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Chapter 1

Introduction

Science is simply common sense at its best.

− Thomas Huxley

1.1 Carbon of different dimensionalities

Carbon is one of the most significant elements and vital to all life forms. It
belong to group 14 (carbon group) in the Periodic Table of elements with
atomic number Z = 6. All elements in this group have four electrons in
the outer shell and the last orbital of all elements in this group is the p2

orbital. The electron configuration of the ground state of the carbon atom is
1s22s22p2 where four valence electrons are in 2s22p2 configuration. In carbon,
sp- (acetylene), sp2- (graphite) and sp3-hybridizations (diamond) are possible
when carbon form bonds. The best known carbon structures are diamond,
graphite, fullerene and nanotubes. Depending on the structure and bond
ordering, the physical properties can vary widely. The variety of carbon
structures found in experiments is enormous and new structures are often
predicted based on computational modelling.

In this section I focus on structures which have got lately much attention
and are scientifically under extensive research. These are: Zero-Dimensional
(0D) fullerenes, One-Dimensional (1D) Carbon Nanotubes (CNTs), Two-
Dimensional (2D) graphene, Three-Dimensional (3D) carbon solids and exotic
carbon nanostructures.



2 Introduction

1.1.1 0D carbon: Fullerenes

Fullerenes are cage-like molecules which can be regarded as 0D nano-objects.
In 1985 Kroto et al. were able to produce C60 molecules, which have been
named as Buckminsterfullerene, after Buckminster Fuller whose geodesic
domes it resembles (Kroto et al., 1985b). The discovery of C60 gave a strong
signal for scientific community of the possibilities of carbon materials and
started gold rush in carbon research. Since discovery of C60, various other
fullerenes have been synthesized varying from the smallest fullerene C20

(Prinzbach et al., 2000) to C84 (Kuzuo et al., 1994). Also gigantic fullerenes
consisting hundreds of atoms have been proposed (Scuseria, 1995), see Figure
1.1. Common to all fullerenes is the extremely strong cage which can endure
high temperatures and pressures without breaking or changing the original
shape.

While Kroto (Kroto et al., 1985b) used vaporization of carbon with a pulsed
laser to produce C60 fullerenes, at present, the fullerene synthetization pro-
cess is based on the graphite electrode method developed by Krätschmer
(Krätschmer et al., 1990) and improved by Haufler (Haufler et al., 1990)
through the use of the electric arc discharge method. This method enables
to produce macroscopic quantities of C60 molecules as well as first solid C60

called fullerite.

The general formula for fullerenes is C20+2n and each fullerene consists of 12
pentagonal facets and n hexagonal facets. All carbon atoms are sp2 hybridized
and are arranged to the spherical -like conformation. While the hexagons
tend to keep the surface flat, the pentagons try to bend it to spherical form.
C60 is the smallest fullerene which has isolated pentagonal facets. Isolation
of pentagons will lower the energy and C60 is energetically more favourable
than smaller fullerenes. The smallest fullerene, C20, which consists of only
pentagonal facets, is highly curved. The extreme curvature of the cage surface
makes the dihedral angles between bonds (108◦) more appropriate to sp3

hybridization (109.5◦) than sp2. This makes C20 highly reactive and difficult
to synthetize without surface impurities. High reactivity is also a prerequisite
for chemical bonding between fullerenes during polymerization process when
fullerene based solids are synthetized. Formation of fullerene solids is discussed
in more detail in Section 1.1.4

A feature which makes fullerenes unique compared to other molecules is the
empty space inside the cages. The volume of the empty space is large enough to
enclose atoms, clusters or small molecules and it can be controlled by fullerene
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Figure 1.1: Family of fullerenes: (a) C20 dodecahedro, (b) C40, (c) C240

and (d) C540.

size. These filled fullerene molecules are called as endohedral fullerenes. The
first endohedral fullerene La@C60 was synthesised in 1985 (Heath et al.,
1985) and currently atoms of several other elements have been succesfully
encapsulated inside fullerene molecule. Currently endohedral fullerenes are
studied very actively, since encapsulation of atoms inside fullerene cage can
produce nanomolecules which have desired and novel properties and can be
used, for example, in medical applications. Similarly to endohedral fullerenes,
large fullerenes can even enclose other fullerenes inside forming structures
called as carbon onions which consists of several concentric graphite like shells
(Ugarte, 1992; de Heer and Ugarte, 1993).



4 Introduction

1.1.2 1D carbon: Nanotubes

CNTs are 1D cylinderical molecules which were discovered experimentally
by S. Iijima using transmission electon microscopy in 1991 (Iijima, 1991),
see Figure 1.2. The diameter of CNT is of nanometer size and its length
can be as long as 18.5 cm (Wang et al., 2009). The scientific importance
of CNTs is due to their unique electronic properties which depend on the
chirality. By tuning the arrangement of atoms on the nanotube surface and
diameter of the tube the CNT can be either metallic or semiconducting. Also
mechanical properties are unique compared to other 1D nanostructures. In
radial direction nanotubes are quite soft but in axial direction they are very
strong. CNTs are very flexible and can withstand cross-sectional and twisting
distortions and compression without fracture. These desirable mechanical
properties make CNTs potential candidates for many applications relevant to
everyday consumer.

Various different techniques to synthesize CNTs have been developed. The
most common methods are arc discharge, laser ablation and Chemical Vapour
Deposition (CVD). The first CNTs were produced using arc discharge by
Iijima (Iijima, 1991). The yield from arc discharge is not high, and although
it is higher in laser ablation, quantities are small. Currently, CVD is com-
monly accepted to be the most promising method, since it is well established
industrial process that allows large scale production of CNTs.

Figure 1.2: Different types of CNTs. Only a few hexagonal carbon
rings are presented for each tube. Surface of (a) armchair (5,5) and (b)
chiral (9,4) CNT. (c) Schematic presentation of MWCNT which consists

several concentric CNTs.
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A CNT is constructed by rolling a graphene sheet to cylinderical form. This
is demonstrated in Figure 1.3 where a CNT is formed when sites B and O
are connected to sites B′ and A, respectively. The structure of the CNT is
defined by the chiral vector Ch

Ch = na1 +ma2 ≡ (n,m), (1.1)

where n, m ∈ N and

a1 = (

√
3

2
a,
a

2
),

a2 = (

√
3

2
a,−a

2
),

are the real space vectors of hexagonal graphite lattice and a is the lattice
constant of graphene (a = 2.46 Å), see Figure 1.3. The CNT is called armchair
if (n,m) = (n, n), zigzag if (n,m) = (n, 0) and chiral if (n,m) = (n,m). The
Ch is perpendicular to the tube axis and the chiral angle is defined as angle
between vectores Ch and a1

cos(θ) =
Ch · a1

|Ch||a1| =
2n+m

2
√
n2 +m2 + nm

. (1.2)

In zigzag CNT, the angle θ = 0, in armchair tubes θ = π/6, and in chiral
tubes angle is 0 < θ < π/6.

The translation vector T is the unit vector of CNT. T is perpendicular to
the Ch and parallel to the tube axis.

T =
2m+ n

d
a1 − 2n+m

d
a2, (1.3)

where d is the greatest common divisor (gcd) of 2m+ n and 2n+m.

The diameter of CNT is

dtube =
L

π
=

|Ch|
π

=
a
√
n2 +m2 + nm

π
. (1.4)

Ends of the CNT are called caps, which are hemispheres of a fullerene.
MWCNTs are complexes which consist of multiple concentric CNTs with
intershell spacing varying from 3.4 Å to 3.9 Å (Kiang et al., 1998), see Figure
1.2.
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Figure 1.3: The unit cell of the CNT (5,2) is characterized by chirality
vector Ch = 5a1 + 2a2 and translation vector T = 3a1 − 4a2. The CNT
is produced when the rectangle is rolled so that translational vector is
parallel to the tube axis and opposite sides of rectangle coinside. The
angle θ is angle between Ch and zigzag direction. Vectors a1 and a2 are
lattice vectors of graphene sheet. CNT’s marked with red oval are metals
in the sense of zone-folding and others are semiconduncting. As can be

seen, all armchair CNTs are metallic.

The electronic structure of CNTs can be derived from the electronic structure
of graphene sheet by calculating how rolling of the sheet affects the electronic
structure (called as zone-folding). From the periodic boundary conditions
of the CNT, the wave vector in Ch direction becomes quantized, while the
wave vector along the CNT axis remains continuous. This will results in a
set of 1D energy dispersion relations which are cross-sections of those for 2D
graphene. These 1D dispersion relation are

Ei(k) = Egrap
2D

(
k
K2

|K2| + iK1

)
, (1.5)

where vectors K1 and K2 are the reciprocal lattice vectors corresponding
vectors Ch and T, and i = 1, . . . , N − 1, and − π

T
< k < π

T
. The cuts
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Figure 1.4: Metallic energy band
is obtained if the ratio of |YK| to
K1 is an integer. Vectors K1 and
K2 are resiprocal lattice vectors and
line segment WW ′ is Brillouin zone

of CNT.

to graphene energy dispersion surface on lines kK2/|K2| + iK1 determine
electronic structue of CNT. If a cutting line passes through a K point in
the 2D Brillouing zone of graphene where π and π∗ bands coincide, energy
bands of the CNT have zero band gap and CNT is metallic. Otherwise CNT
is semiconducting with a finite band gap.

A metallic energy band is obtained if the ratio of |YK| to K1 is an integer,
see Figure 1.4. Because the vector

YK =
2n+m

3
K1, (1.6)

the CNT is metallic if (2n+m) or equivalently (n−m) is a multiple of 3. Due
to Equation (1.6), it is also evident that one third of the CNTs are metallic
and two thirds are semiconducting and all armchair CNTs are metallic. It
can also be shown that the energy gap in semiconducting CNTs is inversely
proportional to the diameter

Eg =
|t|aC−C

dtube
, (1.7)

where aC−C is bond length in graphene sheet (Saito et al., 1998).

However, the energy gap calculated using this zone-folding method is shown
to be incorrect in some cases. Using Density Functional Theory (DFT)
calculations Lehtinen et al. (Lehtinen et al., 2004a) showed that CNTs (9,0)
and (12,0) are semiconducting instead of metallic predicted by zone-folding
argument.
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1.1.3 2D carbon: Graphene

Graphene is a single layer of graphite, which consists of stacked graphene
sheets with interplanar spacing of 3.35 Å. For a long time it was believed that
graphene does not exist in free state, but is arranged to stacks forming graphite.
Althought graphite had been used for centuries, individual graphene layers
were isolated for the first time just recently by Novoselov et al. (Novoselov
et al., 2004). In 2004 Novoselov was able to detect graphenes layer with an
optical microscope due to the optical effect it creates on top of a SiO2 substate.
Graphene was eventually separated from highly oriented pyrolytic graphite
using very simple mechanical exfoliation1 technique. Althought making
graphene is relatively straightforward, it is not easy to detect (Castro Neto
et al., 2009). Experimental observation of graphene is one of the most
significant achievements in 21st century and the Nobel Prize in Physics
2010 was awarded jointly to Andre Geim and Konstantin Novoselov for
groundbreaking experiments regarding the two-dimensional material graphene
(Nobelprize.org, 2010).

Graphene is also called a honeycomb lattice because carbon atoms are arranged
to hexagons. This hexagonal lattice is characterized by lattice vectors

a1 = (

√
3

2
a,
a

2
) and a2 = (

√
3

2
a,−a

2
),

where a = 2.46 Å, see Figure 1.5. In principle, a graphene sheet can be
regarded as a basic building block for other graphitic materials. Wrapping
sheet spherically forms fullerenes, rolling into cylinders forms CNTs, and
stacking layers into piles forms graphite.

In graphene, three carbons valence electrons hybridize in a sp2 configuration

1Repeated peeling using tape. Also called as Scotch tape technique

Figure 1.5: Structure of
graphene: Gray area indicate
(a) the unit cell and (b) Brilloi-
ung zone of graphene. a1 and
a2 are unit vectors of unit cell
and b1 and b2 are reciprocal
lattice vectors. Γ, M and K
are high symmetry points of

graphene.
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Figure 1.6: Electronic dispersion relations for graphene. (a) Complete
energy spectrum for the whole graphene lattice for both π and π∗ bands.

(b) Energy dispersion along lines K − Γ−M −K.

and fourth electron form π-bonds which are perpendicular to the surface.
Graphene has unique electronic structure, which was first studied as early as
1946 by P.R. Wallace (Wallace, 1947). Using Tight Binding (TB) approxima-
tion, Wallace calculated the band structure of graphene and showed that it
has semimetal behaviour. Energy bands derived using TB Hamiltonian are

E2D
grap = E± = ±

√
3 + f(k)− t′f(k), (1.8)

f(k) = 2 cos(
√
3kya) + 4 cos(

√
3

2
kya) cos(

3

2
kxa), (1.9)

where t is the nearest-neighbour hopping energy and t′ is the next nearest-
neighbour hopping energy used in tight-binding Hamiltonian and ± denotes
upper (π∗) and lower (π) band which for finite t′ values become antisymmetric.
The band structure of graphene and energy dispersion relations along high
symmetry lines are shown in Figure 1.6. TB model shows, that graphene has
full valence band and empty conduction band, while top of the valence band
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has exactly same energy as the bottom of the conduction band. Therefore
graphene is called zero-bandgap semiconductor or semimetal, since electronic
properties are between metal and semiconductor.

Electronic structure of graphene is unique compared to other known structures
and during recent years many significant findings have been made. One
of the most intresting phenomenon is that electron interaction with the
periodic potential of graphene lattice gives rise to new quasiparticles called
massless Dirac fermions. At low energies electrons behave like relativistic
spin 1/2 particles which are described by Dirac equation rather than the
Schrödinger equation. Experimentally, it has been observed that charge
carriers concentration in graphene can be as high as 1013 cm2 and have very
high mobility at ambient condition, with reported values in excess of 15000
cm2V−1s−1. Also two new quantum Hall effects have been experimentally
observed (Geim and Novoselov, 2007).

During recent decades, continuous miniaturization of electronic devices has
evoked discussion of limits of silicon based electronics. 2D graphene is
considered as one of the most promising structures for carbon-based electronic.
To make electronic devices based on graphene, the large graphene sheet has to
be cut to smaller pieces. Cutting produces important graphene based systems,
Graphene Nano Ribbons (GNRs). GNRs are stripes of graphene with finite
width and can be produced by cutting (Ci et al., 2008) graphene to desired
shapes or by unzipping carbon nanotubes (Jiao et al., 2009; Kosynkin et al.,
2009). Electronic properties of GNRs depends on the edge structure (zigzag
or armchair) of the ribbon. Using TB approximation, it has been shown that
electronic properties of GNRs have similar features compared to CNTs: all
GNRs with zigzig edges are metallic, while armchair GNRs can be either
metallic or semiconducting depending of the width of the ribbon (Nakada
et al., 1996). However, DFT calculations predicts that all armchair GNRs are
semiconducting and band gap scales as ∼ aL−b, where a and b are constants,
which depends of the nanoribbon type2, and L is width of the ribbon (Barone
et al., 2006).

2Hydrogen passivated or nonpassivated edges.
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1.1.4 3D carbon: Carbon solids and exotic carbon
structures

In this section some of the many 3D carbon structures are briefly discussed.
Among all carbon phases, probably the most well known are graphite and
diamond but various others not so well known structures have been found in
experiments or computationally predicted. The variety of these structures is
enormous and only the most important, well known structures or scientifically
interesting new discoveries are introduced.

Graphite is energetically the most stable carbon structure under standard
conditions. It is formed when graphene sheets are stacked together forming
piles of layers, which are held together via weak van der Waals (vdW) forces,
see Figure 1.7 (a). The layer to layer distance in graphite is 3.35 Å which is
much larger than the C-C distance in a graphene layer. Interaction between
layers does not influence significantly electronic properties and similar to
graphene, graphite is also a semimetal. Althought graphite is one of the softest
known materials and layers can be relatively easily detached from graphite,
the graphene sheet itself is very robust. The most common application in
everyday use is the pencil, the core of which consists of graphite mixed with
a clay binder. In addition, graphite can be found in many application such
as lubricants, electrodes, skis and ski poles and even in nuclear reactors as
neutron moderators.

In contrast to soft graphite, diamond is the hardest natural material known.

Figure 1.7: Atomic struc-
ture of (a) graphite and (b)
diamond. Graphite is char-
acterized by lattice constants
a = 2.46 Å and c = 6.7
Å which result layer separa-
tion of 3.35 Å. Stacking of
layers in Figure is hexagonal
(ABAB) stacking. Other typ-
ical stacking is rhombohedral
(ABCABC) stacking. Lattice
constant of carbon diamond
is a = 3.567 Å and distance
between carbon atoms is 1.54

Å.
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Also its electronic properties are very different: whereas diamond is an
insulator with a wide band gap (5.5 eV), graphite is semimetal. In diamond,
carbon atoms are sp3 hybridized and packed to a Face Centered Cubic (FCC)
lattice, see Figure 1.7 (b). Diamonds have many possible applications due
to desired optical characteristics and outstanding physical properties such
as hardness and superior thermal conductivity. Besides the usage in gem-
industry, many industrial applications exist. Diamonds are excellent materials
in cutting and grinding tools due to hardness and they are also used in
semiconductor coatings and as heat sinks in electronics.

Similar to graphite, also fullerenes and CNTs can form 3D structure via vdW
interaction. In case of C60, the resulting 3D structure has FCC symmetry
where molecule centers are 10 Å away from each other and the cage separation
is about 3 Å, which is slightly smaller than layer distance in graphite. CNTs
can form close-packed bundles, where the distance between tubes is 3.45 Å
calculated using vdW-DFT (Kleis et al., 2008), which is in agreement with
experimental value of 3.4 Å (Terrones et al., 1997).

After the synthesis of buckminsterfullerene C60, there has been growing interest
in creating fullerene-based polymers as possible candidates for superconduct-
ors, strong and light materials, hydrogen-storage materials, quantum dots
and biological applications. C60 based polymers have been studied intensively
both experimentally and theoretically To the date, several polymerized phases
of C60 with different dimensionalities have been synthesized using various
different techniques, see Figure 1.8. One of the most promising techniques is
pressure-induced polymerization, since it is known to be able to control network
geometries and dimensionality by varying the pressure and temperature.

Figure 1.8: Polymerized layer of (a) C60(66) polymer and (b) C60(65)
polymer.
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The recent synthesis of other fullerene cages has opened perspectives to
creation of new kinds of polymer structures with different fullerenes as building
blocks. Among different fullerenes, C20 is regarded as excellent polymer
building block since it manifests extreme reactivity and forms compounds
easily. However, so far only one three-dimensional C20-based polymer has
been experimentally produced (Iqbal et al., 2003; Spagnolatti et al., 2002)
Based on the comparison of computational and experimental Raman and IR
spectra, Iqbal et al. (Iqbal et al., 2003) have shown that the best fit to the
experimental data is demonstrated by the face-centered cubic C22 structure,
where the C20 molecules are located on FCC lattice sites and are bound by
two additional carbon atoms. At the same time, according to computational
studies other stable 3D polymers structure might exist, including Simple
Cubic (SC) (Miyamoto and Saito, 2001; Chen et al., 2004), FCC (Chen et al.,
2004) and Body Centered Cubic (BCC) (Chen et al., 2004; Okada et al., 2001)
phases.

In 1991, Terrones and Mackay (Terrones and Mackay, 1997) proposed that the
inclusion of carbon rings with more than six atoms in a graphite hexagonal
mesh could produce stable periodic graphitic arrangements with negative
curvature, These spongy carbon nanostructures, also called schwarzites, ex-
hibit topologies similar to the Triply Periodic Minimal Surfaces (TPMSs).
Schwarzites consist of a sp2 bonded carbon network which is periodic in
3D space. To date, several periodic schwartzites and structures with negat-
ive Gaussian curvature have been proposed in the literature (Terrones and
Mackay, 1997; Terrones and Terrones, 1998; Terrones and Mackay, 1993;
O’Keeffe et al., 1992; Diudea, 2005) and produced in experiments (Benedek
et al., 2003; Barborini et al., 2002). One of the simplest schwarzite structures
is Schwarz P-surface, which is also a TPMS, see Figure 1.9.

Porous carbons are multipurpose materials that have been widely used in
many fields such as air and water purification, catalyst supports, electrodes
for supercapacitors. A recent improvement to synthesize spongy carbon is
to use zeolites and template techniques. Experimentally it has been shown
that zeolites, which are aluminosilicate minerals and have a microporous
structure, can be used as templates for nanostructures where carbon fills the
pores and forms 3D networks (Kyotani, 2006; Kyotani et al., 2003; Ma et al.,
2002). After the synthesis of the carbon nanostructure the zeolite template is
removed by washing the structure using hydrofluoric acid (Yang et al., 2007;
Kyotani et al., 2003). The resulting material is expected to have pores in
original template areas and carbon networks inside original pores, resulting in
structural pore ordering similar to that of the zeolite (Yang et al., 2007). The
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Figure 1.9: P-TPMS covered with graphene using hexagonal and octa-
gonal rings. Supercell consists of 432 carbon atoms. Coloring indicates

curvature of the surface. Octagonal rings are marked using purple.

number of zeolite structures, which could be used as a template is enormously
large. Therefore, a computational approach that might predict the structure
and properties of a replica to be synthesized within a predefined nanotemplate
would be of immense practical value. However, due to the complexity of the
systems the simulation of the replica formation is an extremely challenging
task.

Hybrid carbon nanostructures are compounds which consists of at least two
different carbon allotropes. The advantage of hybrid materials over the
individual structures is the tunability of desired properties. For example,
by varying proportion of allotropes, chemical activity of nanomaterial can
be modified or capability of gas storage increased. The first hybrid carbon
nanostructure synthetized is the carbon peabod (Smith et al., 1998; Smith
and Luzzi, 2000), in which a chain of C60 fullerenes are assembled into a
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Figure 1.10: (a)-(b) Carbon nanobud and (c) carbon nanocone. (d)
Apex of carbon nanocone consists pentagonal rings which bend the
graphene sheet to conical form. Number and configuration of pentagonal

rings on the apex will vary and cause different apex angle.

CNT. Recently, new hybrid carbon nanostructure called nanobud have been
synthesized by covalently bonding C60 fullerenes to the wall of CNT through
cycloaddition reaction (Nasibulin et al., 2007b,a), see Figure 1.10. Soon after
the discovery of nanobuds, the idea of bonding fullerenes to other carbon
materials was applied to graphene and based on DFT calculations periodic
graphene nanobuds (Wu and Zeng, 2009) were proposed.
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Besides the structures which were discussed in this section, carbon can
form, or has been predicted to form various other exotic phases, for example
nanocones (see Figure 1.10), nanohorns (Iijima et al., 1999), nanoscrolls,
toris and helicoidal structures and Haeckelites. Although a wide variety of
allotropes are known, it can be assumed that many new structures will be
proposed in the future.
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1.2 Hydrogenated carbon: properties and

applications

Hydrocarbons are organic compounds which consist of carbon structures with
hydrogen atoms attached to it. The simplest hydrocarbon is the methane
molecule (CH4). A typical example of hydrocarbon is carbon-hydrogen chain.
These chains can be divided into three categories based on bond configuration
in the chain. Alkanes (CnH2n+2), alkenes and alkynes are hydrocarbons with
single, at least one double or at least one triple bond in the chain between the
atoms, respectively. Cycloalkanes are hydrocarbons with one or more carbon
rings (one fully saturated ring CnH2n) and aromatic hydrocarbons have at
least one aromatic ring.

In 2007, Sofo et al. (Sofo et al., 2007) predicted a 2D hydrocarbon called
graphane on the basis of first-principles calculations and soon after Elias et
al. (Elias et al., 2009) synthetized it by exposing graphene to cold hydrogen
plasma. Graphane consists of a graphene layer, where hydrogen atom is
covalently bonded to each lattice site, see Figure 1.11. This changes the
hybridization of carbon atoms from sp2 to sp3 and removes the conducting
π-bands and opens an energy gap (Sofo et al., 2007; Elias et al., 2009).
Depending on the hydrogen adsorption pattern three energetically favourable
conformations have been proposed: chair, boat (Sofo et al., 2007) and stirrup
(Bhattacharya et al., 2011). The chair isomer where hydrogen atoms alternate
on both sides of the plane, has been found to be energetically most favourable.
However, based on ab initio Molecular Dynamics (MD) perfect graphane-

Figure 1.11: Structure of graphane.
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Table 1.1: Properties of atomic and molecular hydrogen on C60,
graphene and CNT surface. Eads, Emig, Edis and Ephys denotes ad-
sorption, migration, dissociation and physisorption energy, respectively.
Energies are in eV and the reference energy for hydrogen atom adsorption

is the energy of free hydrogen atom.

H atom H2 molecule
C60 CNT graphene C60 CNT graphene

Eads −2.131 −1.075 −0.834 Edis - - 3.37

Emig - 1.095 0.786 Ephys - −0.0843 −0.0932

1 DFT (B3LYP) (Okamoto, 2001),
2 DFT (LDA) (Henwood and Carey, 2007)
3 DFT (LDA), CNT(10,0), value depends on chirality and site (Henwood and Carey, 2007)
4 DFT (Ferro et al., 2003),
5 DFT CNT(9,9) (Chen et al., 2007),
6 DFT (Chen et al., 2007),
7 DFT (GGA) (Miura et al., 2003)

like structures are unlikely to be formed. On the contrary domains which
break hydrogens up and down alternating patterns are formed, which leads
to corrugation and shrinkage of the sheet (Flores et al., 2009). Potential
future applications for graphane are hydrogen storage and low-dimensional
electronics (Sofo et al., 2007). Although, graphane has a very high volumetric
and gravimetric hydrogen density, to load and unload hydrogen from this
compound is currently impossible.

Recently, functionalization of carbon structures has attracted a lot of attention,
where hydrogenation has been actively considered as one of the ways achieving
this. Two main goals are considered: to modify electronic properties and/or
to use the structure for hydrogen storage. For these, a profound knowledge
of hydrogen interaction with the carbon structures is a must to be able
to control the material properties. Despite its importance, the picture of
hydrogen dynamics in carbon structures is far from being complete. A lot of
studies have been devoted to get values for adsorption energies of hydrogen
atoms and hydrogen molecules on graphene, CNT and fullerene (like C60), see
Table 1.1. For these values, a good agreement between different techniques and
approaches has been achieved to date. However, for example, the migration
energy of hydrogen on graphene can be considered as a questionable matter
still and there is a lot of data missing about dynamics of multiple hydrogens
on graphene.
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Surprisingly, hydrogen adsorption on graphene can induce magnetism (Zhou
et al., 2009). Although, ferromagnetism by hydrogenation is demonstrated
only by using high hydrogen coverages, the idea to control spin by hydrogen
adsorption is intriguing. This method has several benefits over existing ones,
since it is not necessary to use transition metal atom doping or to introduce
carbon vacancies on graphene, nor cut graphene sheet in any way.

Another question is the effect of curvature on hydrogen interaction with
the structure. The general trend is clear, the interaction is enhanced with
the increase of curvature. This was shown experimentally (Ruffieux et al.,
2002), as adsorption of hydrogen on graphene, C60 and CNT surfaces was
investigated. However, a systematic study of adsorption of hydrogen for
fullerenes is absent, and the effect of local geometry near the adsorption site
is unknown. One can state, that so far hydrogen interaction with carbon
has not been studied thoroughly for any carbon structure, although a huge
amount of papers are published on this topic.
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1.3 Goals and objectives of the work

The synthesis of various new carbon nanomaterials, such as graphene and
3D fullerene solids has created much interest in scientific community, since
it is assumed that these novel structures have many potential applications
in the field of materials science. However many important questions are still
unanswered, varying from synthesis to interaction between adsorbents and
carbon substrate. This thesis tries to expand knowledge on these topics and
answer the following fundamental questions:

1. How can carbon nanostructure formation be controlled?

For application purposes, controllability of synthesis process is vital. To
achieve this it is relevant to know how synthesis works at atomic level.

2. Will novel carbon nanostructures exhibit desired properties and what
are they?

It is known that properties of carbon structures vary depending on
dimensionality and hybridization and arrangement of carbon atoms.
Based on these variables, is it possible to deduce electronic and mech-
anical properties of the structure?

3. How does hydrogen modify properties of carbon nanostructures?

What is the effect of hydrogen adsorption on the electronic and mech-
anical properties of a carbon structure? Can deposition of hydrogen be
used to tune properties of the carbon structure?

4. Are there carbon nanostructures which are ideal materials for hydrogen
storage?

Hydrogen storage is regarded as one of the most relevant applications for
carbon nanostructures. The problem is very important both scientifically
and technologically, since it requires fundamental understanding of
hydrogen behavior in carbon nanostructures and could lead to revolution
in fuel cell industry.



Chapter 2

Computational methods and
techniques

I think I can safely say that
nobody understands quantum
mechanics.

− Richard Feynman

2.1 Computational methods in condensed

matter physics

In computational physics, physical problems are solved with a computer. This
means that mathematical equations which can not be solved analytically are
solved numerically or by performing computer experiments by simulating phys-
ical phenomena occuring in nature. Computational physics can be regarded
as an intermediate field between between theoretical and experimental physics,
or a subdiscipline of theoretical physics. In principle, the starting point in
computational physics is always a mathematical equation or equations and
therefore it can be regarded as a part of theoretical physics. On the other
hand, some computational techniques can be regarded as computational exper-
iments which are analyzed in the same way as traditional physical experiments.
In some fields of physics, computational methods have almost completely
replaced analytical techniques (solid state physics) or are an essential part of
experiments (analyzing collected data). At present, due to developments in
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Figure 2.1: Computational methods in materials science from atomistic
simulations to continuum models. Time and length scales in axis are

indicative, adapted from (Foster and Krasheninnikov, 2008).

computer technology, computational physics is in a stage where it can be used
to explain experimental results or give accurate predictions how experiments
should be performed.

Depending on the length and time scales of the studied phenomenon many
different research methods have been developed and are used in materials
science. It is evident that to study atoms or small molecules it is possible
to use more accurate methods than when one wants to study systems which
require simulating of thousands of atoms. Computational methods can be
structurized in different ways. One way is to use three categories which are
atomistic simulation methods, mesoscale methods and continuum methods,
see Fig 2.1.

To study objects with macroscopic size and model everyday phenomena like
boiling of water, movements of the continental plates and flow of the glaciers,
continuum methods which assume that matter is continuous have to be used.
However modeling of these events with continuum methods requires inputs
from experiments or from more accurate methods. Also phenomena related
to the electronic structure or events at nanoscale, can not be explained using
continuum methods.
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In this case, when atomic and/or electronic structure plays an important role,
the atomistic methods are the most applicable. Atomistic simulations use
force fields derived from empirical (experimental) data (semi-empirical) or ab
initio calculations and can be used to study structures at microscopic scales
and dynamical processes on time scales up to 1 μs. When atomistic methods
are further simplified using, for example, coarse graining techniques, these
methods are called mesoscale methods. Mesoscale methods make it possible
to use larger systems and simulate on longer times than atomistic ones, scaling
up to seconds. However, the reliability of the results is lower since a number
of approximation is involved in standard models. The accuracy of mesoscale
methods can be improved if one uses input parameters calculated with more
accurate atomistic methods.

In semi-empirical methods, empirical data and experimentally derived para-
meters are used as inputs for mathematical models. These methods are
computationally less demanding and easier to implement than ab initio meth-
ods. Semi-empirical methods can handle complex systems with thousands of
atoms and simulate dynamical processes which involve bond breaking and
formation.

Ab initio methods mean that calculations are done from first principles. In
these methods, the mathematical model is done by approximating Schrödinger
equation, without employing any empirical parameters. Depending on the
used approximations, results can be calculated with a good level of accuracy.
Ab initio methods are mathematically rigorous and empirical parameters are
not used. These methods are suitable for many different systems but are
computationally very expensive. In principle, everything can be calculated, but
calculations are typically restricted to static properties or very fast processes
in timescales up to ∼ 1 ps. Dynamics of large systems are not accessible
using ab initio techniques due to computational requirements. Nowadays,
small systems from tens to hundreds of atoms or systems which need very
high accuracy are best suited for ab initio methods.

In this thesis, I have mainly used DFT techniques which are regarded as an ab
initio method and are indroduced in next section. Other techniques used in
this thesis are Lattice Kinetic Monte Carlo (LKMC) and classical MD, which
can be regarded to belong to mesoscale methods and atomistic simulation
methods, respectively.
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2.2 Density functional theory

2.2.1 Basic principles

The fundamental problem in computational condensed matter physics is to
solve the Schrödinger equation

ĤΨ(r1, r2, . . . , rN) = EΨ(r1, r2, . . . , rN), (2.1)

for a many-particle system of N electrons interacting via Coulomb’s potential
and determine the ground state configuration for a set of atoms. The problem
can be divided into two parts: total energy calculations for a set of atoms
and relaxation and finding the ground state of atoms. In this section solving
this problem using DFT is discussed.

At present, DFT methods are the most used computational methods in
computational condensed matter physics physics and materials science. Using
DFT one can calculate among other things magnetic, optical, structural and
energetic properties of a given substance.

DFT was developed by P. Hohenberg, W. Kohn and L.J. Sham (Hohenberg
and Kohn, 1964; Kohn and Sham, 1965). They showed that electron density
can be taken as a basic variable and all physical properties of the system can
be calculated from it and it is possible to replace the many-electron problem
by an exactly equivalent set of self-consistent one-electron equations which
are solved iteratively. These self-consistent Kohn-Sham equations are:[

−�

2m
∇2 + Veff (r)

]
ψi(r) = εiψi(r) (2.2)

Veff (r) = VH(r) + Vxc(r) + Vext(r) (2.3)

VH(r) =

∫
n(r′)
|r− r′|dr

′ (2.4)

Vxc(r) =
δExc[n(r)]

δn(r)
(2.5)

Equation (2.2) is a one-particle Schrödinger equation in an effective one body
potential Veff where VH is a Hartree potential, Vxc is the exchange-correlation
potential, Vext is the external potential and n(r) is mean electron density
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defined as

n(r) =
N∑
j=1

|ψj(r)|2. (2.6)

All terms in the equation for the effective potential (2.3) are known except
for the exchange-correlation potential (2.5). The exchange-correlation term
contains all complex many-body physics and needs to be approximated. There
are two widely used approximations, the Local Density Approximation (LDA)
and Generalized Gradient Approximation (GGA)

ELDA
xc [n] ≈

∫
exc[n(r),

EGGA
xc [n] ≈

∫
f(n(r),∇n(r))dr.

(2.7)

Calculations in this thesis have been made using the GGA by Perdew-Burke-
Ernzerhof (PBE) or Perdew-Wang 1991 (PW91) (Kresse and Joubert, 1999)
and the Projector Augmented Wave (PAW) method. The basic idea of the
PAW method is that the all-electron wave function Ψn is derived from the
pseudo wave function Ψ̃n by a linear transformation (Kresse and Joubert,
1999; Blöchl, 1994)

|Ψn〉 = |Ψ̃n〉+
∑
lmε

clmε

(
|φlmε〉 − |φ̃lmε〉

)
, (2.8)

where the coefficients clmε are scalar products

clmε = 〈p̃lmε |Ψ̃n〉. (2.9)

Pseudo wave functions are variational quantities. φi’s are all-electron partial
waves and φ̃i’s are the pseudo partial waves inside the core radius. φi and φ̃i

are calculated for free atoms. p̃lmε are projector functions which are dual to
the partial waves

〈p̃lmε|φ̃l′m′ε′〉 = δl,l′δm,m′δε,ε′ . (2.10)

Compared to the Ultra-Soft Pseudo Potentials (US-PP) the PAW potentials,
in general improve the accuracy of calculations. This has been shown, for
example for magnetic materials and alkali and alkali earth elements (Kresse,
2011). The bond length errors are usually less than 0.5%. Also the generation
of datasets is quite easy and the construction scheme is simalar to that for
US-PP (Kresse, 2011).
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Typically, knowing the electronic structure for some specific configuration
is not enough and the atomic configuration is desired to evolve towards
ground state. The ground state can be found by moving particles using some
relaxation algorithm. The most common choices amoung various different
algorithms are Conjugate Gradient (CG), Residual Minimization Method
Direct Inversion in the Iterative Subspace (RMM-DIIS) or damped MD.
Depending on the algorithm, either energies of the system or forces between
particles are required to relax the atomic system to the ground state. Forces
can be calculated using the Hellman-Feynman theorem (Feynman, 1939)

d

dR
〈ψ|Â|ψ〉 = 〈ψ|dÂ

dR
|ψ〉, (2.11)

where Â can be any operator. For particle i, the force is defined as a negative
gradient of the potential

Fi = − dE

dRi

= −∂〈ψ|Ĥ|ψ〉
∂Ri

, (2.12)

and can be simplified to

Fi = − dE

dRi

= −∂〈ψ|Ĥ|ψ〉
∂Ri

= 〈ψ| ∂Ĥ
∂Ri

|ψ〉. (2.13)

This result is particularly important since forces can be calculated from eigen-
vectors using the Hamiltonian derivative matrix. However, forces calculated
using the Hellman-Feynman theorem are very sensitive to errors in the wave
functions and accurate forces can be calculated only when the wave functions
are very close to exact eigenstates. The errors in the forces are of the first
order, while errors in the total energy are of the second order with respect to
the errors in the wave functions (Payne et al., 1992).

In most of the cases, electron and nuclear motions are on different time-scales
and one can approximate that ions move on the Potential Energy Surface
(PES) of the electronic groundstate. This is called the Born-Oppenheimer
or adiabatic approximation, and it is assumed to be valid in all calculations
performed in this Thesis. However, the Born-Oppenheimer approximation
is not always valid and correlations between ionic and electronic motion is
significant. Typical situations are fast moving ions, systems with very low
Fermi velocity and other processes where excited states are important (Foster
and Krasheninnikov, 2008).
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2.2.2 Accuracy of the results

Although the DFT is one of the most important theories in solid state physics
after 1970s, there are some shortcomings which should be noticed.

One of the most severe problems is that LDA and GGA band gaps in semi-
conductors and insulators are underestimated. This is the so-called band gap
problem and various methods and techniques have been suggested to solve
the problem, like LDA+U, scissors operator and hybrid functionals. There
also exists overbinding when LDA is used. Due to overbinding the calculated
lattice constants are too small, cohesive energies too large and bulk moduli
too high. LDA and GGA neglects strong correlations which leads to the
problem where the DFT predicts a metallic state although the structure is
a Mott-Hubbard or charge-transfer insulator. This problem also appears in
calculations of transition-metals having d- and f -bands. The vdW interactions
which arise from mutual dynamical polarization of interacting atoms are also
neglected and are not included in any standard functionals. However, for
some carbon nanostructures vdW interaction plays crucial role and needs
to be taken account. Typically these structures are layered structures like
graphene, MWCNT or carbon onions, but the vdW interaction is important
also for molecule-molecule interactions or surface-molecule interaction.

2.3 Computational methods for the moving

nuclei

2.3.1 Calculation of phonons

A phonon is a quantized mode of vibration known as normal modes in classical
mechanics. Many important physical properties of solids such as thermal and
electrical conductivity are related to the phonons. This makes phonons an
important subject of studies in both theoretical and experimental physics.
Experimentally, phonons can be studied using, for example, High Resolution
Elecron Energy Loss Spectroscopy (HREELS) or Raman and Infrared (IR)
spectroscopy methods. HREELS is a highly-sensitive and non-destructive
technique which can be used to study surface and adsorbate vibrations and
low energy electronic excitons, while Raman and IR spectroscopy are typically
used to structure characterization and identification.
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In order to calculate phonon modes for the structure1 one typically constructs
the Hessian matrix which is the second derivative matrix with respect to
atomic displacements. Assuming that displacements of the atoms from
equilibrium configuration are small, the potential energy can be written as

V ((r)) ≈ 1

2

d2V (r)

dr2
(r− r0)

2 =
1

2
kδr2, (2.14)

which is the harmonic approximation. The eigenvectors of the Hessian matrix
are the normal modes and since the energy of the phonon is

E = �f =
�

2π

√
k

m
, (2.15)

the frequencies can be obtained from the squared normal eigenvalues of the
Hessian.

A huge challenge for computational physics is to identify structures synthetized
in experiments. Among various techniques, IR and Raman spectroscopy have
been proven to be excellent for this purpose. IR and Raman spectroscopy
are techniques which provide a fingerprint by which the structure can be
identified, since the vibrational properties are very sensitive to the spatial
disposition of chemical bonds that is unique for each structure. By comparing
experimental and computational spectra, it is possible to deduce which kinds
of bonds and elements the structure consists, and thus identify structures
with a good level of accuracy.

The vibration is IR-active if there is a net change in the dipole moment (μ)
of the molecule as it vibrates. The change is described using the derivative
∂μ/∂Q, where Q is normal coordinate of the vibration. The ntensity of IR-
active vibration is proportional to the square of the dipole moment derivative

I(IR) ∝
(
∂μ

∂Q

)2

. (2.16)

The Raman selection rule is analogous to the IR-selection rule and states
that the vibration is Raman active if there is a change in polarizability (α)
during vibration. Similarly to the IR-activity, the intensity of the Raman
active mode is

I(Raman) ∝
(
∂α

∂Q

)2

. (2.17)

1Solid, liquid, molecule or any type of matter.
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2.3.2 Finding minimum energy paths for reactions

One of the very important problems in condensed matter physics and theoret-
ical chemistry is finding reaction paths for molecules, defects, vacancies, and
adatoms. From the computational condensed matter physics point of view,
the standard goal is to calculate Minimum Energy Path (MEP) between two
stable states and to determine the saddle point energy which is the minimum
energy needed for the reaction to occur.

A number of different methods can be found in the literature. In this
section the Nudged Elastic Band Method (NEB) is indroduced. This method
is recognized as one of the best chain-of-states methods for calculations of
reaction paths. Other chain-of-states methods are the Climbing Image Nudged
Elastic Band Method (CINEB) method, Conjugate Peak Refinement (CPR)
method, ridge method, Dewar-Healy-Stewart (DHS) method, and dimer
method (Henkelman et al., 2000).

In the NEB method one should know the final and initial coordinates of the
system. For example, the initial configuration (I) could be a H2 molecule over
the graphene surface and the final configuration (F) a H2 molecule dissociated
and H atoms adsorbed on the surface. When I and F configurations are defined
a string of images of the system between these two confiqurations is created.
Usually, it is a good approximation to create images interpolated along the
straight line between I and F, but in some cases this linear interpolation is not
adequate and a different choice can give better results or faster convergence.

To ensure that images are equally spaced along the reaction path, the images
are connected together with spring forces. The total force acting on image i
is the sum of the spring force and the force derived from the potential energy
of the system

Fi = −∇E(Ri) + FS
i . (2.18)

To obtain the real MEP, the force on each image should only consist of the
perpendicular component of the true force and the parallel component of
the spring force. These constrains assure that all images will converge to
situation where images are evenly spaced and along the MEP. The equation
(2.18) can be written as:

FNEB
i = −∇E(Ri)⊥ + F

S‖
i = −∇E(Ri) +∇E(Ri) · τ̂iτ̂i + FS

i · τ̂iτ̂i, (2.19)

where τ̂i is a unit tangent of the path at image i and F
S‖
i is the spring force
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Figure 2.2: NEB method used to determine MEP to 2D PES data.
Blue path is initial guess for the path and red path is optimized MEP.

parallel to the band

F
S‖
i = k(|Ri+1 −Ri| − |Ri −Ri−1|)τ̂i. (2.20)

The perpendicular component of the gradient term is obtained by substracting
the parallel component out. An illustration of the NEB method applied to
solve problem of finding MEP in 2D is presented in Fig 2.2 and the forces in
NEB method are presented in Fig 2.3.

The unit tangent of the path at each image can be estimated using a normalized
line segment

τ̂i =
Ri+1 −Ri−1

|Ri+1 −Ri+1| , (2.21)

or using the bisect of the two unit vectors which is a better approximation

τi =
Ri −Ri−1

|Ri −Ri−1| +
Ri+1 −Ri

|Ri+1 −Ri| , (2.22)
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Figure 2.3: Forces in NEB calculation. The NEB force FNEB
i consist

two components, spring force along the tangent of the elastic band F
S‖
i ,

and perpendicular component of the force due the potential F⊥
i . Adapted

from (Sheppard et al., 2008).

and then normalize τ̂i =
τ
|τ | .

The CINEB method is a modification of the standard NEB. In CINEB, the
image, which has the highest energy, is driven to the saddle point of the
reaction. After a couple of iterations with standard NEB, the image with
highest energy is determined (imax) and the force to this image is

Fclimb
imax

= Fi − 2Fi · τ̂imax τ̂imax = (2.23)

= −∇E(Rimax) + 2∇E(Rimax)τ̂imax τ̂imax (2.24)

Image imax does not feel spring forces but moves up the PES along the elastic
band. Other images move like in standard NEB calculation. Because imax

climbs to the saddle, images on the one side are compressed, and on the other
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side are spread out. Compared to NEB, CINEB converges to the exact saddle
point whereas NEB often underestimates saddle point energy.

The NEB methods are not perfect and can fail in some cases. For example if
the initial positions of the images are chosen badly, the true MEP is never
found. This can happen when one of the images is initially situated close
to the local minimum which is not in the true MEP. This image can never
escape from this minimum and the NEB fails.

In this thesis, minimum energy paths are calculated using CINEB with
Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimizer which is shown to
perform remarkably well compared to other optimizers in typical DFT reaction
calculations (Sheppard et al., 2008).

2.3.3 Dynamical simulations

So far, I have discussed how, using DFT, electronic structure and ground
state of an atomic configuration can be found, as well as phonons, which are
small vibrations around the equilibrium configuration. However, to study
dynamical processes like phase transitions or temperature dependence of
physical observabels, the knowledge about the ground state is not enough and
particles have to be moved along real trajectories. In order to add dynamics to
simulations there are two popular methods used: MD and Monte Carlo (MC)
simulations. In this section, I will briefly introduce basic concepts of both
classical and ab initio MD while MC simulations are discussed in Section
2.3.4.

In classical MD, trajectory of N particles are determined by solving numeric-
ally Newtonian equations of motion

mi
∂ri
∂t2

= Fi, (2.25)

where Fi is the force action on particle i and defined as

Fi = −∇V (ri, . . . , rN). (2.26)

The positions and velocities of particles are generated iteratively using for
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example the velocity Verlet (Verlet, 1967) algorithm

ri(t+ δt) = ri(t) + δtvi(t) +
δt2

2mi

Fi(t), (2.27)

vi(t+ δt) = vi(t) +
δt

2mi

[Fi(t) + Fi(t+ δt)]. (2.28)

The most time consuming part in classical MD is calculating forces using
semi-empirical potentials (force fields). Some of the most used and well known
for carbon are Tersoff (Tersoff, 1988) and Brenner (Brenner, 1990a) potentials
but many others are developed for different purposes.

Semi-empirical potentials are useful when the dynamics of thousands of atoms
is modelled, but the reliability and accuracy of the results are always under
question. To increase accuracy of the MD simulation, the forces can be
calculated directly from the electronic structure (ab initio MD) instead of
using empirical potentials. The most straightforward way to do ab initio MD
is to perform Born-Oppenheimer Molecular Dynamics (BOMD). In BOMD
electrons are always in the ground state of the ionic configuration. Static
electronic structure is calculated at each time step using DFT, and particles
are propagated using classical mechanics using Equation (2.27).

BOMD is computationally very expensive technique and can be applied to only
relatively limited numbers of atoms. To reduce computational requirements
R. Car and M. Parrinello proposed (Car and Parrinello, 1985) a method
where the basic idea is to treat the electronic degrees of freedom as dynamical
variables. This leads to a system of coupled equations of motion for both ions
and electrons. The benefit of Car Parrinello Molecular Dynamics (CPMD)
over BOMD is that the time propagation is done without performing a
computationally time consuming self-consistent iterative minimisation for
each time step.

In the Car-Parrinello method, the system is described by the Lagrangian
(Marx and Hutter, 2009)

LCP =
∑
L

1

2
MlṘ

2
L +

∑
i

μ〈φ̇i|φ̇i〉︸ ︷︷ ︸
kinetic energy

+ 〈Ψ0|He|Ψ0〉︸ ︷︷ ︸
potential energy

+constraints, (2.29)

where μ is a fictitious mass or inertia parameter of electrons. Initially, the
ground state of electronic density for an atomic configuration is calculated self-
consistently. Applying Euler-Lagrange equations for both nuclear positions
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and orbitals, Car-Parrinello equations of motion can be written as

MIR̈I(t) = − ∂

∂RI

〈Ψ0|He|Ψ0〉+ ∂

∂RI

{constrains} (2.30)

μψ̈i(t) = − δ

δφ�
i

〈Ψ0|He|Ψ0〉+ δ

δφ�
i

{constrains}. (2.31)

Usually, CPMD is slightly faster, more accurate and stable compared to
BOMD. Althought CPMD is computationally less expensive per time step
(Δt), the drawback is that Δt must be much short compared to BOMD.
Typically in BOMD Δt ∼ 1 fs, as in CPMD Δt ∼ 0.1 fs. Both BOMD
and CPMD are useful methods and neither is clearly superior to the other.
However, CPMD is usually applied to study of liquids and large molecules,
whereas BOMD is most often used to simulate solid structures.

2.3.4 Simulation of kinetic processes

MCmethods are type of computational algorithms which use random sampling
to simulate some physical or mathematical problem. In principle, the power
of the computer to generate huge amounts of random numbers is harnessed
to make computer experiments and the results are analyzed using statistical
methods. The name MC, which refer to the famous Monte Carlo casino, was
introduced by Stan Ulam and John von Neumann during 1940s while they were
working on nuclear weapon projects in the Los Alamos National Laboratory
during the second world war. Nowadays, MC methods are very popular to
solve various kinds of different problems, vary from physics problems, like
diffusion in solids, to engineering problems, like designing a production line
in a factory.

In the standard MC huge amount of states of the system is generated for
an equilibrium system and physical properties are obtained from statistical
averages. Time-dependent properties can not be studied using standard MC
because generated states have no correspondence to the real dynamics of the
system. To simulate non-equilibrium processes with correct time evolution
the Kinetic Monte Carlo (KMC) method has been developed. Hence, a KMC
contain correct time evolution of the system, it is particularly useful for
modelling diffusion and growth processes, which are important phenomena in
materials science. The KMC algorithm, which is also known as the residence-
time algorithm, is presented in Alg. 1. Compared to standard MC, the
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Algorithm 1 KMC algorithm, adapted from (Wikipedia, 2011)

Initialize system and set t = 0.
while End condition is satisfied do
1. Form a list of all possible rates ri in the system corresponding
transitions Wi.
2. Calculate the cumulative function
Ri =

∑i
j=1 rj for i = 1, . . . , N

where N is the total number of transitions. Denote R = RN .
3. Get a uniform random number u ∈ [0, 1].
4. Find the event i to carry out by finding the i for which
Ri+1 < uR ≤ Ri.
5. Carry out event i.
6. Find all Wi and recalculate all ri, which may have changed due tu
the transition.
7. Get a new uniform random number u ∈ [0, 1].
8. Update the time with t = t+Δt, where Δt = − log u

R

9. Update statistics and calculate observabels if necessary.
end while

KMC algorithm produces a transition in every iteration which makes it very
efficient. One way to employ KMC is to do so called multiscale simulation,
where energetics of transitions are first calculated using for example DFT and
then this data is used as input in KMC simulation. However, in this type of
simulation all transitions and rates have to be calculated in advance.

In this thesis, LKMC is used to study hydrogen atom clustering on CNT
surface. LKMC simply means that KMC simulation is carried out on an
atomic lattice, in our case hexagonal lattice with periodic boundary conditions
satisfying dimensions of CNT.

2.4 Simulation packages

2.4.1 Vienna Ab-initio simulation package

Most of the calculations in this thesis are performed using Vienna Ab initio
Simulation Package (VASP). VASP is a complex package for performing
ab initio quantum-mechanical calculations involving a number of different
energy/forces minimization schemes as well as features for phonon and MEP
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calculations. The algorithms for MD simulations using pseudopotentials or
the projector-augmented wave method and the plane-wave basis set are also
a part of the package. Efficient matrix diagonalisation schemes and efficient
Pulay/Broyden charge density mixing are used. These techniques avoid all
problems possibly occuring in the original Car-Parrinello method, which is
based on simultaneous integration of electronic and ionic equations of motion.

The execution time of the plane-wave codes scales approximately as N for
some parts of the code, where N is the number of valence electrons in the
system. In VASP prefactors for the cubic parts are almost negligible which
leads to an efficent scaling with respect to system size. The developers of
VASP expect that VASP is useful up to 4000 valence electrons. Usually
not more than 100 plane waves per atom are required to describe the bulk
properties of solids.

VASP determines the symmetry of arbitrary configuration automatically. It
also sets up the Monkhorst-Pack special points allowing an efficient calculation
of bulk materials and symmetric clusters (Monkhorst and Pack, 1976).

In this thesis I have made calculations with the GGA of PW91 (Perdew and
Yue, 1986) and PBE (Perdew et al., 1996) and PAW potentials (Kresse and
Joubert, 1999).

http://cms.mpi.univie.ac.at/vasp/

2.4.2 Abinit

Abinit allows to to study periodic solids, molecules and other nanostructures
from first principles on the basis of DFT and many-body perturbation theory.
Abinit also implements many dynamical, dielectric thermodynamical, mech-
anical, or electronic properties, at different levels of approxiation. Excited
states can be computed within the Time-Dependent DFT (for molecules), or
within Many-Body Perturbation Theory (the GW approximation) (Gonze
et al., 2009). Abinit is available under GNU General Public Licence. In this
thesis, Abinit is used to calculate phonon related properties such as phonon
dispersion relations and Raman spectra.

http://www.abinit.org/
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2.4.3 CPMD

The CPMD code is a plane wave/pseudopotential implementation of DFT,
particularly designed for ab-initio MD (Car and Parrinello, 1985). Its first
version was developed by Jurg Hutter starting from the original Car-Parrinello
codes and currently it is distributed free of charge to non-profit organizations.
CPMD is parallelized and runs on many different architectures. In addition to
standard DFT techniques various other techniques are implemented in CPMD,
such as, path integral MD, time-dependent DFT (excitations,MD in excited
states) and excited states (CPMD, 1997-2001). In this thesis, CPMD is used
to simulate stability of proposed structures and to perform MD simulations.

http://www.cpmd.org

2.4.4 CASINO

LKMC simulations have been performed using the CASINO-LKMC code
(Ganchenkova et al., 2005) developed in RNC Kurchatov Institute. With
CASINO-LKMC it is possible to model diffusion, vacancy clustering and
particles of two types at the same time. Tools for visualizing evolution of the
atomic system and analyzing statistical data are provided.

2.4.5 PARCAS

PARCAS is a PARallell CAScade molecular dynamics simulation code de-
velobed by Kai Nordlund from University of Helsinki. The code is parallelized
and originally developed to simulate collision cascades induced by energetic
ions but it can be used to model other phenomena as well (Nordlund, 2002).
In PARCAS, various potentials such as Tersoff, Lennard-Jones and embedded-
atom method potentials are implemented to describe interactions between
atoms. In this Thesis PARCAS with semi-empirical Brenner potentials (Bren-
ner, 1990b) is used to simulate systems consisting thousands of atoms that is
inaccessible by DFT methods.
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2.5 Definitions

Adsorption is the adhesion of particles to the surface. Particles can be, for
example, atoms, ions or molecules, but in this thesis we are mainly interested
in the adsorption energy of a single hydrogen atom adsorbed to the surface.
For this, the adsorption energy is defined as

EH
ads = E(C + H)− [E(C) + E(H)], (2.32)

where E(C + H) is the total energy for the system where the hydrogen is
adsorbed to the surface of the carbon structure, E(C) is the total energy for
the carbon nanostructure and E(H) is the energy for the isolated hydrogen
atom.

Desorption is opposite reaction to the adsorption. In desorption, a particle
is released from the surface. The desorption energy for the hydrogen atom
leaving from the carbon nanostructure is defined as

EH
des = max[E(C) + E(H), E(barrier)]− E(C + H), (2.33)

where E(barrier) is the energy for the potential barrier which might occur
during desorption process.

Dissociation is a process in which molecules separate or split into smaller
particles. For H2, dissociation means breaking of the hydrogen-hydrogen bond.
Usually, dissociation of the hydrogen molecule in carbon nanostructures lead
to the adsorption of two hydrogen atoms to the surface. The dissociation
energy for H2 is the value of the dissociation barrier and is defined as

EH2
dis = max[0, E(barrier)− [E(C) + E(H2)]], (2.34)

where E(H2) is the energy for the isolated hydrogen molecule.

Desorption of H2 molecule from the surface is a reaction where two hydrogen
atoms recombine in the vinicity of the surface. The desorption energy is
defined as

EH2
des = max[E(C) + E(H2), E(barrier)]− E(C + 2H), (2.35)

where E(C + H2) is the total energy for the system where the hydrogen
molecule is adsorbed to the surface as two hydrogen atoms.



Chapter 3

Results

He who loves practice without theory is like
the sailor who boards ship without a rudder and
compass and never knows where he may cast.

− Leonardo da Vinci

3.1 0D carbon: Fullerenes

Hydrogen can be trapped in fullerene either via chemisorption to the outer or
inner surface or by getting trapped to the hollow fullerene. In order to get
a hydrogen atom inside the fullerene, hydrogen has to overcome a potential
barrier by penetrating either a hexagonal or pentagonal facet. The schematic
energy diagram of these possible configurations is shown in Figure 3.1. In
order to be trapped inside C60 fullerene, hydrogen has to overcome barrier of
2.57 eV or 3.24 eV for penetration through hexagonal and pentagonal facet,
respectively. Penetration through the cage wall is even more difficult for
larger fullerenes, which are less curved than C60. For graphene, as a structure
with zero curvature, penetration barrier through hexagonal facet is 3.4 eV.

Hydrogen trapping at the center of the fullerene is possible, since the curvature
of the inner surface of the cage creates a repulsive interaction between the
surface of the fullerene and hydrogen atom. This leads to an energy minimum
at the center of the fullerene for hydrogen atom. In the case of C60, the
hydrogen adsorption energy at the center is 0.08 eV. However, this value
rapidly increases when the fullerene size decreases, reaching 2.09 eV for C20.



40 Results

Figure 3.1: Schematic energy diagram of the interaction energy between
hydrogen atom and fullerene cage. Barrier values are for the hydrogen
entering C60 fullerene. Adsorption energy value for hydrogen adsorbed

inside C60 is 0.08 eV and value is positive for all fullerenes ≤C60.

Therefore, these states are not energetically favourable and are not likely to
be formed.

Since accumulation of hydrogen inside fullerenes by penetrating though the
cage wall is not likely due to the relatively high penetration barrier, hydrogen
will favor to be adsorbed to the outer surface of the fullerene. In our studies,
we have found that hydrogen adsorption is always favourable regardless of
fullerene size, and that the adsorption energy increases non-monotonically
with the increase of the fullerene size. The smaller the fullerene, the smaller
is the adsorption energy: values for adsorption energy varies between −4.10
eV for C20 molecule to −2.01 eV for C60, and −0.74 eV for graphene. The

Figure 3.2: Adsorption
energy for hydrogen atom
chemisorbed to the sur-
face of different fullerene
molecules. Adsorption
sites can be assigned to
three different categor-
ies based on the number
of hexagonal (NH) and
pentagonal (NP) facets
next to the adsorption

site.
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Figure 3.3: Spin density isosur-
face at 0.20 e/Å3 for the system
consisting of C28 fullerene with ad-
sorbed hydrogen atom. In this con-
figuration, the highest spin density
is located on the opposite side of

the hydrogen adsorption site.

calculated adsorption energies for hydrogen chemisorbed to the outer surface
of the fullerenes ≤C60 are shown in Fig. 3.2. Since most fullerenes are non-
spherical, there exists several non-equivalent adsorption sites for hydrogen for
some of the fullerene molecules.

Experiments are commonly done in molecular hydrogen enviroment. To
adsorb hydrogen to fullerenes, H2 molecule must first dissociate in the vicinity
of the fullerene molecule, which lead to hydrogen adsorption to the surface.
There are several different trajectories over the fullerene surface which can lead
to adsorption of H2 molecule. Dissociation barriers depend on the size of the
fullerene, but more crucial is the local geometry near the dissociation site and
the orientation of H2 molecule. Dissociation and adsorption is more effective
the smaller the fullerene is, but even for C20 molecule1, it requires 0.9 eV for H2

to dissociate and adsorb. A detailed description of H2 dissociation/desorption
kinetics on various surfaces can be found in Publication V.

In previous studies magnetism of carbon nanostructure has been shown to
arise from defects (Lehtinen et al., 2004b, 2003), transition metal atom doping
(Krasheninnikov et al., 2009), negative Gaussian curvature (Park et al., 2003)
or high hydrogen coverages (Zhou et al., 2009). We have found that hydrogen
adsorption will induce a magnetic moment to non-magnetic fullerenes C32

and C36. Based on our observations, the highest spin density can be located
either on the opposite side of hydrogen adsorption (see Fig. 3.3) or on the
carbon atom next to the adsorption site. Hydrogen adsorption to the initially
magnetic fullerenes will reduce the moment by 1 μB.

1Above carbon-carbon bond.
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3.2 1D carbon: Nanotubes

In Section 3.1, it was shown how curvature of the fullerene molecule enhances
hydrogen interaction with the fullerene, and as a result, adsorption of hydrogen
to the fullerene surface is stronger for highly curved fullerene. For CNT, the
curvature effect is similar: upper limit for adsorption energy of hydrogen atom
is −0.74 eV, which is the adsorption energy on graphene surface. However, the
value is decreases the more curved the CNT is. Typical values for adsorption
energy found in the literature varies in range [−1.5,−2.0] eV, depending on
the chirality of CNT. Although hydrogen interaction with CNTs is widely
studied, there is a lack of knowledge on how hydrogen surface coverage and
temperature influence on the hydrogen clustering on CNT, which have an
effect on mechanical and electrical properties of CNT.

In order to simulate kinetics of hydrogen clustering on CNT surface, the
multiscale approach, which combines ab initio calculations and LKMC simu-
lations was chosen. In this approach ab initio calculations provide the data
on interaction energy for a hydrogen pair on the surface of CNT, which is
needed as an input for LKMC. We have taken a zigzag CNT (10,0) as a

Figure 3.4: PES for hydrogen atom on the surface of CNT (10,0). Sur-
face carbon atoms are marked with blue circles. The energy is measured
relative to the ground state configuration. Migration barries and their

energies are marked in the Figure by arrows.
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Figure 3.5: PES for two interacting hydrogen atoms on the surface
of CNT (10,0). Surface carbon atoms are marked with blue and green
circles corresponding two sublattices. The energy is measured relative
to the ground state configuration. Violet in 2H PES indicates region
where hydrogen atoms recombine and form hydrogen molecule. Migration

barries and their energies are marked in the Figure by arrows.

model system, and calculated PES for both hydrogen adatom and adatom
pair using ab initio DFT methods. Obtained PESs are shown in Figures
3.5 and 3.4. It can be clearly seen that the curvature of the tube induces
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Figure 3.6: Hydrogen annealing
kinetics at T= 300◦C on CNT
(10,0). (a) Initial annealing stage;
(b) histogram of cluster size distri-
bution after 10, 30 and 50 millions
of KMC steps (MMCS) (∼70 s, 220

s and 350 s, respectively).

anisotropy to the migration energies. For zigzag tubes, the migration barrier
for a single hydrogen adatom along the tube axis is smaller compared to the
barrier in the ring direction: for CNT (10,0), the barrier is 0.85 eV and 1.15
eV in axis and ring directions, respectively. For two interacting hydrogen
atoms, the PES is significantly more complex. Based on the PES, see Figure
3.5, the hydrogen-hydrogen interaction is fairly long-ranged and hydrogen
atoms can feel each other over several Nearest Neighbour (NN) separations.
Even for 7NN and 8NN separations there exists considerable amount of bind-
ing between atoms. As can be deduced from the PES, binding energy of
the hydrogen adatom pair is positive if adatoms are adsorbed to different
sublattices and otherwise negative. Strongest attraction is demonstrated at
the 1NN and 3NN separations, which implies that hydrogen tends to form
pairs or clusters on the surface of CNT.

The PES is used as an input for LKMC simulation of the hydrogen clustering
kinetics on CNT surface. From this multiscale study, the most probable
configurations of hydrogen clusters and their shapes and relative populations
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Figure 3.7: Band structure for CNT (10,0) with single hydrogen (a)
and hydrogen pair (b). Levels which are formed to the band gap due to

the hydrogen adsorption are marked with red.

are determined. For example, in 300 ◦C, majority of the hydrogen clusters
consists 2-4 atoms, although some bigger clusters also exists. The most
common cluster size is 3 hydrogen adatoms, see Fig. 3.6. The shapes and
sizes of the most commonly observed clusters found in simulations at different
temperatures, are presented in detail in Publication II.

Hydrogen adsorption to the surface of carbon nanostructure can significantly
modify electronic properties of the structure. Even a single hydrogen adsorbed
on CNT (10,0) creates a single level while hydrogen pairs create a pair of
levels in the band gap. Although, the hydrogen pair will always create pair of
levels, the orientation of levels and affect to the band gap is utterly different
from each other. The electronic band structure for a single hydrogen adatom,
and one example of all possible pair configurations on the CNT (10,0) is
shown in Fig. 3.7.
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3.3 2D carbon: Graphene

In contrast to the curved 0D fullerenes and the 1D CNTs, the graphene
sheet (see Figure 3.8) is completely flat if thermal fluctuations are not taken
into account, and therefore the surface is less reactive than surfaces of other
carbon structures. Compared to the C60 fullerene, the computational value
of adsorption energy found in the literature for hydrogen atom on graphene
is ∼ −0.7 to −0.9 eV (value depents on the method and size of the supercell
used in calculations), while on the C60 surface the value is −2.01 eV. PES (see
Fig. 3.8) for hydrogen atom on graphene shows that hydrogen is adsorbed to
the top site above carbon atom, while the bridge site between carbon atoms is
the saddle point for hydrogen diffusion on the surface. It is interesting to note
that at the center of the carbon hexagon, the energetically most favourable
position is free hydrogen away from the sheet. The energy at the bridge site
is 1.0 eV higher than the energy at the top site. This is also the saddle point
for diffusion of hydrogen adatom. The migration barrier obtained from PES
is verified by CINEB method, which gives exactly the same value for the
barrier.

Figure 3.8: Snapshot from MD simulation of graphene sheet with 1600
carbon atoms and one hydrogen adatom trapped to the surface at 1700 K.
In the Figure, hydrogen adatom is shown as a red sphere. Temperature

fluctuations of atoms causes clearly visible ripples to the sheet.
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atom.

After hydrogen is trapped to the surface, it can either diffuse or be desorbed
from the surface. The desorption barrier is 1.1 eV, which is slightly larger
than the diffusion barrier. This limits considerably the hydrogen mobility
on the surface and at best, hydrogen can make only a few diffusion jumps
before it desorbs from the surface. The probability that hydrogen makes
no jumps at all during its lifetime on the graphene surface is roughly 50 %
at all temperatures. This excludes the long-range diffusion of hydrogen on
graphene, as well as kinetic processes that rely on it, such as diffusion-limited
nucleation of hydrogen nanoislands.

Although the long-range diffusion of the hydrogen is strongly reduced, short-
range diffusion processes are possible and hydrogen deposited near other
hydrogens already on the surface can form clusters. Besides migration jumps
to the first NN, there are also many other diffusion mechanisms observed in
MD simulations. These include diffusion jumps to the second and third NN
positions and chains of correlated diffusion jumps, see Figure 3.10. In addition,
very long ballistic jumps, which are unsuccessful detrapping attempts, are
observed.
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Figure 3.10: Hydrogen atom jumps on graphene surface at 2000K.
Trajectories demonstrates (a) 1NN, (b) 2NN and (c) 3NN jumps. The
trajectory parts associated with different carbon atoms are shown in green,
blue and violet, whereas those corresponding to hydrogen transitions
from one atom to another are shown as thick black lines marked with dots
identifying hydrogen positions with Δt=4 fs. The freely flying hydrogen
atom trajectories are red lines. In (b), the central part of the jump
trajectory, shown in blue, indicates hydrogen association with carbon

atom on the site marked with an asterisk.
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3.4 3D carbon: Fullerene solids

3D carbon solids, which in many cases are also porous structures have many
desired properties which are related to their large surface area (hydrogen
storage, biomolecular isolation) or bond structure (ultrahard materials). One
way to synthetize these porous carbon structures with novel properties is
to use zeolites and template techniques, see Fig. 3.11. In this techniques,
carbon fills the pores and forms three-dimensional networks (Kyotani, 2006;
Kyotani et al., 2003; Ma et al., 2002). The zeolite template is removed by
washing the structure using hydrofluoric acid (Yang et al., 2007; Kyotani
et al., 2003) which leads to carbon material which is expected to have pores
in original template areas and carbon networks inside original pores. Solids
formed when fullerene molecules (Kroto et al., 1985a) form 3D lattices have
similar porous geometry compared to structures synthetized using zeolite
templates. Therefore fullerene solids can serve as excellent model systems for
nano-templated porous carbon nanostructures synthesised in experiments.

In this thesis, I have taken C20 molecules as a building block for fullerene
based solids. Although, experimental synthetization of C20 molecule is dif-
ficult, it exhibits excellent bonding capabilities which is a requirement for
polymerization process. The supercell shape was initially adjusted so that the
cell repetition due to periodic boundary conditions would provide the desired
overall lattice symmetry (SC, BCC, FCC and Hexagonal Close Packed (HCP)).
The supercell size was gradually decreased until the molecules bonded to
each other, forming 2D or 3D structures. After the first energy minimum
was reached, the cell compression was further continued in order to study
the possible pressure-induced phase polymerization of the structure. Both
isotropic and anisotropic compressions were used. In this Section, I will
introduce properties of the energetically most favourable structures found in
our studies. Detailed description of C20 solids and their properties can be

Figure 3.11: Schematic diagram how template technique is used to
synthetize carbon solids, adapted from (Kyotani, 2006).
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found in Publications I, III and V.

One of the most interesting structures found in our studies is Quasi Graphite
Phase (QGP) (Ganchenkova et al., 2008). The structure of QGP can be
described as an arrangement of CNTs welded together in planar layers, which
are, in turn, stacked in a graphite-like manner, see Figure 3.12 (a). The
distance between the QGP planes is also similar to that in graphite and equals
to 3.0 Å. The atoms that provide nanotube welding are sp3 hybridized, while
the others constituting the nanotubes are sp2 hybridized. Due to the welding,
tubes are not circular but rather ellipsoids where the minor and major radii
are a = 3.0 Å and b = 5.4 Å, respectively. The electronic density of states
with the band structure, phonon dispersion relations and Raman spectrum
for QGP with a short discussion can be found in Figures 3.12 (b), (c) and
(d), respectively.

One of the possible schemes of QGP generation is pressure-induced phase
polymerization. In this generation scheme the fullerene cages are initially
packed in a simple cubic lattice, facing each other with parallel edges. Gradual
isotropic compression of this system eventually results in the equilibrium
layered SC polymer structure with the lattice parameter of 6 Å. If, however,
the hydrostatic compression is continued, another phase transformation takes
place and a new high-pressure phase, that is QGP, is formed. The resulting
structure, which is characterized by the total energy of −8.91 eV/atom, is not
only energetically more favourable than the intermediate SC structure, but
turns out to have the smallest energy among all the equilibrium 3D polymers
based on C20, see Table 3.1.

Almost as favourable as QGP are Base Centered Monoclinic (BCM) structures,
see Fig 3.13. Different BCM structures can be created using initial BCM
symmetry by variation of mutual orientation of C20 molecules constituting
the lattice and applying different strains to the structure. Two different BCM
structures have been found, named as BCMopen and BCMclosed. Notations open
and closed refer to the structure of the fullerene cage after the polymerization
process. In the open structure bonds are broken, opening the cage while in
the closed structure there is only bond formation and all bonds in the original
fullerene remain intact. The BCMclosed structure has been proposed earlier by
Okada (Okada et al., 2001). However, another BCM-type structure, predicted
in this work (Vehviläinen et al., 2009), turned out to be pronouncedly more
favourable, being characterized by the energy of −8.79 eV/atom, as compared
to −8.56 eV/atom for BCMclosed (Okada et al., 2001).

The Parrinello-Rahman MD NPT technique implemented in the CPMD code
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Figure 3.12: (a)
Structure of QGP
consists of small
tubes which are
joined together
by sp3 bonds and
arranged to planes.
(b) Electron density
of states and band
structure show that
QGP has metallic
properties along the
tube axis but no
metallic conductivity
in in-plane (Γ-X)
and perpendicular
(Y-Γ) directions. (c)
Phonon dispersion
relations and (d)
Raman spectrum
for QGP. There are
three main Raman
peaks at frequencies
748, 964 and 1510
cm−1 which can
be used to identify
QGP from experi-
mentally synthetized

structures.

was used to study stability of the C20 based solids. Both isotropic and
anisotropic strains were considered. The MD simulations showed that all
the structures sustain pressures up to 20 GPa at temperatures below 1000
K. However, at higher pressures phase transformations can occur, especially
when the pressure is rapidly increased.

The summary of structural and electronic properties for all studied C20

polymers can be found in Table 3.1 and Publications I, III and V. Detailed
information about elastic properties and Raman spectra can be found in
Publications I, III and V.
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Figure 3.13: Qeometry of BCM structures. It can be clearly seen that
some C-C bonds are broken in BCMopen during polymerization process

and the cage is more open compared to BCMclosed structure.

Although, there are expectations regarding hydrogen storage properties of
porous carbon materials, not all structures are well suited for this purpose.
As can be seen in Figure 3.14, already synthetized C22-FCC solid is poor
for hydrogen storage applications, since it binds hydrogen very strongly

Figure 3.14: Snapshot from 80 ps MD simulation of C22-FCC structure
containing 3960 carbon atoms and 432 hydrogen atoms (red spheres) at
1800 K. Initially, hydrogen atoms are placed on a narrow strip at the
center of the C22-FCC structure. During the simulation, many carbon-
carbon bonds are broken, but hydrogen atoms remain mostly adsorbed

to their initial positions and hardly diffuse at all.
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Structure E/atom El. prop. Lattice
(eV) vectors

C-atom −1.270 - -
Diamond −9.10 I, Egap = 5.6 eV a = 3.573 Å
Graphite −9.25 M a = b = 2.46 Å, c = 6.2 Å
C20 molecule −8.07 - -
C20 SCopen −8.49 M a = 5.45 Å
C20 SCclosed −8.36 S, Egap = 1.0 eV a = 6.06 Å, b = 6.48 Å

c = 6.48 Å
C20 BCMclosed −8.56 S, Egap = 1.4 eV a1 = [4.28, 3.81,−0.07] Å

a2 = [−0.07, 3.81, 4.28] Å
a3 = [4.21, 0.00, 4.22] Å

C20 BCMopen −8.79 S, Egap = 1.5 eV a1 = [4.31, 4.54, 0.32] Å
a2 = [0.32, 4.54, 4.31] Å
a3 = [3.98, 0.65, 3.98] Å

C20 BCC −8.51 S, Egap = 2.32 eV a1 = [−3.37, 3.37, 3.37] Å
a2 = [3.37,−3.37, 3.37] Å
a3 = [3.37, 3.37,−3.37] Å

C20 HCP −8.49 M a1 = [2.86, 5.57, 0.00] Å
a2 = [2.86− 5.57, 0.00] Å
a3 = [0.00, 0.00, 6.2] Å

C20 QGP −8.91 M a = 4.91 Å, b = 5.36 Å
c = 6.0 Å

C22 FCC −8.56 S, Egap = 2.57 eV a1 = [0.00, 4.38, 4.38] Å
a2 = [4.38, 0.00, 4.38] Å
a3 = [4.38, 4.38, 0.00] Å

Table 3.1: Energies and lattice parameters for studied polymers with
well-known carbon structures.

and hydrogen release from to structure is troublesome. The desired storage
medium should be capable to accumulate large amounts of hydrogen, and
in addition be able to release hydrogen relatively easily. Furthermore, the
hydrogen storage/release process should leave the storage medium intact, so
that the process can be repeated multiple times.
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Chapter 4

Summary

This thesis presents methods and results for simulations of a wide variety
of carbon nanostructures of different dimensionalities: from 0D fullerenes to
3D porous carbon structures. Special attention has been paid to hydrogen
interaction with these structures, and how hydrogen modifies the properties of
the carbon nanostructure. Also, kinetic behaviour of hydrogen on the studied
structures are investigated.

There is a wide range of different carbon structures and compounds which are
important for applications and are commonly used in industry today. However,
in this thesis the focus is on the structures which could have revolutionary
applications in the future and to which the materials science community
has built up great expectations. In Chapter 1, some of the most studied
carbon structures which still are regarded as modern materials, with more
exotic future are briefly introduced. Electronic and structural properties
are summarized for structures which have been under investigation already
several decades.

In Chapter 2, the most relevant methods and techniques used in this thesis
are discussed. These include ab initio DFT methods, as well as classical
techniques. Reasons to choose some method over others are clarified, and
advantages and disadvantages of the used methods are explained in detail. In
order to simulate a wide range of different time scales, we have performed
multiscale simulations, which combine ab initio DFT calculations and the
KMC method. Although a wide range of methods are used in this Thesis, the
majority of the calculations are performed using DFT based methods, which
are particularly suitable for studying processes at atomic level for carbon



56 Summary

systems up to several hundred atoms.

Some highlights of the results are briefly presented in Chapter 3 and in detail
in Publications I-VII. Calculations of hydrogen interactions on surfaces of
carbon nanostructures with different dimensionalities, clarify hydrogen ad-
sorption/desorption energetics and its effect on the properties of the structure.
In Publications II and VII we have shown how single hydrogen adatom and
hydrogen clusters can modify the electronic structure of the sample so that, for
example, the value of the spin of the system and the band gap are significantly
affected. In Publications II and VI, in addition to standard DFT techniques,
hydrogen kinetics and clustering is studied using multiscale and classical
MD methods. The focus of Publications I, III and IV is on fullerene based
solids. As we have shown in our calculations, some of the studied structures
have interesting structural and electronic properties and could be suitable for
many applications. The novel structures found in our studies, include layered
2D structures, as well as, 3D solids. Although, these structures might be
extremely difficult to synthetize using technology and experimental methods
currently available, the future prospects of the structures are exceptionally
good making efforts worthwhile.
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