphene nano disk (named as C96 GND) with 96 carbon atoms, is generated (Figure
3.4). In this large GND, 12 edge-atoms are in the armchair and 12 edge-atoms in zigzag.
The bond lengths associated to a zigzag carbon atom are 1.3402A and 1.3691A, whereas
the bond lengths of the armchair carbons are 1.2283A and 1.4143A. Furthermore, the
short lengths (about 1.23A) belong to the bonds formed between two nearest armchair-
atoms. This occurs because armchair-atoms are unsaturated so that they can form triple
bonds. The C96 GND consists of 13 types of member rings. For the 1* member ring
through 8" member ring, all carbons are saturated. Furthermore, 9" to 13™ member rings
possess edge carbons. It should be noted that, in the central member ring (1% ring), the

bond length increases from 1.3095A to 1.4332A when compared with C54 GND.

Figure 3.4 Structure of Cos graphene nano disk
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Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.43322 3: 120.00005
4-8: 1.43322 4: 119.99997
8-9: 1.43322 &: 119.99997
9-10: 1.43322 O: 120.00005
10-7: 1.43322 10: 119.99997
7-3: 1.43322 7: 119.99997
2 4-5/7-19: 1.43016 5/19: 120.03814
5-16/19-20: 1.43334  16/20: 119.96187
16-15/20-21: 1.43169 15/21: 119.96187
15-14/21-22: 1.43334  14/22: 120.03814
14-8/22-10: 1.43016 8&/10: 119.99999
8-4/10-7: 1.43322  4/7: 119.99999
3 2-1/11-23: 1.43334 1/23: 119.99999
1-6/23-24: 1.43169 6/24: 119.88353
6-5/24-22: 1.43334 5/22: 120.03812
5-4/22-10: 1.43016 4/10: 120.00004
4-3/10-9: 1.43322  3/9: 119.99997
3-2/9-11: 1.43322  2/11: 120.03811
4 18-17/13-12: 1.43169 17/12: 119.96188
17-2/12-11: 1.43334 2/11: 120.03811
2-3/11-9: 1.43016 3/9: 119.99997
3-7/9-8: 1.43322  7/8: 120.00004
7-19/8-14: 1.43016 19/14: 120.03812
19-18/14-13: 1.43334 18/13: 119.96187
5 25-26/33-34/43-44/48-49: 1.41842 26/34/46/49:  121.12678
26-30/34-36/44-46/49-51: 1.41594 30/36/44/51:  121.12681
30-28/36-35/46-45/51-50: 1.41842 28/35/43/50:  118.72399
28-18/35-6/45-12/50-24: 1.44420 18/6/13/24: 120.14921
18-17/6-1/12-13/24-23: 1.43169 17/1/12/23: 120.14926
17-25/1-33/13-43/23-48: 1.44420 25/33/45/48:  118.72395
6 18-28/6-35/24-50/13-43: 1.44420 28/35/50/43:  120.54984
28-29/35-38/50-53/43-42: 1.43427 29/38/53/42:  119.19879
29-31/38-37/53-52/42-40: 1.43427 31/37/52/40:  120.54982
31-20/37-16/52-21/40-15: 1.44420 20/16/21/15:  119.88890
20-19/16-5/21-22/15-14: 1.43334 19/5/22/14: 119.92374
19-18/5-6/22-24/14-13: 1.43334 18/6/24/13: 119.88891
7 16-37/20-31: 1.44420 37/31: 118.72401
37-39/31-32: 1.41842 39/32: 121.12676
39-41/32-54: 1.41595 41/54: 121.12676
41-40/54-52: 1.41842 40/52: 118.72401
40-15/52-21: 1.44420 15/21: 120.14922
15-16/21-20: 1.43169 16/20: 120.14922
8 25-27/48-47: 1.43427 27/47: 119.19890
27-33/47-45: 1.43427 33/45: 120.54980
33-1/45-12: 1.44420 1/12: 119.88886
1-2/12-11: 1.43334 2/11: 119.92378
2-17/11-23: 1.43334 17/23: 119.88886
17-25/23-48: 1.44420 25/48: 120.54980
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Member Ring

Bond length (angstrom)

Atom internal angle (degree)

9

10

11

12

13

77-78/81-82/55-56/64-66:
78-75/82-85/56-58/66-63:
75-74/85-84/58-57/63-62:
74-36/84-30/57-49/62-46:
36-34/30-26/49-51/46-44:
34-77/26-81/51-55/44-64:
81-83/77-80/57-61/62-60:
83-79/80-79/61-59/60-59:
79-27/79-27/59-47/59-47:
27-25/27-33/47-48/47-45:
25-26/33-34/48-49/45-46:
26-81/34-77/49-57/46-62:
36-74/30-84/51-55/44-64:
74-76/84-87/55-95/64-65:
76-73/87-86/95-94/65-67:
73-38/86-29/94-53/67-42:
38-35/29-28/53-50/42-43:
35-36/28-30/50-51/43-44:
38-73/29-86/53-94/42-67:
73-96/86-90/94-92/67-68:

96-71/90-88/92-91/68-697:

71-39/88-32/91-54/69-41:
39-37/32-31/54-52/41-40:
37-38/31-29/52-53/40-42:
39-71/32-88:
71-72/88-89:
72-70/89-93:
70-69/93-91:
69-41/91-54:
41-39/54-32:

1.41429
1.22827
1.41429
1.47151
1.41594
1.47151
1.34025
1.36912
1.50695
1.43427
1.41842
1.47151
1.47151
1.34025
1.36912
1.50695
1.43427
1.41842
1.50695
1.36912
1.34025
1.47151
1.41842
1.43427
1.47151
1.41429
1.22827
1.41429
1.47151
1.41595

78/82/58/63:
75/85/57/66:
74/84/49/64:
36/30/51/44:
34/26/55/46:
77/81/56/62:
81/77/57/62:
83/80/61/60:
79/79/59/59:
27/27/47/47:
25/33/48/45:
26/34/49/46:
36/30/51/44:
74/84/55/64:
76/87/95/65:
73/86/94/67:
38/29/53/42:
35/28/50/43:
38/29/53/42:
73/86/94/67:
95/90/92/68:
71/88/91/69:
39/32/54/54:

37/31/52/52
39/32:
71/88:
72/89:
70/93:
69/91:
41/54:

126.94822
126.94819
112.12461
120.92716
120.92722
112.12459
117.94603
130.09995
112.88121
120.40055
120.72625
117.94600
117.94603
117.94600
130.09995
112.88124
120.40060
120.72617
120.40061
112.88118
130.10001
117.94596
117.94608
120.72616
120.92716
112.12461
126.94822
126.94822
112.12461
120.92716
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From the above discussion, one can see that, for a concentric graphene nano disk,
there are 12 armchair-edge-atoms, which is independent on the size of the disk, whereas
the number of zigzag-edge-atoms increases with increasing the size of the disk. As a
result, when the size of a graphene nano disk increases, the zigzag-edge of a graphene

nano disk becomes dominant.

3.2 Stability of graphene nano disks
To examine the stability of a graphene nano disk, we calculated the stabilization
energy by using the following equation:

E -nxE_

E __ " Graphene

B n (©6)

st

Where Eg, Egraphene, and Ec are stabilization energy of graphene, system energy of
graphene, and energy of a carbon atom, which were obtained from B3lyp calculations.
The n is the number of carbon atoms contained in a graphene nano disk (GND). As
shown in Figure 3.5, one can see that the stabilization energy increases with increasing
the number of carbon atoms in GNDs. However, the increase of the energy is small from
C54 to C96 GND. This indicates that the larger the graphene nano disk, the more stable it
is. Different from a large graphene sheet, a nano disk has a large ratio of unsaturated
carbon atoms to saturated ones. The ratio decreases with increasing size of a graphene
nano disk. Because unsaturated carbons are instable, the decrease in the ratio of
unsaturated carbons to saturated ones could increase the stability of the graphene nano
disk. Therefore, one can conclude that the larger the disk, the more favorable the
formation of the disk is.
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Figure 3.5 Stabilization energy (E) of graphene vs. its number of carbon atoms.

3.3 HOMO-LUMO energy gaps of graphene nano disks

The conductance of a macro molecule is determined by its energy gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) (56, 57). It is well-known that the smaller HOMO-LUMO gap favors a
higher conductance. In general, if the energy gap is greater than 5eV, electrons are
difficult to move. In contrast, the realization of “charge transfer” between HOMO and
LUMO bands requires that the HOMO-LUMO energy gap must be small compared with
the band width. Since the band width for an ordinary organic metal is about 0.5-1eV, the
HOMO-LUMO energy gap must be less than 0.5¢V (60). Therefore, a material with the
energy gap larger than 5eV is defined as an insulator, whereas one with the energy gap
smaller than 0.5eV is called as a conductor. Furthermore, a material with the energy gap
between 0.5 and 3.5¢V is defined as a semiconductor. It would be important to examine

how the size of a graphene nano disk affects its HOMO-LUMO energy gap, which can

32



allow us to evaluate its conductance. As shown in Figure 3.6, one can see that C6 and
C24 GNDs have HOMO-LUMO gaps of 1.7 and 2.1eV, respectively. This indicates that
C6 and C24 GNDs are semi-conductors. However, the HOMO-LUMO gap of C54 and
C96 GNDs are about 0.3eV, indicating that they are organic metals. Therefore, a larger
graphene nano disk has higher electrical conductance than a smaller one, because the
electrical conductance of a macro molecule is reversely proportional to its HOMO-

LUMO energy gap.

The electronic properties of graphene nano disk are size dependent, which is
similar with the case in graphene nanoribbons (GNRs) (61, 62). GNRs show distinct
electrical properties for different edge shapes and widths. GNRs can be divided to two
types: armchair graphene nanoribbons (AGNRs) and zigzag graphene nanoribbons
(ZGNRs). AGNRs are either semiconducting or metallic which depending on their width,

whereas ZGNRs are always metallic independent on their widths (62).

HOMO-LUMO gap (eV)

0-0 T T T T 1
0 20 40 60 80 100

Number of carbon atoms

Figure 3.6 HOMO-LUMO energy gaps of eraphene nano disks
vs. the number of carbon atoms
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Chapter 4
Structures and Properties of Graphene Nano Disks (GND) with

Edge-doping

To reveal the effect of edge-doping on the structures and the properties of
graphene nano disks, the geometries and energies of the disks doped with H, Li, OH, and

F at their edges were evaluated by B3lyp and Pw91pw91 DFT calculations.

4.1 Structures of graphene nano disks with edge-dopants

When we saturate the smallest graphene nano disk (C6 GND) by H atom, we can
obtain a benzene structure, in which the bond angle (120°) of each carbon remains
unchanged, but the C-C bond lengths increases from 1.3096 to 1.3965A (Figure 4.1).
This is in excellent agreement with experimental value (1.40A). When a H-atom is
attached to each of edge carbon atoms of C24 GND, the bond lengths of carbon to carbon
increase from 1.2370A and 1.3890A to 1.3723A and 1.4240A, respectively (Figure 4.2).
If the each edge-carbon-atom of C54 GND is saturated by H atom, the bond lengths
associated to armchair-edge carbons increase from 1.2510 and 1.3919A to 1.3632 and
1.4372A, respectively (Figure 4.3). The bond lengths associated to zigzag-edge carbons
decreased from 1.4356 to 1.4013A, respectively. When 18 H atoms are attached to the
edge of C96 GND, the bond lengths associated to a zigzag-edge carbon atom increase
from 1.3402 and 1.3691A to 1.3900 and 1.4163A, and the bond lengths of armchair
carbons also increase from 1.2283 and 1.4143A to 1.3591 and 1.4432A (Figure 4.4). The

increase of bond length can be easily understood, because the attached H atom forms a
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bond with its contacting C, so that the binding ability of the carbon to other carbons
decreases. The similar structure changes can be observed for F and OH-doped graphene
nano disks (Figure 4.5 and 4.8). However, if Li atom is employed to saturate C6 GND,
although the bond lengths are subjected to the similar changes as H, F, or OH-doped
GNDs, the bond angles of carbons changed from 120° to two angles 109.9 and 140.2°,
indicated a shape change (Figure 4.12). Furthermore, when Li atoms are attached to the
C24 GND (Figure 4.13), its structure is the similar to those of H, F, or OH-doped C24
GNDs. However, Li-doped C54 GND possesses a different structure, in which some

bonds between Li and Li are formed (Figure 4.14).

Figure 4.1 Structure of Cs graphene nano disk with H-dopants

Bond length (angstrom) Atom internal angle (degree)

1-2: 1.39648 1: 119.99993
2-4: 1.39648  2: 120.00003
4-5: 1.39648 4: 120.00003
5-6: 1.39648  5: 119.99993
6-3: 1.39648 6: 120.00003
3-1: 1.39648  3: 120.00003
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Figure 4.2 Structure of C,4 graphene nano disk with H-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.42750 3: 120.00005
4-8: 1.42750 4 119.99998
8-9: 1.42750 8: 119.99998
9-10: 1.42750 9: 120.00005
10-7: 1.42750 10: 119.99998
7-3: 1.42750 7: 119.99998
2 4-5/7-19: 1.42156  5/19: 118.76800
5-16/19-20:  1.42401 16/20: 121.23202
16-15/20-21: 1.37234  15/21: 121.23202
15-14/21-22: 1.42401 14/22: 118.76800
14-8/22-10:  1.42156 8/10: 119.99998
8-4/10-7: 1.42750  4/7: 119.99998
3 2-1/11-23: 1.42401 1/23: 121.23204
1-6/23-24: 1.37234  6/24: 121.23202
6-5/24-22: 1.42401  5/22: 118.76796
5-4/22-10: 1.42156 4/10: 120.00004
4-3/10-9: 1.42750  3/9: 119.99998
3-2/9-11: 1.42156 2/11: 118.76797
4 18-17/13-12: 1.37234  17/12: 121.23204
17-2/12-11:  1.42401 2/11: 118.76797
2-3/11-9: 1.42156  3/9: 119.99998
3-7/9-8: 1.42750  7/8: 120.00004
7-19/8-14: 1.42156  19/14: 118.76796
19-18/14-13: 1.42401 18/13: 121.23202
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Figure 4.3 Structure of Cs; graphene nano disk with H-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.41959 3: 120.00209
4-8: 1.41961 4: 119.99582
8-9: 1.41959 8: 120.00209
9-10: 1.41959 O: 120.00209
10-7: 1.41961 10: 119.99582
7-3: 1.41959 7: 120.00209
2 4-5/7-19: 1.42916 5/19: 119.94356
5-16/19-20: 1.42037 16/20: 120.05414
16-15/20-21: 1.42618 15/21: 120.05414
15-14/21-22: 1.42037 14/22: 119.94356
14-8/22-10: 1.42916 8/10: 120.00229
8-4/10-7: 1.41961 4/7: 120.00229
3 2-1/11-23: 1.42036 1/23: 120.04786
1-6/23-24: 1.42616 6/24: 120.05374
6-5/24-22: 1.42038 5/22: 119.95030
5-4/22-10: 1.42916 4/10: 119.99561
4-3/10-9: 1.41959 3/9: 120.00209
3-2/9-11: 1.42918 2/11: 119.95040
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Member Ring Bond length (angstrom) Atom internal angle (degree)
4 18-17/13-12: 1.42616 17/12: 120.04786
17-2/12-11: 1.42036 2/11: 119.95040
2-3/11-9: 1.42918 3/9: 120.00209
3-7/9-8: 1.41959 7/8: 119.99561
7-19/8-14: 1.42916 19/14: 119.95030
19-18/14-13: 1.42038 18/13: 120.05374
5 25-26/33-34/43-44/48-49:  1.43723 26/34/46/49: 121.51776
26-30/34-36/44-46/49-51:  1.36317 30/36/44/51: 121.52148
30-28/36-35/46-45/51-50:  1.43723 28/35/43/50: 118.26697
28-18/35-6/45-12/50-24: 1.43049 18/6/13/24:  120.21196
18-17/6-1/12-13/24-23: 1.42616 17/1/12/23:  120.21626
17-25/1-33/13-43/23-48: 1.43051 25/33/45/48: 118.26557
6 18-28/6-35/24-50/13-43: 1.43049 28/35/50/43: 119.73430
28-29/35-38/50-53/43-42:  1.40133 29/38/53/42: 121.95561
29-31/38-37/53-52/42-40:  1.40131 31/37/52/40: 119.24053
31-20/37-16/52-21/40-15:  1.43050 20/16/21/15: 119.72877
20-19/16-5/21-22/15-14: 1.42037 19/5/22/14:  120.10614
19-18/5-6/22-24/14-13: 1.42038 18/6/24/13:  119.73430
7 16-37/20-31: 1.43050 37/31: 118.26009
37-39/31-32: 1.43725 39/32: 121.52282
39-41/32-54: 1.36316 41/54: 121.52282
41-40/54-52: 1.43725 40/52: 118.26009
40-15/52-21: 1.43050 15/21: 120.21709
15-16/21-20: 1.42618 16/20: 120.21709
8 25-27/48-47: 1.40133 27/47: 121.94841
27-33/47-45: 1.40133 33/45: 119.24032
33-1/45-12: 1.43051 1/12: 119.73588
1-2/12-11: 1.42036 2/11: 120.09920
2-17/11-23: 1.42036 17/23: 119.73588
17-25/23-48: 1.43051 25/48: 119.24032
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Figure 4.4 Structure of Cos graphene nano disk with H-dopants

Member Ring Bond length (angstrom)

Atom internal angle (degree)

1

3-4.

4-8:

8-9:

9-10:

10-7:

7-3:
4-5/7-19:
5-16/19-20:

16-15/20-21:
15-14/21-22:

14-8/22-10:
8-4/10-7:

1.42358
1.42360
1.42358
1.42358
1.42360
1.42358
1.41965
1.42399
1.41745
1.42399
1.41965
1.42360

3:

4:

8:

9:
10:
7:
5/19:

16/20:
15/21:
14/22:

8/10:
4/7:

119.99517
120.00241
120.00241
119.99517
120.00241
120.00241
119.95305
120.04457
120.04457
120.00238
120.00238
120.00238
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Member Ring Bond length (angstrom) Atom internal angle (degree)
3 2-1/11-23: 1.42399 1/23: 120.03741
1-6/23-24: 1.41743 6/24: 120.04468
6-5/24-22: 1.42401 5/22: 119.96009
5-4/22-10: 1.41965 4/10: 119.99520
4-3/10-9: 1.42358 3/9: 120.00241
3-2/9-11: 1.41967 2/11: 119.96020
4 18-17/13-12: 1.41743 17/12: 120.03741
17-2/12-11: 1.42399 2/11: 119.96020
2-3/11-9: 1.41967 3/9: 120.00241
3-7/9-8: 1.42358 7/8: 119.99520
7-19/8-14: 1.41965 19/14: 119.96009
19-18/14-13: 1.42401 18/13: 120.04468
5 25-26/33-34/43-44/48-49:  1.42002 26/34/46/49: 120.11587
26-30/34-36/44-46/49-51:  1.42100 30/36/44/51: 120.12132
30-28/36-35/46-45/51-50:  1.42005 28/35/43/50: 119.85997
28-18/35-6/45-12/50-24: 1.42774 18/6/13/24:  120.01825
18-17/6-1/12-13/24-23: 1.41743 17/1/12/23:  120.02531
17-25/1-33/13-43/23-48: 1.42776 25/33/45/48: 119.85929
6 18-28/6-35/24-50/13-43: 1.42774 28/35/50/43: 119.93610
28-29/35-38/50-53/43-42:  1.42276 29/38/53/42: 120.16674
29-31/38-37/53-52/42-40:  1.42278 31/37/52/40: 119.94288
31-20/37-16/52-21/40-15:  1.42774 20/16/21/15: 119.93035
20-19/16-5/21-22/15-14: 1.42399 19/5/22/14:  120.08686
19-18/5-6/22-24/14-13: 1.42401 18/6/24/13:  119.93707
7 16-37/20-31: 1.42774 37/31: 119.85310
37-39/31-32: 1.42004 39/32: 120.12183
39-41/32-54: 1.42100 41/54: 120.12183
41-40/54-52: 1.42004 40/52: 119.85310
40-15/52-21: 1.42774 15/21: 120.02508
15-16/21-20: 1.41745 16/20: 120.02508
8 25-27/48-47: 1.42276 27/47: 120.15907
27-33/47-45: 1.42276 33/45: 119.94338
33-1/45-12: 1.42776 1/12: 119.93729
1-2/12-11: 1.42399 2/11: 120.07960
2-17/11-23: 1.42399 17/23: 119.93729
17-25/23-48: 1.42776 25/48: 119.94338

40



Member Ring

Bond length (angstrom)

Atom internal angle (degree)

9

10

11

12

13

77-78/81-82/55-56/64-66:
78-75/82-85/56-58/66-63:
75-74/85-84/58-57/63-62:
74-36/84-30/57-49/62-46:
36-34/30-26/49-51/46-44:
34-77/26-81/51-55/44-64:
81-83/77-80/57-61/62-60:
83-79/80-79/61-59/60-59:
79-27/79-27/59-47/59-47:
27-25/27-33/47-48/47-45:
25-26/33-34/48-49/45-46:
26-81/34-77/49-57/46-62:
36-74/30-84/51-55/44-64:
74-76/84-87/55-95/64-65:
76-73/87-86/95-94/65-67:
73-38/86-29/94-53/67-42:
38-35/29-28/53-50/42-43:
35-36/28-30/50-51/43-44:
38-73/29-86/53-94/42-67:
73-96/86-90/94-92/67-68:
96-71/90-88/92-91/68-69:
71-39/88-32/91-54/69-41:
39-37/32-31/54-52/41-40:
37-38/31-29/52-53/40-42:

39-71/32-88:
71-72/88-89:
72-70/89-93:
70-69/93-91:
69-41/91-54:
41-39/54-32:

1.44318
1.35910
1.44317
1.43830
1.42100
1.43832
1.39001
1.41633
1.43295
1.42276
1.42002
1.43832
1.43830
1.39002
1.41631
1.43291
1.42276
1.42005
1.43291
1.41633
1.38999
1.43831
1.42004
1.42278
1.43831
1.44319
1.35908
1.44319
1.43831
1.42100

78/82/58/63:
75/85/57/66:
74/84/49/64:
36/30/51/44:
34/26/55/46:
77/81/56/62:
81/77/57/62:
83/80/61/60:
79/79/59/59:
27/27/47/47:
25/33/48/45:
26/34/49/46:
36/30/51/44:
74/84/55/64:
76/87/95/65:
73/86/94/67:
38/29/53/42:
35/28/50/43:
38/29/53/42:
73/86/94/67:
96/90/92/68:
71/88/91/69:
39/32/54/54:
37/31/52/52:

39/32:
71/88:
72/89:
70/93:
69/91:
41/54:

121.66470
121.66784
117.98788
120.34484
120.34818
117.98656
119.52095
122.09779
118.72751
119.92047
120.19733
119.53595
119.53385
119.51576
122.10397
118.72858
119.91391
120.20394
119.91935
118.72226
122.10455
119.52137
119.52846
120.20402
120.34971
117.98067
121.66962
121.66962
117.98067
120.34971
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Figure 4.5 Structure of Cg graphene nano disk with F-dopants

Bond length (angstrom)  Atom internal angle (degree)

1-2: 1.3935758 1 119.9999910
2-4: 1.3953576 2 120.0000045
4-5: 1.3935758 4: 119.9999910
5-6: 1.3935758 5: 120.0000045
6-3: 1.3953576 6: 119.9999910
3-1: 1.3935758 3 119.9999910
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Figure 4.6 Structure of Cy4 graphene nano disk with F-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.42862 3: 119.99994
4-8: 1.42862 4: 120.00003
8-9: 1.42862 8: 120.00003
9-10: 1.42862 9: 119.99994
10-7: 1.42862 10: 120.00003
7-3: 1.42862 7: 120.00003
2 4-5/7-19: 1.42563  5/19: 118.49123
5-16/19-20:  1.41822 16/20: 121.50876
16-15/20-21: 1.37185 15/21: 121.50876
15-14/21-22: 1.41822  14/22: 118.49123
14-8/22-10:  1.42563  8/10: 120.00001
8-4/10-7: 1.42862  4/7: 120.00001
3 2-1/11-23: 1.41822 1/23: 121.50876
1-6/23-24: 1.37185 6/24: 121.50873
6-5/24-22: 1.41822  5/22: 118.49126
5-4/22-10: 1.42563  4/10: 119.99997
4-3/10-9: 1.42862 3/9: 120.00003
3-2/9-11: 1.42563  2/11: 118.49125
4 18-17/13-12: 1.37185 17/12: 121.50876
17-2/12-11:  1.41822  2/11: 118.49125
2-3/11-9: 1.42563  3/9: 120.00003
3-7/9-8: 1.42862 7/8: 119.99997
7-19/8-14: 1.42563 19/14: 118.49126
19-18/14-13: 1.41822 18/13: 121.50873
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Figure 4.7 Structure of Cos graphene nano disk with F-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.42498 3: 119.99433
4-8: 1.42500 4: 120.00284
8-9: 1.42498 8: 120.00284
9-10: 1.42498 9: 119.99433
10-7: 1.42500 10: 120.00284
7-3: 1.42498 7. 120.00284
2 4-5/7-19: 1.42128  5/19: 119.95036
5-16/19-20:  1.42527 16/20: 120.04773
16-15/20-21: 1.41903  15/21: 120.04773
15-14/21-22: 1.42527 14/22: 119.95036
14-8/22-10:  1.42128 §8/10: 120.00191
8-4/10-7: 1.42500 4/7: 120.00191
3 2-1/11-23: 1.42525 1/23: 120.03914
1-6/23-24: 1.41903  6/24: 120.05085
6-5/24-22: 1.42527  5/22: 119.95520
5-4/22-10: 1.42128 4/10: 119.99525
4-3/10-9: 1.42498  3/9: 120.00284
3-2/9-11: 142132 2/11: 119.95671
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Member Ring Bond length (angstrom) Atom internal angle (degree)
4 18-17/13-12: 1.41903 17/12: 120.03914
17-2/12-11: 1.42525 2/11: 119.95671
2-3/11-9: 1.42132 3/9: 120.00284
3-7/9-8: 1.42498 7/8: 119.99525
7-19/8-14: 1.42128 19/14: 119.95520
19-18/14-13: 1.42527 18/13: 120.05085
5 25-26/33-34/43-44/48-49:  1.42180 26/34/46/49: 120.08666
26-30/34-36/44-46/49-51:  1.42183 30/36/44/51: 120.10110
30-28/36-35/46-45/51-50:  1.42181 28/35/43/50: 119.90334
28-18/35-6/45-12/50-24: 1.42850 18/6/13/24:  119.99769
18-17/6-1/12-13/24-23: 1.41903 17/1/12/23:  120.00715
17-25/1-33/13-43/23-48: 1.42857 25/33/45/48: 119.90406
6 18-28/6-35/24-50/13-43: 1.42850 28/35/50/43: 119.86648
28-29/35-38/50-53/43-42:  1.42394 29/38/53/42: 120.27027
29-31/38-37/53-52/42-40:  1.42392 31/37/52/40: 119.86888
31-20/37-16/52-21/40-15:  1.42853 20/16/21/15: 119.94847
20-19/16-5/21-22/15-14: 1.42527 19/5/22/14:  120.09444
19-18/5-6/22-24/14-13: 1.42527 18/6/24/13:  119.95145
7 16-37/20-31: 1.42853 37/31: 119.90134
37-39/31-32: 1.42184 39/32: 120.09486
39-41/32-54: 1.42181 41/54: 120.09486
41-40/54-52: 1.42184 40/52: 119.90134
40-15/52-21: 1.42853 15/21: 120.00380
15-16/21-20: 1.41903 16/20: 120.00380
8 25-27/48-47: 1.42392 27/47: 120.26003
27-33/47-45: 1.42392 33/45: 119.87299
33-1/45-12: 1.42857 1/12: 119.95370
1-2/12-11: 1.42525 2/11: 120.08657
2-17/11-23: 1.42525 17/23: 119.95370
17-25/23-48: 1.42857 25/48: 119.87299
9 77-78/81-82/55-56/64-66:  1.43597 78/82/58/63: 121.81466
78-75/82-85/56-58/66-63:  1.35819 75/85/57/66: 121.83586
75-74/85-84/58-57/63-62:  1.43587 74/84/49/64: 117.91072
74-36/84-30/57-49/62-46:  1.43921 36/30/51/44: 120.26004
36-34/30-26/49-51/46-44:  1.42183 34/26/55/46: 120.26937
34-77/26-81/51-55/44-64:  1.43931 77/81/56/62: 117.90935
10 81-83/77-80/57-61/62-60:  1.38823 81/77/57/62: 119.01682
83-79/80-79/61-59/60-59:  1.41424 83/80/61/60: 122.80714
79-27/79-27/59-47/59-47:  1.43334 79/79/59/59: 118.43913
27-25/27-33/47-48/47-45:  1.42392 27/27/47/47: 119.86998
25-26/33-34/48-49/45-46:  1.42180 25/33/48/45: 120.22295
26-81/34-77/49-57/46-62:  1.43931 26/34/49/46: 119.64397
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Member Ring

Bond length (angstrom)

Atom internal angle (degree)

11

12

13

36-74/30-84/51-55/44-64:
74-76/84-87/55-95/64-65:
76-73/87-86/95-94/65-67:
73-38/86-29/94-53/67-42:
38-35/29-28/53-50/42-43:
35-36/28-30/50-51/43-44:
38-73/29-86/53-94/42-67:
73-96/86-90/94-92/67-68:

96-71/90-88/92-91/68-69
71-39/88-32/91-54/69-41
39-37/32-31/54-52/41-40
37-38/31-29/52-53/40-42
39-71/32-88:
71-72/88-89:
72-70/89-93:
70-69/93-91:
69-41/91-54:
41-39/54-32:

7:

1.43921
1.38828
1.41419
1.43327
1.42394
1.42181
1.43327
1.41428
1.38820
1.43930
1.42184
1.42392
1.43930
1.43602
1.35820
1.43602
1.43930
1.42181

36/30/51/44:
74/84/55/64:
76/87/95/65:
73/86/94/67:
38/29/53/42:
35/28/50/43:
38/29/53/42:
73/86/94/67:
96/90/92/68:
71/88/91/69:
39/32/54/54:
37/31/52/52:

39/32:
71/88:
72/89:
70/93:
69/91:
41/54:

119.63886
119.01718
122.80859
118.44131
119.86388
120.23017
119.86585
118.43934
122.81057
119.01548
119.63898
120.22978
120.26616
117.90945
121.82439
121.82439
117.90945
120.26616
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Figure 4.8 Structure of Cs graphene nano disk with OH-dopants

Bond length (angstrom) Atom internal angle (degree)

1-2: 1.3949046 1: 119.9951297
2-4: 1.3948918 2: 120.0003034
4-5: 1.3948918 4: 120.0045773
5-6: 1.39491 S: 119.9951747
6-3: 1.3948904 6: 120.0001926
3-1: 1.3948850 3: 120.004623
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Figure 4.9 Structure of Cy4 graphene nano disk with OH-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.42882 3: 119.18744
4-8: 1.43021 4 120.41749
8-9: 1.42776 8: 120.12592
9-10: 1.42792  9: 119.79982
10-7: 1.42951 10: 119.99319
7-3: 1.43350 7: 120.47163
2 4-5: 1.42848  5/19: 118.34876
5-16: 1.42012  16/20: 122.22626
16-15: 1.37554 15/21: 120.63833
15-14: 1.42331 14/22: 118.78421
14-8: 1.42762  8/10: 120.24908
8-4: 1.43021 4/7: 119.75197
3 8-14: 1.42762 8: 119.62180
14-13: 1.41646 14: 118.55365
13-12: 1.37769 13: 122.19203
12-11: 1.42084 12: 120.49128
11-9: 1.42846 11: 118.87392
9-8: 1.42776 9: 120.26564
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Member Ring Bond length (angstrom) Atom internal angle (degree)

4 10-9: 1.42792  10: 119.98213
9-11: 1.42846 9: 119.93392
11-23: 1.41787 11: 118.42074
23-24: 1.37622  23: 122.11916
24-22: 1.42307 24: 120.61106
22-10: 1.42890 22: 118.93075
5 19-7: 1.42614 19: 119.00075
7-10: 1.42951 7: 119.80004
10-22: 1.42890 10: 120.02368
22-21: 1.41623 22: 118.38679
21-20: 1.37643  21: 121.94984
20-19: 1.42010 20: 120.81048
6 17-2: 1.43036 17: 120.16520
2-3: 1.43288 2: 118.12740
3-7: 1.43350 3: 120.79674
7-19: 1.42614 7: 119.72667
19-18: 1.41692 19: 117.86864
18-17: 1.37807 18: 123.21434
7 1-6: 1.38692 1: 120.76956
6-5: 1.41644 ©: 121.58222
5-4: 1.42848 5: 118.91585
4-3: 1.42882  4: 119.82967
3-2: 1.43288 3: 120.01045
2-1: 1.42165 2: 118.88923
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Figure 4.10 Structure of Cs4 graphene nano disk with OH-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.42293  3: 120.00768
4-8: 1.42292 4. 119.99279
8-9: 1.42297 8: 119.99713
9-10: 1.42293 9: 120.00766
10-7: 1.42293 10: 119.99327
7-3: 1.42297 7. 119.99667
2 5-16: 1.42327 5 119.94456
16-15: 1.42858 16: 120.15023
15-14: 1.42438 15: 119.89813
14-8: 1.43068 14: 120.01275
8-4: 1.42292 8: 120.01616
4-5: 1.43071 4 119.97513
3 8-14: 1.43068 8: 119.98471
14-13: 1.42324  14: 119.93139
13-12: 1.42861 13: 120.15098
12-11: 1.42433  12: 119.91310
11-9: 1.43064 11: 119.99585
9-8: 1.42297 9: 120.02101
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Member Ring Bond length (angstrom) Atom internal angle (degree)

4 10-9: 1.42293 10: 120.02946
9-11: 1.43064 9: 119.96912
11-23: 1.42332  11: 119.93908
23-24: 1.42858 23: 120.16171
24-22: 1.42437 24 119.89291
22-10: 1.43071 22: 120.00473
5 19-7: 1.43068 19: 120.01237
7-10: 1.42293 7: 120.01618
10-22: 1.43071 10: 119.97503
22-21: 1.42325 22: 119.94373
21-20: 1.42857 21: 120.15194
20-19: 1.42437  20: 119.89745
6 17-2: 1.42434  17: 119.91325
2-3: 1.43064 2: 119.99631
3-7: 1.42297 3: 120.02053
7-19: 1.43068 7: 119.98470
19-18: 1.42325 19: 119.93211
18-17: 1.42861 18: 120.15017
7 1-6: 1.42857 1: 120.16126
6-5: 1.42436 ©6: 119.89392
5-4: 1.43071 5: 120.00362
4-3: 1.42293 4. 120.02955
3-2: 1.43064 3: 119.96938
2-1: 1.42331 2: 119.93875
8 35-38: 1.40530 35: 119.41607
38-37: 1.40595 38: 121.67373
37-16: 1.43419 37: 119.38318
16-5: 1.42327 16: 119.76385
5-6: 1.42436 5: 120.05007
6-35: 1.43438 6 119.71119
9 16-37: 1.43419 16: 120.08498
37-39: 1.42726 37: 117.79116
39-41: 1.36788  39: 122.66128
41-40: 1.43449 41: 120.80446
40-15: 1.43435 40: 118.27809
15-16: 1.42858 15: 120.37930
10 14-15: 1.42438 14: 120.05458
15-40: 1.43435 15: 119.72193
40-42: 1.40535 40: 119.40122
42-43: 1.40600 42: 121.67916
43-13: 1.43419 43: 119.38907
13-14: 1.42324 13: 119.75305
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Member Ring Bond length (angstrom) Atom internal angle (degree)

11 12-13: 1.42861 12: 120.38656
13-43: 1.43419 13: 120.09500
43-44: 1.42741 43: 117.77106
44-46: 1.36788 44: 122.66022
46-45: 1.43432  4e6: 120.82309
45-12: 1.43428 45: 118.26306
12 23-11: 1.42332  23: 119.76006
11-12: 1.42433 11: 120.06354
12-45: 1.43428 12: 119.69936
45-47: 1.40530 45: 119.42112
47-48: 1.40599 47: 121.68207
48-23: 1.43419 48: 119.37229
13 50-24: 1.43440 50: 118.26697
24-23: 1.42858 24: 120.39436
23-48: 1.43419  23: 120.07759
48-49: 1.42736 48: 117.78948
49-51: 1.36791  49: 122.66283
51-50: 1.43446 51: 120.80811
14 52-21: 1.43418 52: 119.38584
21-22: 1.42325 21: 119.76285
22-24: 1.42437  22: 120.05014
24-50: 1.43440 24: 119.71222
50-53: 1.40533  50: 119.41379
53-52: 1.40591 53: 121.67399
15 32-31: 1.43449  32: 120.80410
31-20: 1.43435 31: 118.27788
20-21: 1.42857  20: 120.37897
21-52: 1.43418 21: 120.08420
52-54: 1.42723  52: 117.79313
54-32: 1.36789  54: 122.66059
16 29-28: 1.40603  29: 121.67860
28-18: 1.43420 28: 119.38833
18-19: 1.42325 18: 119.75348
19-20: 1.42437 19: 120.05411
20-31: 1.43435 20: 119.72258
31-29: 1.40534 31: 119.40135
17 30-26: 1.36787  30: 122.66086
26-25: 1.43432  26: 120.82360
25-17: 1.43428  25: 118.26276
17-18: 1.42861 17: 120.38673
18-28: 1.43420 18: 120.09584
28-30: 1.42742  28: 117.76945
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Member Ring Bond length (angstrom) Atom internal angle (degree)

18 25-27: 1.40531 25: 119.42124
27-33: 1.40598 27: 121.68209
33-1: 1.43419 33: 119.37228
1-2: 1.42331 1: 119.76024
2-17: 1.42434  2: 120.06364
17-25: 1.43428 17: 119.69930
19 33-34: 1.42736  33: 117.78956
34-36: 1.36791 34: 122.66202
36-35: 1.43444  36: 120.80815
35-6: 1.43438 35: 118.26827
6-1: 1.42857 6: 120.39335
1-33: 1.43419 1: 120.07722
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Figure 4.11 Structure of Cos graphene nano disk with OH-dopants

Member Ring Bond length (angstrom) Atom Internal angle (degree)

1 3-4: 1.42291 3: 119.99975
4-8: 1.42290 4 119.99994
8-9: 1.42290 &: 120.00002
9-10: 1.42290 9: 119.99965
10-7: 1.42291 10: 120.00004
7-3: 1.42290 7: 119.99993
2 5-16: 1.42363 5: 119.95149
16-15: 1.39837 16: 120.01024
15-14: 1.42338 15: 120.10989
14-8: 1.40156 14: 119.92792
8-4: 1.42290 &: 119.98255
4-5: 1.42290 4 120.01740
3 8-14: 1.40156 &: 120.01716
14-13: 1.42363 14: 119.95173
13-12: 1.39837 13: 120.01011
12-11: 1.42339  12: 120.10971
11-9: 1.40156 11: 119.92836
9-8: 1.42290 9: 119.98242
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Member Ring Bond length (angstrom) Atom Internal angle (degree)

4 10-9: 1.42290 10: 119.98227
9-11: 1.40156 O: 120.01761
11-23: 1.42363 11: 119.95144
23-24: 1.39838 23: 120.00967
24-22: 1.42338  24: 120.11005
22-10: 1.40156 22: 119.92833
5 19-7: 1.40156 19: 119.92823
7-10: 1.42291 7: 119.98256
10-22: 1.40156 10: 120.01738
22-21: 1.42363 22: 119.95132
21-20: 1.39838  21: 120.01051
20-19: 1.42339  20: 120.10946
6 17-2: 1.42338 17: 120.10964
2-3: 1.40156 2: 119.92843
3-7: 1.42290 3: 119.98247
7-19: 1.40156 7: 120.01723
19-18: 1.42362 19: 119.95180
18-17: 1.39839 18: 120.00994
7 1-6: 1.39839 1: 120.00942
6-5: 1.42339 6: 120.11020
5-4: 1.42290 5: 119.92816
4-3: 1.42291 4. 119.98237
3-2: 1.40156 3: 120.01752
2-1: 1.42363 2: 119.95171
8 35-38: 1.42455 35: 119.98173
38-37: 1.42307 38: 120.06656
37-16: 1.42910 37: 119.95701
16-5: 1.42363 16: 119.95189
5-6: 1.42339 5 120.12009
6-35: 1.42859 6: 119.92229
9 16-37: 1.42910 16: 120.03766
37-39: 1.42859 37: 120.07421
39-41: 1.42780  39: 119.78612
41-40: 1.40051 41: 120.13605
40-15: 1.42860 40: 119.99810
15-16: 1.39837 15: 119.96761
10 14-15: 1.42338 14: 120.12016
15-40: 1.42860 15: 119.92234
40-42: 1.42453  40: 119.98128
42-43: 1.42309 42: 120.06763
43-13: 1.42910 43: 119.95596
13-14: 1.42363 13: 119.95231
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Member Ring Bond length (angstrom) Atom Internal angle (degree)

11 12-13: 1.39837 12: 119.96741
13-43: 1.42910 13: 120.03741
43-44: 1.40189 43: 120.07476
44-46: 1.42780 44: 119.78672
46-45: 1.40052  4e6: 120.13422
45-12: 1.42860 45: 119.99924
12 23-11: 1.42363 23: 119.95235
11-12: 1.42339 11: 120.11994
12-45: 1.42860 12: 119.92271
45-47: 1.42452  45: 119.98018
47-48: 1.42308 47: 120.06905
48-23: 1.42909 48: 119.95528
13 50-24: 1.42859  50: 119.99921
24-23: 1.39838 24: 119.96652
23-48: 1.42909  23: 120.03771
48-49: 1.40190 48: 120.07517
49-51: 1.42779  49: 119.78464
51-50: 1.40051 S51: 120.13624
14 52-21: 1.42909  52: 119.95673
21-22: 1.42363 21: 119.95136
22-24: 1.42338  22: 120.12010
24-50: 1.42859 24: 119.92316
50-53: 1.42453  50: 119.98007
53-52: 1.42307 53: 120.06819
15 32-31: 1.40050  32: 120.13894
31-20: 1.42860 31: 119.99653
20-21: 1.39838  20: 119.96741
21-52: 1.42909 21: 120.03794
52-54: 1.40189  52: 120.07475
54-32: 1.42778  54: 119.78411
16 29-28: 1.42309  29: 120.06386
28-18: 1.42911 28: 119.95881
18-19: 1.42362 18: 119.95170
19-20: 1.42339 19: 120.11977
20-31: 1.42860 20: 119.92294
31-29: 1.42455 31: 119.98257
17 30-26: 1.42779  30: 119.78765
26-25: 1.40050 26: 120.13709
25-17: 1.42861 25: 119.99635
17-18: 1.39839 17: 119.96796
18-28: 1.42911 18: 120.03821
28-30: 1.40187 28: 120.07244
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Member Ring Bond length (angstrom) Atom Internal angle (degree)

18 25-27: 1.42454  25: 119.98328
27-33: 1.42310 27: 120.06420
33-1: 1.42910 33: 119.95795
1-2: 1.42363 1: 119.95218
2-17: 1.42338  2: 120.11962
17-25: 1.42861 17: 119.92225
19 33-34: 1.40188 33: 120.07249
34-36: 1.42778  34: 119.78750
36-35: 1.40049  36: 120.13641
35-6: 1.42859 35: 119.99767
6-1: 1.39839 6 119.96723
1-33: 1.42910 1: 120.03814
20 36-74: 1.43201 36: 119.82461
74-76: 1.36989  74: 119.66081
76-73: 1.42254  76: 121.82277
73-38: 1.41172  73: 118.77693
38-35: 1.42455 38: 119.89425
35-36: 1.40049 35: 120.02042
21 38-73: 1.41172  38: 120.03906
73-96: 1.42415 73: 118.80119
96-71: 1.37165 96: 121.61722
71-39: 1.43232  71: 119.79191
39-37: 1.42859  309: 119.78179
37-38: 1.42307 37: 119.96863
22 39-71: 1.43232  309: 120.43203
71-72: 1.45609 71: 117.95319
72-70: 1.33071  72: 121.06211
70-59: 1.44809 70: 122.96513
59-41: 1.43199 59: 117.54845
41-39: 1.42780 41: 120.03904
23 40-41: 1.40051 40: 120.02055
41-69: 1.43199 41: 119.82485
69-68: 1.36992  69: 119.66014
68-67: 1.42251 68: 121.82217
67-42: 1.41172  67: 118.77811
42-40: 1.42453  42: 119.89396
24 43-42: 1.42309 43: 120.02055
42-57: 1.41172  42: 119.96917
57-65: 1.42416 57: 120.03834
65-64: 1.37163  65: 121.61762
64-44: 1.43233  64: 119.79202
44-43: 1.40189  44: 119.78131
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Member Ring Bond length (angstrom) Atom Internal angle (degree)

25 46-44: 1.42780 46: 120.04049
44-64: 1.43233 44 120.43190
64-66: 1.45609 64: 117.95242
66-63: 1.33069 66: 121.06304
63-62: 1.44812  63: 122.96655
62-46: 1.43201 62: 117.54554
26 47-45: 1.42452  47: 119.89383
45-46: 1.40052 45: 120.02044
46-62: 1.43201 4e6: 119.82521
62-60: 1.36994 62: 119.65829
60-59: 1.42249  60: 121.82211
59-47: 1.41170 59: 118.78004
27 49-48: 1.40190 49: 119.78208
48-47: 1.42308 48: 119.96935
47-59: 1.41170 47: 120.03701
59-61: 1.42414  59: 118.80369
61-57: 1.37165 61: 121.61778
57-49: 1.43234 57: 119.78942
28 55-51: 1.43201  55: 117.54732
51-49: 1.42779 S5l: 120.03924
49-57: 1.43234  49: 120.43309
57-58: 1.45611 57: 117.95085
58-56: 1.33070  58: 121.06280
56-55: 1.44808 56: 122.96644
29 94-53: 1.41170  94: 118.77955
53-50: 1.42453  53: 119.89359
50-51: 1.40051 50: 120.02050
51-55: 1.43201 S51: 119.82425
55-95: 1.36991  55: 119.65974
95-94: 1.42250 95: 121.82215
30 91-54: 1.43235 91: 119.78972
54-52: 1.40189 54: 119.78285
52-53: 1.42307  52: 119.96838
53-94: 1.41170 53: 120.03806
94-92: 1.42414 94 118.80351
92-91: 1.37164 92: 121.61732
31 89-88: 1.44807  89: 122.96509
88-32: 1.43197 88: 117.55101
32-54: 1.42778  32: 120.03790
54-91: 1.43235 54: 120.43288
91-93: 1.45612  91: 117.95173
93-89: 1.33071 93: 121.06109
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Member Ring Bond length (angstrom) Atom Internal angle (degree)

32 90-86: 1.42257  90: 121.82346
86-29: 1.41176 86: 118.77245
29-31: 1.42455 29: 119.89575
31-32: 1.40050 31: 120.02079
32-88: 1.43197 32: 119.82313
88-90: 1.36986 88: 119.66409
33 87-84: 1.37161 87: 121.61704
84-30: 1.43231 84: 119.79523
30-28: 1.40187  30: 119.78116
28-29: 1.42309 28: 119.96865
29-86: 1.41176  29: 120.04031
86-87: 1.42420 86: 118.79754
34 85-82: 1.33069  85: 121.06203
82-81: 1.44809 82: 122.96439
81-26: 1.43197 8l: 117.54934
26-30: 1.42779  26: 120.03883
30-84: 1.43231 30: 120.43106
84-85: 1.45607 84: 117.95419
35 81-83: 1.36990 8l: 119.66299
83-79: 1.42255 83: 121.82295
79-27: 1.41176  79: 118.77326
27-25: 1.42454 27 119.89640
25-26: 1.40050  25: 120.02021
26-81: 1.43197 26: 119.82402
36 79-80: 1.42421 79: 118.79775
80-77: 1.37161 80: 121.61745
77-34: 1.43232  77: 119.79501
34-33: 1.40188 34: 119.78046
33-27: 1.42310 33: 119.96935
27-79: 1.41176  27: 120.03930
37 77-78: 1.45608 77: 117.95356
78-75: 1.33069 78: 21.06255
75-74: 1.44809  75: 122.96497
74-36: 1.43201 74: 117.54791
36-34: 1.42778  36: 120.03868
34-77: 1.43232  34: 120.43188
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Figure 4.12 Structure of Cs graphene nano disk with Li-dopants

Bond length (angstrom) Atom internal angle (degree)
1-2:  1.3529665 l: 140.2282938

2-4: 1.5754580 2: 109.8858531
4-5:  1.3529665 4: 109.8858531
5-6:  1.3529665 S: 140.2282938
6-3:  1.5754580 6: 109.8858531
3-1:  1.3529665 3: 109.8858531
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Figure 4.13 Structure of Cy4 graphene nano disk with Li-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.44599  3: 120.00003
4-8: 1.44599 4. 119.99999
8-9: 1.44599  8: 119.99999
9-10: 1.44599 9: 120.00003
10-7: 1.44599 10: 119.99999
7-3: 1.44599 7. 119.99999
2 4-5/7-19: 1.44258 5/19: 117.66782
5-16/19-20:  1.43419 16/20: 122.33215
16-15/20-21: 1.35448 15/21: 122.33215
15-14/21-22: 1.43419  14/22: 117.66782
14-8/22-10:  1.44258  8/10: 120.00002
8-4/10-7: 1.44599  4/7: 120.00002
3 2-1/11-23: 1.43419 1/23: 122.33217
1-6/23-24: 1.35448  6/24: 122.33217
6-5/24-22: 1.43419 5/22: 117.66787
5-4/22-10: 1.44258  4/10: 119.99999
4-3/10-9: 1.44599  3/9: 119.99999
3-2/9-11: 1.44258 2/11: 117.66782
4 18-17/13-12: 1.35448 17/12: 122.33217
17-2/12-11:  1.43419 2/11: 117.66782
2-3/11-9: 1.44258  3/9: 119.99999
3-7/9-8: 1.44599  7/8: 119.99999
7-19/8-14: 1.44258 19/14: 117.66787
19-18/14-13: 1.43419 18/13: 122.33217
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Figure 4.14 Structure of Cs4 graphene nano disk with Li-dopants

Member Ring Bond length (angstrom) Atom internal angle (degree)

1 3-4: 1.44075  3: 120.90137
4-8: 1.41396 4 119.54931
8-9: 1.44075 8: 119.54931
9-10: 1.44075 9: 120.90137
10-7: 1.41396 10: 119.54931
7-3: 1.44075 7: 119.54931
2 4-5/7-19: 1.43452  5/19: 120.58743
5-16/19-20:  1.43651 16/20: 119.62185
16-15/20-21: 1.41933  15/21: 119.62185
15-14/21-22: 1.43651 14/22: 120.58743
14-8/22-10:  1.43452  8/10: 119.79072
8-4/10-7: 1.41396 4/7: 119.79072
3 2-1/11-23: 1.43209 1/23: 120.32402
1-6/23-24: 1.42080 6/24: 120.55583
6-5/24-22: 1.42501  5/22: 118.84018
5-4/22-10: 1.43452  4/10: 120.65997
4-3/10-9: 1.44075 3/9: 119.54931
3-2/9-11: 141133  2/11: 120.07069
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Member Ring Bond length (angstrom) Atom internal angle (degree)
4 18-17/13-12: 1.42080 17/12: 120.32402
17-2/12-11: 1.43209 2/11: 120.07069
2-3/11-9: 1.41133 3/9: 119.54931
3-7/9-8: 1.44075 7/8: 120.65997
7-19/8-14: 1.43452 19/14: 118.84018
19-18/14-13: 1.42501 18/13: 120.55583
5 25-26/33-34/43-44/48-49:  1.42874 26/34/46/49: 119.12366
26-30/34-36/44-46/49-51:  1.39901 30/36/44/51: 120.94694
30-28/36-35/46-45/51-50:  1.45398 28/35/43/50: 119.42787
28-18/35-6/45-12/50-24: 1.43746 18/6/13/24:  119.22243
18-17/6-1/12-13/24-23: 1.42080 17/1/12/23:  120.25377
17-25/1-33/13-43/23-48: 1.42791 25/33/45/48: 121.02534
6 18-28/6-35/24-50/13-43: 1.43746 28/35/50/43: 118.90274
28-29/35-38/50-53/43-42:  1.43746 29/38/53/42: 121.93409
29-31/38-37/53-52/42-40:  1.40916 31/37/52/40: 119.01753
31-20/37-16/52-21/40-15:  1.46188 20/16/21/15: 119.35150
20-19/16-5/21-22/15-14: 1.43651 19/5/22/14:  120.57240
19-18/5-6/22-24/14-13: 1.42501 18/6/24/13:  120.22175
7 16-37/20-31: 1.46188 37/31: 118.24698
37-39/31-32: 1.51951 39/32: 120.72638
39-41/32-54: 1.37359 41/54: 120.72638
41-40/54-52: 1.51951 40/52: 118.24698
40-15/52-21: 1.46188 15/21: 121.02664
15-16/21-20: 1.41933 16/20: 121.02664
8 25-27/48-47: 1.41786 27/47: 119.24094
27-33/47-45: 1.41786 33/45: 121.02801
33-1/45-12: 1.42791 1/12: 119.42221
1-2/12-11: 1.43209 2/11: 119.85861
2-17/11-23: 1.43209 17/23: 119.42221
17-25/23-48: 1.42791 25/48: 121.02801
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4.2 Stability of graphene nano disks with edge-dopants

We examined the effect of edge-doping on stability by calculating the
stabilization energies of graphene nano disks with the following equation:

E —nxE.—mxE

E __ " Doped—graphene dopant

B n (7)

st

where Eg, Epoped-graphenes Ec, and Egopane are stabilization energy of graphene, system
energy of graphene, energy of a carbon atom, and energy of dopant, which were obtained
from B3lyp calculations. The n» and m are numbers of carbon atoms and dopants
contained in a graphene, respectively. As shown in Figure 4.15, doping H, Li, F or OH to
the edge of GNDs increases the stabilization energies. Furthermore, for Li-doped GNDs,
the stabilization energy increases with increasing number of carbon atoms. In contrast,
the stabilization energy decreases with increasing number of carbon atoms in H-, F- or
OH- doped GNDs. This indicates that the doping effect on the stability of graphene nano

disk is dependent on the type of dopants.
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Fioure 4.15 Stabilization energy (E,,) of graphene vs. its number of carbon atoms:
(a) without edge-doping, (b) H-doped, (c) Li-doped, (d) F-doped,
and (e) OH-doped.
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4.3 HOMO-LUMO energy gaps of graphene nano disks with edge-dopants

HOMO-LUMO energy gaps of graphene nano disks with edge-dopants were
calculated by using Pw91pw91/6-31g(d) method based on the geometries optimized via
B3lyp/6-31g(d) calculations. From Figure 4.16, one can see that the HOMO-LUMO
energy gap of the graphene nano disk increases if its edge is doped with H, F, or OH. As
a result, H, F, or OH-doped C6 GND is insulator with a HOMO-LUMO gap above 4 eV.
However, H, F, or OH-doped C24, C54, and C96 GNDs are semi-conductors, because
their HOMO-LUMO gaps are in the range of 1 to 3eV. Different from the H, F, and OH-
doping, doping a GND with Li could decrease its HOMO-LUMO gap. As a result, its
HOMO-LUMO energy gap is below 0.2 eV. Therefore, Li-doped GNDs are organic
metals.

The dependence of HOMO-LUMO band gap on properties of dopants was also
observed in the case of graphene nanoribbon (GNR) (63-65). For example, N and B can
produce different effects on the band gap of GNR (63). Furthermore, it was reported that
GNR with edge doping of N atoms exhibited typical n-type behavior while B-doped
GNR showed p-type behavior (64, 65). Compared with the GNR, GNDs are more
sensitive to edge-dopants, namely, edge-doping can transfer a GND from its

semiconductor state into a conductor state.
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Figure 4.16 HOMO-LUMO energy gap of graphene nano disks: (a) without doping,
(b) H-doped, (c) Li-doped, (d) F-doped, and (¢) OH-doped.
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Chapter 5

Conclusions

The B3lyp and Pw91lpw91 DFT calculations were employed to evaluate the
structures and properties of graphene nano disks (GND) with a concentric shape in this

research. From the research, we can make the following conclusions:

(1). There are two types of edges—Zigzag and Armchair in concentric graphene nano
disks (GND). The bond length between armchair-edge carbons is much shorter
than that between zigzag-edge carbons. For C24 GND that consists of 24 carbon
atoms, only armchair edge with 12 atoms is formed. For a concentric GND larger
than the C24 GND, both armchair and zigzag edges co-exist. Furthermore,
although the number of armchair-edge carbon atoms is always 12, the number of
zigzag-edge atoms increases with increasing the size of the GND.

(2). The stability of a GND increases with increasing its size.

(3). The HOMO-LUMO energy gap of a graphene nano disk is dependent on its size.
The C6 and C24 GNDs possess HOMO-LUMO gaps of 1.7 and 2.1eV,
respectively, indicating that they are semi-conductors. However, C54 and C96
GNDs are organic metals, because their HOMO-LUMO gaps are as low as 0.3eV.

(4).Doping the edge of a graphene nano disk can change its structure, stability, and
HOMO-LUMO energy gaps. When doped foreign atoms are attached to the edge
of a GND, the original unsaturated carbon atoms become saturated. As a result, its
bond lengths between carbon atoms and its stability increase. Furthermore, the

doping effect on the HOMO-LUMO energy gap is dependent on type of doped
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atoms. When H, F, and OH are used as dopants for a GND, its HOMO-LUMO
energy gap are increases. In contrast, Li-doping decreases the HOMO-LUMO
energy gap of a graphene nano disk. Therefore, Li-doping can increase the
electrical conductance of a GND, whereas H, F, or OH-doping should decrease its

conductance.
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