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Abstract

The research and development of the novel composite materials for electrodes used in su-
percapacitor applications are indeed in the great demand due to the need of the improving
electrodes that can largely enhanced capacitance. Supercapacitors are generally governed by
the same fundamental equations as the typical capacitors. The notable differences are that su-
percapacitors have utilized their electrodes with higher surface area materials and dielectrics
with smaller gap between electrode and insulator to achieve several orders of magnitude greater
than conventional capacitors. These lead them to have higher energies than those of typical
capacitors and greater power than battery.

In order to realize the supercapacitors, the key strategy is to improve the electrode with larger
surface area and also enhanced ability to attract more electrolyte ions. Therefore, the main fo-
cus in this dissertation aims to rectify and seek for electrode materials that would improve the
ability to attract more ions with the supported larger surface of graphene-based electrodes. The
desired materials for the extra-attached layer should also be easy to realize the charge transfer
within the material inducing double layer and more stable stacking for better lifetime of de-
vice. The promising candidate is proposed with the transition metal phthalocyanines (TMPcs).
The available electrons between these interlayers would form a n-7r interaction, and the central
metallic ion of TMPcs can also be adsorbed as an anchor for attaching a molecule on graphene
sheet. Thus, the central target of this research is to investigate the molecular and electronic
structures of each selected TMPcs (MnPc, FePc, CoPc, NiPc, and CuPc) that are used as model
to formulate stability in microscopic perspective. Ab initio calculation is possible by using den-
sity functional theory (DFT) for evaluating binding energies and geometry optimization.

In this dissertation, the exchange-correlation (XC) functionals of LDA, PBE, and B3LYP
were used to describe and predict the energies and formations of graphene and TMPcs interlay-
ers, and also the individual geometries of graphene and TMPcs. The computational results ex-
pect the binding energies of TMPcs on a graphite surface, and the bond length and angle of each
TMPc molecular structures whereas experiment and calculation results are in good agreement.
Their binding energies show large stabilities for the TMPc/G interlayers, and for comparison
under the same XC functional, CoPc/G possesses the lowest one, except the B3LYP results of
MnPc/G. The results indicate that, among these formations, CoPc has the most stable structure
of stacking TMPc on a basal graphene layer, compared with other candidates within the same
calculation parameters. However, it is also pointed out the prediction depends on the choice of
selected XC functionals, where the results obtained from PBE and B3LYP share similar trend
while those from LDA shows several fluctuated ones.

Furthermore, HOMO orbital distribution of completely isolated CoPc molecule has one
of the a,(d2) electron is available, and the empty b, orbital, which is largely composed of
dy_p. The CoPc states e, are mixed due to hybridization, the interaction between the CoPc
and graphene, one electron from the a,,(d.2) would transferred from graphene. This suggestion
comes from the charge transfer between the d’ Co configuration and graphene through the d»



orbital. This may lead to one of the possible reason for intermediate formation between CoPc
and graphene with strong interaction. However, the computational HOMO-LUMO results from
LDA has noticeably failed to represent the a;,(d2) of CoPc, but PBE and B3LYP achieved to
reproduce this state so LDA may not be a preferable XC choice for calculation of both energy
and orbital distribution.

In addition to the geometry optimization results, most of the TMPc molecules are settled
and immobilized at one of the center of benzene ring, hexagonal site (H-site), except for the
cases of CuPc and MnPc that are slightly of the central grid. For the case of NiPc/G, the edges
of graphene sheet are bent toward the NiPc monomer from the PBE and B3LYP results while
there is no such noticeably change in NiPc structures from all other obtained results. This
might be possibility to have strong artifact on the distortion estimations due to too small size of
graphene fragment, only 25 benzene rings. However in contrast, there are also some cases that
the graphene sheets are still in flat shape, but TMPcs structures are distorted after the geometry
have been optimized, such as FePc and MnPc. The deformation of graphene fragment in the
model would lead deformation of TMPc layers in reality because the basal graphene substrate
would be infinity spread firmly. On the other hand, when the deformation occurred as spatially
non-uniform force to graphene substrate, this particular case would lead to substrate damaging
where graphene would be eventually peeled off by TMPc layer, and then shortened in electrode
lifetime.

Therefore from the computational prediction of CoPc for the strongest anchoring on basal
graphene sheet, the production of CoPc/G electrode process in the laboratory scale is feasible
that would lead to the possible construction of these tunable hybrid electrodes used for super-

capacitor applications.
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Chapter 1

Introduction

1.1 Motivation

The demand of more advanced energy storage for improved and enhanced characteristics, such
as the power density with higher magnitudes, the charging time with shorter duration, and its cy-
cles with longer life span, has predictably become critical focus of many research communities
in corresponding to the global technology transformation. Over the last decade, supercapaci-
tors have potentially become one of those energy storage devices which have significantly been
developed and refined to be more efficient devices.

Based upon the reviews of several literatures [4, 19, [[6], there is a possible tendency that
supercapacitors will be able to replace the available electrochemical batteries in the electronic
consumers, electronic vehicles, and many other industries as the general solution for power
storage. However, their achievements are still obstructed mainly at the stage of research and
development because currently envisioned supercapacitor systems are still not be able to store
as much energy as batteries. This may possibly be due to their flexibilities that supercapacitors
can be properly tailored to operate for other roles where the available and conventional batteries
are disadvantage to serve. On the other hands, supercapacitors also have several other benefitial
features that make them preferably appropriate for other applications, compared to those of
batteries. For example, supercapacitors possess potential applications, such as larger power
capacity, faster charging time, more stable materials, and last longstanding.

For all of these reasons, the research efforts continue to develop novel hybrid composite
supercapacitors that become an essential solution to such various applications. It is hoped that
this work would further discover the new composite materials to be served as a starting point
for developing energy storage in the near future.

1.2 Research Concept

The aim of this dissertation is to utilize computational simulation models based on density
functional theory (DFT) with different exchange-correlation functionals in order to investigate,
describe, and evaluate the molecular structures and their formations of new hybrid materials as
composite electrodes to be used in supercapacitor applications.



In this thesis, we shall focus on the composite electrodes consisting of graphite with transi-
tion metal phthalocyanines (TMPcs) attached on its surface. As mentioned in Section §LT, the
TMPcs on the graphite electrodes are expected to enhance attraction of electrolyte ions towards
the electrodes. However, its mechanism are still open to discussion, and even structural and
electronic features have not yet been elucidated so far. To understand them, we systematically
investigate five type of TMPcs, MnPc, FePc, CoPc, NiPc, and CuPc attaching on the graphene
sheets (instead of considering the graphite electrode), which would be a good model to simulate
the actual interface structure between the TMPcs and graphite with moderate computational
cost and reasonable accuracy. The computational procedures are given below.

First, both of the molecule of pristine graphene and also metal phthalocynines will be opti-
mized by deploying the LDA, GGA, and hybrid functionals to determine their molecular strcu-
tures and then compare those with the available experimental data.

Next procedure was to combine the optimized molecule of graphene with each of transition
metal phthalocyanines; MnPc, FePc, CoPc, NiPc, and CuPc as an additional layer attracted to
graphene sheet. The re-optimization of the interlayered materials are also required before going
to the next step.

After both of the layers have been evaluating both of the layers, the setup parameters for cal-
culations were selected according to the previous calculations. The formation of TMPc/graphene
were evaulated from their binding energies, and then comparison of binding energies among the
TMPc led us to conclusion.

1.3 Computer Software

All of the density functional theory (DFT) described in this dissertation were carried out using
the DMol?® package within the Materials Studio program. It can be emploted to constructed the
specific models of electronic structure and energies of atoms, molecules, and surfaces which
produces accurate results, while fairly keeping the computational resources at low consumption
for an ab initio method. It can be used to investigate various systems by deploying DMol?,
including inorganic or organic molecules, metal solids, and material surfaces. With DMol?, it
can be used to predict the structures, binding energies, reactions, thermodynamic properties,
and vibrational criteria.

1.4 Units

Most of the computational results are in electron volt unit (eV). If the author has stated before-
hand, otherwise, Hartree atomic units (a.u.) is used in equations where h = m, = |e| = 4ne
= 1, in which the Dirac constant, the magnitude of the electronic charge, the electronic mass
(m,), and 47 times the permittivity of free space (&) are unity. Please see the conversion factors
between Hartree atomic units (a.u.) and SI units in Appendix A.



1.5 Outline of Dissertation

In Section §IT of chapter 1, as an introduction, we have made some brief descriptions of
motivation to conduct this research and develop the composite electrode that aims to use in the
field of supercapacitor devices. In the following section, research concept, outline, objectives,
and software used in this research have been described.

Chapter 2 is devoted to general backgrounds in our research. We first introduce the fun-
damentals of supercapacitors to readers, especially focussing on graphite electrodes with en-
hanced layers for more ion attraction. TMPcs are introduced to be a candidate material for
attracted layer applications to realize supercapacitors, followed by previous studies of TMPcs
themselves.

In chapter 3, we make a minimal description of theory and methodology for first-principle
simulations based on density functional theory (DFT) with three conventional functionals, Lo-
cal Density Approximation (LDA), Generalized Gradient Approximation (GGA), and a hybrid
functional (B3LYP). Our treatment of spin and basis functions adopted in this research.

Chapter 4 reports our numerical results of the five TMPcs (MnPc, FePc, CoPc, NiPc, and
CuPc), graphene, and their compounds, obtained from our DFT simulations with the three dif-
ferent density functionals. Computational electronic structures (energetics, molecular geome-
tries, molecular orbitals, spin states) are systematically analyzed and discussed for all the TM-
Pcs to explore the most promising candidate for composite materials in interlayered electrodes.

Chapter 5 finally presents the summary, recommendation, and the further discussions about
the possiblities of future works related to this dissertation. For potential prospects of this re-
search directions, the selected complex of TMPc and graphene will be synthesized and produced
in laboratory or industrial scale.



Chapter 2

Background

This chapter principally represents the general background of materials that mainly focused to
be used as composite electrode in this dissertation. For the first section, it briefly presents a
brief information of supercapacitors based on literature reviews in the field of supercapacitor
research and development. Followed by the introduction of supercapacitors, in subsection with
the fundamental background of both conventional capacitors and supercapacitors are provided.
The classification of supercapacitors that based on their electrode materials, the discussion of
the various classes and their materials, and represent the different classes typically shaped the
order of energy storage attempts will covered in more details in the Appendix B.

Next, graphene is presented in Section §Z2. A brief explanation of structure of graphene and
graphite, electronic structure, properties, adsorption, and migration are presented in subsection
§T, §P77A, and §P23, respectively.

Finally, Section §73 provides the brief knowledge of phthalocyanines (Pcs). Their basic
molecular structure of Pc monomer is illustrated in subsection §Z3 1], and §Z37). They present
in details of different derivatives of transition metal phthalocyanines (TMPcs). The applications
of TMPcs are presented in subsection §373.

2.1 Supercapacitors

The increasing demand of more advanced energy storage with larger capacitance magnitudes,
faster charging times, and longer lasting, is increasing notably, and it has predictably become an
essential focus of the leading governments and scientific research communities in corresponded
to the shift of new technology. In the past decades, there has predictably become a global
attention in refining and developing more efficient energy storage in many devices, and that is
supercapacitor.

The new emerging technologies have significantly been facilitating the developments in
supercapacitors in various aspects, such as overall more efficiency, their electrodes with larger
surface area, higher power density, and their longer life cycles. All types of supercapacitors
and the conventional capacitors are generally governed by the same fundamental equations,
demonstrated in Appendix B.
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Figure 2.1: Schematic of graphite-based electrode with enhanced layer for more ion attraction.

The notable differences are that supercapacitors have utilized their electrodes with higher
surface area materials and dielectrics with smaller gap to reach orders of magnitude in such a
way that are greater than currently available capacitors in the industries. The above reasons no-
tably lead them to have higher energy and power densities than normal capacitors and batteries,
respectively.

Therefore, supercapacitors are potentially emerged to use in many applications and power
systems. Especially, supercapacitors for hybrid electric vehicles or pure EVs power systems,
the applications in pulse power, as well as that emergency-backup for power supplies [4, 15,
I6]. Notwithstanding the advantages of supercapacitors in the above areas, their production
in laboratory or industrial scale, and implementation have been limited at the present time.
Burke and Kotz et al. suggested that these difficult issues can possibly be overcome in the near
future [4,T5].

In general, normal capacitors and supercapacitors can typically be calculated by the same
fundamental relationship. The notable differences are that supercapacitors have utilized their
electrodes with higher surface area materials and dielectrics with smaller gap are the important
keys to consider in order obtaining larger orders of power values [&,15,T6]. Accordingly, these
lead them to take these advantages to reach both in greater energy and power than capacitors
and batteries, respectively.

Therefore, the main focus in this research is that to increase surface area of electrode ma-
terials with the additional layer attached to the carbon-based one which will also enhance the
overall ability to attract more electrolyte ions diffused to the interlayered surface as illustrated in
Figure D1I. The carbon-based electrodes that have been deployed are multilayer graphene sheet
or graphite system because graphene-based are known to possess good conductivities, tunable
surface area, and also chemical stabilities [T77].
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Figure 2.2: Graphene (top right) is the basic tiling of different forms of carbon, such as graphite
(left) viewed as stacking multilayers of graphene, carbon nanotube (bottom middle) viewed as
rolled-up graphene, and bulkyball (bottom right) viewed as wrapped spherical graphene.

2.2 Graphene

Graphene has become an attractive material of this century because it truly is the first 2D ma-
terial that entirely made of monolayer of C atoms tiled in repetitive hexagonal lattice. A single
C-C bond normally has length of 1.42 A, similar to benzene ring [[I8]. It has been seated in the
front row as a leading class of other 2D materials. In 2009, C. Q. Sun ef al. has reported that
the C-C bond contracted by up to 30% [I8] with respect to the bulk of diamond of 1.54 A [T9].

Graphene is the basic structural formation of many fullerenes, such as nanotubes (CNTs),
bulkyball, and graphite as depicted in Figure 2. In nature, graphite system consists of mul-
tilayer graphene which each single layer is stacked together by the van der Waals interaction
between layers. It has become widely attracted attentions for its superlative and remarkable
mechanical and electrical properties, ever after the separation of layers successfully in 2004. In
2010, two scientists from the University of Manchester, UK, A. K. Geim and K. S. Novoselov
have won the Nobel Prize in Physics from producing, isolating, identifying, and characterizing
graphene [20].

In following subsections, brief reviews of electronic structure and properties of graphene
are presented. Then followed by the absorption sites and energies of any inserted atoms from
periodic table onto graphene sheet. These would additionally provide the useful information for
the prediction of preferable sites to attract other metallic molecules or polymers. The migration
energies also predict the mobility of inserted atoms, which will be helpful information during
the fabrication process of other materials on graphene sheet.
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Figure 2.3: Schematic illustration showing the p, orbitals perpendicular to graphene planar
structure and o bonds between neighboring sp? carbon atoms.

2.2.1 Electronic Structure of Graphene

The electronic band structure of a material is able to serve as useful information for describing
its physical properties, such as the electrical resistivity and optical absorption. On top of that,
it is quite important to understand the operation principles of related solid-state devices, for
example, light emitting diodes (LEDs), solar cells, and transistors.

The hybridization of 2D network of carbon atoms in graphene takes a crucial cast in elec-
tronic properties. Since a single atom of carbon contains 6 electrons in total so it does exhibit
the electronic configuration of 1s%, 252, 2p%. Then, all of electrons in the 1s orbitals are the
core-level electrons which will not be involved in bond formation, on the other hand, those that
are leftover in the 2s and 2p orbitals are the valence electrons. They will definitely be involved
in bond formation. These valence electrons can be hybridized and share electrons in 3 possible
ways. As a result, the carbon atom can have 2, 3, or 4 adjacent atoms that will also be available
for the bond formation, with the electrons forming the hybridized orbitals sp, sp? and sp?, re-
spectively.

In graphene sheet, the carbon atoms are sp? hybridization that they have 3 in-plane neigh-
bors which each form a o bond as demonstrated in Figure 3. These bonds are created from
covalent character and the acquired crystal structure form the planar hexagonal structure, as
depicted in Figure [CA(a). Because of this o bond formations, it has caused a 2p orbital, i.e.,
2p,, to be left out and perpendicular to the graphene plane. As a result, it will get involved in
the bond formation so the adjacent 2p, orbitals interact to form the n band of graphene quite
weakly. It also contains the valence electrons that have already been delocalised. From theoret-
ical calculations [T], the electrons in this band are behaving like relativistic particles, or as the
massless Dirac fermions, which are mainly responsible for the conductive property of graphene
superatively.

In Figure 4, it demenstartes electronic band structure of graphene. In the same image, a



Figure 2.4: Electronic dispersion of graphene plane with zoom-in on the right for band energies
of graphene near Dirac points, adapted from reference [[I]. Copyright 2009 American Physical
Society.

Figure 2.5: Graphene with 3x3 supercell adsorption sites. (a) Bridge site (B-site) is located
between C-C bond. (b) Hexagonal site (H-site) is at the center of benzene ring. (c) Tetrahedoral
site (T-site) is vertically above a carbon atom, adapted from [].

zoom-in shape shows the closer Dirac points at the K or K’ point in BZ. The energy dispersion
is similar to the energy of ultrarelativistic particles described as massless Dirac equation. The
immediate cyclotron mass that depend on electronic density [21] defined as

1(2
s = ﬂ(g) @.1)

2.2.2 Adsorption on Graphene

This subsection represents the adsorption mechanism of adatom on graphene based on com-
putational approach of density functional theory. All results in this section containing the re-
ported work done by Nakada and Ishii [?]. The computational results were calculated at three
adsorption sites, bridge (B-site), hexagonal (H-site), and tetrahedoral (T-site) as illustrated in
Figure 3. The adsorption energy can be obtained from the relationship

Ebond = (Egraphene + Eadatom - Etotal) (22)



where Ej,,, is the binding energy of adatom on graphene plane. E,,phene 1 the total energy of
monolayer graphene, and E .., 1S the total energy to isolate adatom.

The calculations are performed on periodic elements are presented in Figure @ for the
calculation results. That demonstrates the magnitudes of bond energies of various adsorbed
atoms with different metastable sites on graphene plane. In depicted periodic table, different
coloring is distinguishably used as a method to indicate the most stability of each adatom.
Green, pink and yellow are corresponded to B-site, H-site, or T-site, respectively. The numbers
indicate values of adsorption energy in eV for each table site, as shown in Figure 6.

The results from the Figure '8 can be implied that the transition metal elements adsorbed
mostly at the H-site. Then for non-metallic atoms, they prefer adsorption site at B-site. For
adatoms with only 1 valence electron, such as H, F, Cl, Br, and I, their most stable site is at T-
site. Moreover, the magnitude of the adsorption energy of metallic atoms is very large compared
to other groups. While non-metallic elements, such as C, N, and O have the largest adsorption
energy. The bond energy for the transition metal elements indicates a growing trend along with
increasing number of d electrons. As the number of d electrons increases to more than half
occupancy, the bond energy will decrease causing by the shifting down of the d orbitals. The
metal element adsorptions also have large bond energy but this state is unstable because it is
produced in a local unbonded band at Fermi level with the large number density of states.

The differences of adsorption energy between three adsorption sites are additionally very
small relatively to the adsorption energy is small amount. On other hand, the adsorption energy
is quite high in magnitude for non-metallic adatoms, such as C, N, or O atom. There are
significantly large differences in the adsorption energy between sites that are larger than 3.0 eV.
However, when the adatom is C, fewer differences between the adsorption energies of T-site
and B-site are presented.

The bond distances between graphene and adatoms is shown in Figure ", where red are
the lengths that are smaller than 2 A, white are the lengths that greater than 2 A. The transition
metal atoms adsorbed to graphene sheet on very closed range of distances. In this case, bond
distance is the average length between adatom and the graphene plane. If bond distance between
adatom and graphene is really long, their trendency of binding energies are decreasing. In other
words, the adatom are physically bonding located at far apart from graphene plane.

2.2.3 Migration on Graphene

In the above subsection §P27, the adsorption energy on graphene was discussed. All of this
reported work is also reported by Nakada and Ishii []. They have mainly discussed about the
migration energy, which is an energy needed to shift atom to other sites on graphene plane. At
room temperature, if atom possesses high migration energy, it will not be able to be mobile
that easily, but being fixed at a paticular location as mentioned previously. In contrast, if the
migration energy is rather small, the adsorbed atom can be mobile with less difficult even under
the room temperature condition.

The migration energies of adsorbed atoms is depicted in Figure 9. From the calculated
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Figure 2.6: The most stable sites of adsorbed atom on graphene plane, where the magnitude is
the bond energy of each element. Color codes: B-site indicated in green, H-site indicated in
pink, and T-site indicated in yellow, adapted from [2].
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Figure 2.7: Distance between the adatom and grapehene plane. The transition metal atoms
adsorbed to graphene sheet on very closed range. Color code: the close distance of adatom that
is less than 2 A indicated in red, re-printed from [2].

Figure 2.8: Schemetic of the migration energy required for atom adsorbed on graphene plane
are able to move from one site to another over the plane, re-printed from [2].
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Figure 2.9: The most stable sites of migration energy. Green color is more than 0.5 eV indicat-
ing the more stability at fixed location than other elements, re-printed from [2].

results by Nakada and Ishii [], it was reported that inserted atom divided into two categories;
first, fixed site, and second, mobile adatoms. They are tentatively distinguished apart by mag-
nitude of migration energy at 0.5 eV. For example, below 0.5 eV, adatom can move easily at the
room temperature. For above 0.5 eV at the room temperature, it will be fixed at its stable site.

R = Roexp(—E/kgT) (2.3)

where R is the rate of hoping of adatom per second, it can be denoted with the above rela-
tionship. E in this formula is migration energy, R, is a pre-factor, 7" is temperature, and kg is
the Boltzmann constant. Such an example, if graphene plane have more than 1 x 10° atoms,
migration energy of 0.5 eV is corresponding to hoping of at least one atom per second. In
1996, Ito and Shiraishi have reported in the their previous work for performing a kinetic Monte
Carlo (kMC) simulation of molecular beam epitaxy (MBE) [22]. Some parameters, such as
the hopping energies obtained by first-principles calculation were used. Ito and Shiraishi used
DFT method to find migration energies because many researchers have already performed their
calculations in their former work by the same method. The energy can simply be obtained by
deploying the contouring of total energy as a function of adatom sites on surface.

According to the calculation by Nakada and Ishii [?], for some transition metals (TM), the
migration energy at their most stable sites are too high. As a result, these TM atoms are strongly
adsorbed on graphene and too difficult to change their positions over graphene plane; for ex-
ample, Mn, Fe, and Co. In contrast, the migration energies of many elements, such as Cu,
Pt, and Au, are lesser so adatoms can be mobile easily over the surface. At low profiled tem-
perature, the 3d transition elements are polarized so their calculations were performed without
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magnetism that becomes average about a spin.

During its adsorption process in some cases, the adatom may disturb the structure of graphene.
In spite of that with H-site adsorption, the graphene structure has not altered, especially for some
metals adsorption. For consideration, it is necessary and should take into account that during
the growth of a material on graphene plane that structure will not be distorted by this kind of
H-site adsorption.

As a result, for the non-magnetic calculations, As the adsorption energy is declining, but its
energy still at the level that higher than the physical adsorption, graphene plane will keep its
consistency and will not be distorted with the adsorption on the H-site. For example in the case
of their calculation on Ti adatom, it is also one of transition metal with its migration energy of
0.61 eV, referring to Figure 9, and its bond energy is about 3.30 eV, referring to Figure 6.
The migration energy of Ti adatom is greater than 0.5 eV. So when it is adsorbed on graphene,
even though their results are almost same as non-magnetism, the migration energy is lower than
that of non-magnetic of the 3d transition metal adsorption [Z].

2.3 Phthalocyanines

Phthalocyanines are famous colorants that have widely been known for many decades. The
name phthalocyanine is from the two Greek words: 'naphtha’ and ’cyanide,” which mean "rock-
oil’ and ’dark blue,” respectively. In 1907, the first phthalocyanine was accidentally discovered
during a study of the properties of 1,2-cyanobenzamide by Braun and Tcherniac [23,04]. After
that, phthalocyanines (Pcs) have become a major pigment in the dye industries due to the vari-
eties in their unique color, high stability, non-toxicity, and low manufacturing cost. In addition,
they have also been facilitated in the organic semiconductors. Their strong Q-band absorption in
the ranges from 600 to 800 nm [25] and outstanding photo efficiently induced charge generation
promoted the applications in the photoreceptors in laser printers [24].

2.3.1 Structure of Phthalocyanines

Phthalocyanines (Pcs) are a class of macrocyclic compounds possesses bivalent, tetradentade,
planar, 18 m-conjugated electron aromatic ring systems. They are typically composed of four
pyrrole units that also linked by the four N=C groups of pyrrole ring. They have four aza bridges
and four phenylene rings.

Approximately seventy different elemental ions can be placed into the central cavity of Pcs,
and their chemical and physical properties are greatly influenced by selected ion placed at the
central cavity. Pcs usually exist as a Pc?~, which holds many ions tightly with an oxidation state
of +2, such as Cu?*, Co?* and Fe?*. It is very difficult, or even impossible, to remove most of the
metal ions from the central cavity of Pcs without destroying whole macrocycle structure [26].
Its basic structure of Pcs is demonstrated in Figure 2-10.

Between the time frame of the years 1930-1950, the full elucidation of the Pc chemical

structure was determined and its X-ray spectra, absorption spectra oxidation and reduction,
catalytic properties, magnetic properties, photoconductivity, and many more physical properties
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Figure 2.10: Molecular structure of phthalocyanine, where M in the center of the macrocycle
represents the metal ion.

have intensively been investigated. As a result of these studies, it was concluded that Pcs are
highly colored, planar 18-7 electron aromatic ring systems similar to porphyrins.

2.3.2 Metal Phthalocyanines

Derivatives of phthalocyanines have been applied in many industries as functional materials ac-
cording to their upholding properties are efficiently encouraging the abilities of charges transfer.
In a central cavity of the molecule in the phthalocyanine monomer, it has been widely known
for its capability of residing various atomic ions. It can accommodate even two H atom, H;-
Pc, which called a metal-free phthalocyanine [27]. The porphyrazine groups in phthalocyanine
derivatives are influentially affected by 7 electrons [28,29]. By introducing metal phthalocya-
nine (MPc), it is a phthalocyanine is containing metal ions in the central cavity [’7], as depicted
in Figure ZT1. Depending on the different central metal cation, the appearance of each MPc
can be noticeably changed from dark blue to metallic bronze to green in its solid state.

The macrocycle generally exists as a dianion (Pc?>~). Therefore, MPcs are basically catego-
rized into five groups based upon the central ions:

1) the metal free MPc, H,Pc,

11) monovalent MPcs, such as Li,FPc,

1i1) divalent MPcs, such as MnPc, CoPc, CuPc,

iv) trivalent MPcs, including AICIPc and AIOHPc. In this case, M can be a metal halide or
also a hydroxide,

and v) tetravalent MPcs: TiOPc, SiCl,Pc, and Si(OH),Pc. They belong to metal oxide, di-
halide or dihydroxide. Many metal cations, such as Cu?**, Zn**, and Fe** are held tightly with Pc
to form planar structure [30, 3T] without any distortions of macrocycle. However monovalent,
trivalent, and tetravalent metal cations, and other large divalent metal ions, for example Pb%,
will protrude from the plane of Pc, cause some distortions, or form a non-planar structure [37].

Since the discovery of MPcs family after 1990s, they have been widely utilized for dye
and pigment applications in textile industries and other materials, i.e., paper. The substituted
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Figure 2.11: Schematic view of the transition metal phthalocyanine (TMPc) monomer, where
the central cavity can be accommodated by Mn, Fe, Co, Ni and Cu.

metal ions in MPcs have highly impacted and caused color to change during the redox chemical
reaction [33]. Because of their valid chemical stability and changeable shades, MPcs have
the outstanding potentials in many applications, such as also being used in organic electronic
devices [34-36], solar cells [B7], conductors [B8,39], photoconductors [25,4(], gas sensors [41,
47], catalysts [25,43-45], and other functional chromophores [46]. However, on the downside,
they have some disadvantages for poor solubility in organic solvents, and this may have leaded
one of the reasons that less usages as functional materials.

The computer generated 3D model of the MPc monomer is depicted schematically in Fig-
ure ZT1. The general structure of MPc, as same as a regular molecule of Pc, is composed of
coordinated metal ion located in the center cavity inclosed by organic macrocycle of C and N
atoms. From outer rings of 4 benzene groups are attached to each group of pyrrole rings, which
connected together by 4 additional N atoms. The regular monomer is mostly a planar structure
with Dy, symmetry. Due to the modification of central ions or macrocycle, MPcs can be cus-
tomized into various compounds and different molecules.

The central cavity of a Pc monomer is able to accommodate many different metal ions.
By introducing the metal cations, for example, Fe**, Ni**, Co®" into the central cavity of Pc
molecule, it will greatly influences its entirely physical and chemical properties. For instance,
when a metal cation is introduced to the Pc molecule, the macrocycle exists as dianion (Pc?7)
and can be oxidized or reduced to different oxidation states [2f, &7]. The redox reaction of
MPecs is affected by the interaction of the phthalocyanine monomer and substituents of central
metal [48]. The electrons around the closed system influenced the porphyrazine group in the
MPc molecule with the available 18- electron system [29, 49].
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Many metal atoms can be accommodated perfectly into the central cavity of Pc monomer
without the destruction of the planar structure of the Pc. Nevertheless, in some cases, several
substituents of metals have bigger sizes in their ion forms than the available space in the central
cavity of the Pc. As a result, they have even caused some distortions and displacements to the
non-planar structure of the macrocycle.

There are generally two types of possible bonding in MPcs: electrovalent and covalent
[477,50]. According to X-ray analysis, the central metal ion with a +2 oxidation state is bonded
to two nitrogen atoms by covalent bonds, and to the other two nitrogen atoms by coordinate
covalent bonds, referred to Figure IZT00. Metal cations with an oxidation state of +1 can also
be incorporated into the central cavity. The bonding between the central metal atom with a +1
oxidation state, i.e., Li*, K*, Na*, and the four nitrogen atoms of the macrocycle is naturally
considered to be electrovalent. It is characterized by its ionic character and relative weakness.

The central N atoms can ligate two M* atoms. Since both of these two cations cannot
concurrently be accommodated in the central cavity, the metal ions protrude from the planar
structure. Pc and other alkali metal derivatives also possess high solubility in polar organic
solvents [26,47]. Due to their strong covalent and coordinate covalent bonding between the Pc
and the metal ion, the metal cations in the central cavity cannot be removed without destruction
of the macrocycle structure.

1. Manganese Phthalocyanine

Most metal-substituted Pcs have planar molecules. In also the case of Manganese ph-
thalocyanine (MnPc), the central metal atom is manganese (Mn) atom, which is in a +2
oxidizing state. The Mn center has a formal 3d° electronic configuration, and expected to
approach to Fermi level [51,57]. Monomer structure of MnPc is depicted in Figure 2111
where exhibits the arrangement of discrete, planar MnPc molecule. Furthermore, MnPc
is also well known for its magnetic molecule [53].

The main restricted factor for processing and applications is the low solubility in common
organic solvents, similarly to the other MPc family. Substitution in the periphery of the
macro cycle reduces the strong m-7 interaction between the rings and that would help
to achieve highly soluble compounds. In contrast, the electrochemistry of MnPc has
received a good attention from many researchers [33,54-57], and that may involve both
the central Mn atom and the Pc ring. The electronic structures of the oxidized and reduced
species were analyzed through their optical spectra [54-56], but there are no definite
conclusions about the ground-state configurations of the ions [51].

The magnetic properties of MnPc complexes has been studied by group of J. Janczak
et al.. They reported the potentials of MnPcs in applications, such as biological oxida-
tive processes, catalysts, sensors and coordination chemistry [10]. The main advantage
for using MnPc complexes as organic semiconducting materials is that their molecular
structures can readily be modified, and hence, their electrical and optical properties [58].
Similar to the case of NiPc, MnPc has previously been studied its performance in lithium
battery which it is satisfactory to increase the energy of the battery [59].
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2. Iron Phthalocyanine

Transition metal substituted Pcs (TMPcs) as mentioned several times in the previous sec-
tion that they have already been utilized for specific electronic devices. Among TMPcs,
iron phthalocyanine (FePc) has previously been deployed for organic detection and ef-
fective catalysts [60-64]. Any practical MPc applications are relatively involved with
their electronic structures. Bialek ef al. have theoretically performed the first principle
calculations on the electronic structures of FePc monolayer [b5]. The experimental in-
vestigations of FePc were studied for many years by applying the inverse photoemission
spectroscopy (IPES) [b66,67], by photoemission spectroscopy (PES) [68,69], and by the
ultraviolet photoelectron spectroscopy (UPS) [[Z0, [7T].

The crystal formations of FePc molecule have 3 different forms, and among their poly-
morphic forms, S-phase is mostly their well known stability, where its intermediate elec-
tron spinning in ground state of FePc is S = 1 [1]] used to study a single layer on behalf
of FePc thin film, similarly to the case of NiPc [/2]. The molecule of FePc is schemati-
cally presented in Figure IZTTI.

3. Cobalt Phthalocyanine

Cobalt Phthalocyanine (CoPc) complexes have potential as functional materials for gas
sensors [73,74], effective catalysts [b3,75-78], and also electrocatalysts [[79]. The appli-
cations of CoPc could be more efficient than that of other TMPcs according to their high
abilities of charge transfer [49], and magnetic properties of central Co ion [8(]. Applica-
tions, such as low dimensional molecular magnet, have considered CoPc filling for this
part. However, CoPc complexes have been applied in only a few applications, similar to
other TMPcs in its family, they have poor solubility in common organic solvents or even
in water. Y. Pan et al. [[/'7] have found that by modifying peripheral benzene rings in Pc
molecule with some appropriate functional groups, this could greatly assist the solubility
of Pc in water.

CoPc complexes are outstanding electrochemical catalysts in oxidation process in sulfur
compound, where the ground state of CoPc catalyzed redox process, and is the result of
charge transferring from the sulfur substrates to O, coordinated to Co(II) ion. Structure
of CoPc monomer is illustrated in Figure Z-T1I.

In contrast, several researchers have investigated and found that Pcs can adsorb stably on
graphitic electrodes [81]], similar to the case of NiPc, and further studied on the electro-
chemical catalysts characteristics on the surface [45, 82—85]. For example, J. H. Zagal et
al. reported on redox chemistry of CoPc complexes adsorbed on graphite surface [R6].

Main purpose of this research is to study the influence of CoPc adsorbed on graphene
plane, to learn more about their formation between CoPc and graphene. In particular, it is
interesting in exploring the possibility of CoPc on the graphene as one of the candidates
for the hybrid capacitor.
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4. Nickel Phthalocyanine

TMPcs and metal-free Pcs have already been utilized as active thin films in various ap-
plications as mentioned previously in the section §£372, i.e., gas sensors [K7—8Y], photo
capacitive and resistive detectors [25, (0], OLEDs [90, 9T], organic thin film transistors
(OTFTs) [36], and molecular electronics materials [97]. However, among these various
MPc materials, nickel phthalocyanine (NiPc) has considerably received less attention than
the other TMPcs.

The NiPc molecule consists of 57 atoms, NiC3;,NgH¢, and it also has Dy, symmetry. A
Ni atom can also be another substituent, and it can fit perfectly into the central cavity
of the Pc monomer without any deformations of the planar structure, similar to the case
of Cu atom, as shown in Figure ZT1. The structural properties of NiPc have been in-
vestigated by some research groups to explore its potential, structural and morphological
characterizations which are considered as a prerequisite in order to gain the insight infor-
mation [93,94].

The properties of NiPc are greatly affected by its production processes. The influent
techniques are, such as the deposit method on the target substrate, the conditions of de-
position, and the temperature of the heat treatment. The re-arrangements of thin films are
occurring with varied temperature on substrate [95]. It was found that the properties of
NiPc as the substrate temperatures increasing, their grain sizes are also changing. Anneal-
ing process is used as a main method to improve the qualitative crystal and also to control
the defected structure as desire [95] because the morphology and structural properties in
some TMPc materials may have changed during the thermal annealing process [93].

In the previous work reported by Temofonte et al. [89], they investigated structural prop-
erties of NiPc for using as semiconductor gas sensors, and they have found that charge-
transfer interactions occurred after introducing a molecule into the NiPc system which
resulted in an enormous increasing in surface conductivity. The charge transfer increases
the conductivity by greatly increasing the number of charge carriers, which for phthalo-
cyanines are holes. Therefore, film of NiPc can considerably be used not only as a semi-
conductor gas sensor [472,8Y9] but also as a conductivity enhancement [96]. Brito et al. [97]
also reported their previous work on the investigation of the surface morphology and con-
ductivity of nanostructured layer-by-layer (LbL) films from derivative of NiPc alternated
with carbon allotropes, MWNTs.

NiPc is also an organic semiconductor that mounts alternative single and double bonds.
In the previous work by Joseph et al., they has investigated the changes in the optical
properties. The optical band gap of NiPc thin films deposited at various substrate temper-
atures [98].

The battery of lithium-thionyl chloride (Li/SOCIl,) has practically high voltage and en-
ergy [69]. Many researches [99Y, T0OU] on Li/SOCI, battery utilizing TMPc as cathode
catalysts have been conducted. The energies of Li/SOCI, battery with NiPc are tenta-
tively 60% up to 100% higher than the practical without this NiPc complex [59]. Thus, in
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the case of hybrid capacitor with conductive polymer and activated carbon, the complex
of graphene/NiPc might be one of the candidates among other TMPc derivatives.

. Copper Phthalocyanine

Copper phthalocyanine (CuPc) is a well-known TMPc. It is also one of the simple deriva-
tives of TMPc materials yet. In a molecular solid form as depicted in Figure 1], CuPc is
a highly stable organic material [TOT]. It has been used in numerous applications in many
industries, such as switches [102], light emitting diodes (LEDs) [KR] (or organic light
emitting diodes (OLEDs) [90, 91]]), solar cells [37, T0O3], gas sensors [87-8Y], Organic
field-effect transistors (OFETSs) [104,1035], and various molecular electronics [42,92,T06].
CuPc has especially shown its physical and chemical properties as a class of macro-
cyclic planar compounds. In the case of electronics, the properties of the CuPc inter-
act with either organic or other inorganic materials normally dominate the performance
of CuPc-based devices. Numerous experiments on its optical, magnetic, and electric
properties have been conducted to understand the interfaces of CuPc with other materi-
als [RR, 9T, TO7Z-1T0].

CuPc can participate in chemical interaction influentially by either just the central Cu
atom, N atoms, or p-electrons [IT1]. Several works have been reported for electron spec-
troscopy of the core and the valence electronic states [ITT2-IT4]. They accomplished to
investigate the formation between the interfaces of CuPc films on several metal substrates.
This can lead to the insight mechanism of negatively charge transfer between CuPc films
and metal substrates [TT5].

Because CuPc is a complex of a macro-cyclic compound with an extended n density,
in previous work by J. H. Zagal et al., they have reported that CuPc can be adsorbed
on graphite system and also other fullerenes [45]. In electrochemical processes of charge
transfer, CuPc has potential as a catalyst mediator for making active electrodes for electro-
chemical sensors. It can be used to detect variety of organic applications [45]. Recently,
it was discovered that CuPc could enhance the electrical properties of graphene for using
as a high quality and transparent conductive film [[T6].

Ren et al. previously studied the interaction between physisorbed CuPc molecules and
graphene, and also their charge transfer mechanism at the interface [I17]. Thus in this
research, it aims to further investigate the molecular structure of graphene/CuPc to gain
an insight knowledge of the properties of this composite material as one of the candidates
for hybrid capacitors.

2.3.3 Applications of Transition Metal Phthalocyanines

The TMPcs have been used in various applications as presented previously in each TMPc mostly
in organic electronic devices. These are due to their high value in charge transfer [277, 50, TT8—
1720]. The functions of TMPcs are influentially based on their abilities in this charge transfer
because in their practical molecular structure, they have conjugated 18 r electrons available.
TMPcs are approximately 25% of all artificial organic pigments [121]. For example, dyes of
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CuPc are manufactured by adding sulfonic acid functions for solubilizing proposes. These dyes
are also use in numerous industries of dyeing textile and also extensively in the paper industries.

In addition, Pcs are well known to use in the CD-R media manufacturing because phthalo-
cyanine dye in CD-R products is considered to be an improved version to original cyanine dye.
Cyanine structure has less stability in its normal form than phthalocyanine. The data recorded
on CD-Rs coated by phthalocyanine will endure for more than a century. While cyanine-based
disks only stand for 2 decades. Pc dye has been optimized for propose in high-speed read and
write together with the development in advanced laser technology. Then, it can etch the precise
pits on the disk surface, resulting in more accurate written disc at high speed.

Many studies by research groups suggested Pcs as components for organic electronic ap-
plications [M02, T22-1724)], and recently enhanced the electric properties of graphene [I235].
Attempts with the combination of Pcs and graphene-based electrodes for battery and super-
capacitor improve the qualitative devices. Pcs offer several benefits over some metals or metal
oxides due to their flexibility with customized options, and low-price production [I26].

Table 2.1: Table of summary: the usage of phthalocyanines as attached layers in electrode
applications. The promising candidate for the layers realizing enhanced ion-attraction.

Phthalocyanine Effect References
Octacyanophthalocyanine Increased life cycle [T27]
Fe/Cu phthalocyanine Higher discharge voltage [1T72R]

Fe octacyanophthalocyanine Higher energy density, better capacity [(129]

Mn and Ni phthalocyanine  Increased energy [59]

Co phthalocyanine Increased discharge energy (130, 137]
Co phthalocyanine Increased capacity and voltage of discharge [137]

Co phthalocyanine improve the charging performance [33]

According to the review articles, Pcs employed as attached layered electrodes in batter-
ies and supercapacitors for improving the qualitative properties are reported [59, T277-133], as
summarized in Table 1. They have various effects on voltages, stabilities, life cycles, energies,
capacities, and charge performances. Because TMPc is a complex of macro-cyclic compound
with 7 electrons extended, it can be attracted on graphite system and other fullerenes [45]. It
was also reported that TMPc could enhance the electrical properties of graphene for using as
high quality transparent conductive film [I16].

Liu et al. synthesized and investigated phthalocyanine/graphene composites for electro-
catalytic performance in Li/SOCI, battery. Their results indicate that Pc/graphene composites
have satisfactory catalytic activity with improve the capacity of Li/SOCI, battery by 24.65 -
83.72% [134]. Therefore, it is investigated the electronic structures of TMPc/graphene to gain
insight knowledge of its properties of this composite material.

The interaction between organic molecules and surfaces technologically plays a central role
in many applications, such as molecular electronics, organic solar cells, and biosensors. For
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instance, organic solar cells are based on organic molecules and their interfaces with solid elec-
trodes and have attracted growing attention in according to their potential low-cost applications,
environment friendly and flexible large-scale photovoltaic devices. Their energy conversion effi-
ciency depends sensitively on the interface structure and electronic coupling between molecules
and the electrode surface and between organic layers, and has increased significantly over the
past decades due to the invention of donor-acceptor heterojunctions [135-138]. Much current
research has focused on understanding and controlling the interactions at the organic/inorganic
interface, [139-141] with a great deal of effort devoted to growing high-quality organic thin
films by manipulating molecular orientation on solid substrates in order to enhance light ab-
sorption, control the type and concentration of interface carriers, and improve electron transfer
at the interfaces [1472-145].

TMPcs and their derivatives, a class of aromatic compounds and a major component in
various types of organic solar cells, received great attention during the past decade. TMPc
molecules not only absorb in the red region in light spectrum, but are also highly stable or-
ganic semi-conductors, which makes them suitable for energy conversion in organic solar cells.
TMPcs have often been used as an electron-donor material in contact with materials that have
high electron affinity such as the fullerene C¢, [146,147]. A sizable charge transfer occurs
from metal substrates such as Al, to CuPc at the metal-organic interface [I48, T49], while lit-
tle charge transfer was noted at the interface of CuPc and highly oriented pyrolytic graphite
(HOPG) [T08,T50]. In contrast, a thin film of copper hexadecafluorophthalocyanine, F;sCuPc,
is a promising n-type m-conjugated organic semiconductor [[[46, T5T] employed as an electron
acceptor. The devices based on a CuPc/F;sCuPc p-n heterojunction have been fabricated for
photovoltaic applications [152].

Graphene, an atomically flat monolayer of C atoms arranged in a honeycomb lattice has
emerged as promising materials for electronic devices according to interesting physical prop-
erties [, 20]. With the rapid development of graphene technology in the past few years, high
quality of graphene film can be produced in large scale and can be precisely controlled. There-
fore, it is highly promising to use graphene and its derivatives as, for example, a nanoscale
electrode [T53], to assist donor/acceptor molecular assembly and carrier transfer. In addition,
as one atomic layer of C atoms, graphene is the simplest model to explore the interactions be-
tween layers of organic molecules and the electrode surface in thin-film based devices.
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Chapter 3
Theory and Methods

This chapter presents a brief background of theoretical methods used in this dissertation. It
mainly centers on density functional theory (DFT) and its related concepts. For the DFT
method, it first reminds about the basis of DFT in Section §B1. In this dissertation, it would
particularly focus on the exchange-correlation energy and on some approximations for it as
summarized in Section §ID3. A presentation of selected exchange-correlation (XC) functionals
of the local density approximation (LDA), the generalized gradient approximation (GGA), and
a developed hybrid functional, are provided in following subsection §ID3T], §ID37, and §D373,
respectively. The core treatment used in this work is provided in the Section §B.4. For more
details of each section, they are presented in Appendix D.

3.1 Density Functional Theory
The problems for the calculations of the full many-particle are intractable for all systems is
obviously needed to reformulated into much simple systems. Then, the next encountered prob-
lem will be to solve the famous Schrodinger equation. Hohenberg and Kohn managed to find
the alternative way to obtain the ground-state electron density of the system and determine
ground-state energy [[54]. They state that it can express the energy of many-body systems as a
functional of density. The density functional theory (DFT) is principally based on this theorem.
For a non-relativistic system, the many-particle Schrodinger equation is demonstrated in a
short form as

HY = EY (3.1)

where H is the Hamiltonian operator. The total energy of the system in state ¥ is expressed as

E=(PIH|P) = (P|T|P)+ (P Viu | ?) + f &PV, (Pn(7) (3.2)

Within energy for density as a functional is at its lowest; for example, function of density in this
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particular case, as follows

E[n] = min [(P|T|¥) + (¥ Vintlyl>]+fd37vext(7)n(’7>
oo (3.3)

= Flnl+ f RV, (Fn(P)

In order to achieve ground-state energy of such target system, the equation 3.3 should be mini-
mized with respect to densities n(7) with all possibilities. F[n] is a self-sufficient functional of
external potential V,,,. In order to find an actual expression F[n], it is corresponding for solving
many-particle in the Schrodinger equation. And on account of that, the new approach proposed
by Kohn and Sham [I535] has helped to simplify the DFT, which will be demonstrated in the
next section §D72.

3.2 Kohn-Sham Equations

While Hohenberg and Kohn reformulated the problem of the many-particle Schrodinger equa-
tion into a functional of electron density, Kohn and Sham dealt with puzzle of deriving an
equation for F[n] by re-framing the interacting many-particle problems into the non-interacting
systems. On the account of the kinetic and Coulomb energies, they have to promote to internal
energies. Then, F[n] would harmonically unite these quantities in other manners or conditions.

Each electron individually possesses their own kinetic energy and independent from many-
body effects. They have Coulomb repulsions from other electrons. Thus in auxiliary system,
Hamiltonian A has to uphold Hartree energy, kinetic energy, and external potential terms. By
deploying DFT, the expression is rewritten for ground-state energy as functional of density

Euuxnl = T[n] + Ex[n] + fd37vext(?)n(7) (34)

The first and the second term on the right-hand side of equation 3.4 can be calculated. The
one-electron wave function ¢; of the auxiliary system can be derived as

1 N
Ty=-3 il V2 16
| 2; (@1 V2 1)
Ey= f Lidy "D (3.5)
2 7~ 7|
N

The Kohn-Sham approach to DFT based on assumption, within auxiliary system, it is as-
sorted to possess the similar ground-state density to original system. In order to prove condition,
the auxiliary system should be changed into the manners that present many-body effects. It will
also be available in the real physical system. The new term should be expressed and show
the differentiation between the original systems and the auxiliary ones. The DFT formalism is
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expressed as functional of density. To this additional term, Kohn and Sham have also given a
name as the exchange-correlation functional Exc[n] which can express in terms of F as

F[n] = T{[n] + Exu[n] + E.q[n] (3.6)

The advantage about this, E,.[n] is now an universal realistically approximated. Then, the total
energy can be partitioned as follows,

E[n] = T,[n] + Eyln] + f &PV, (Pn(P) + Excln] (3.7

where T is kinetic energy of independent particles, Ey is self-interacting energy of electron
density, and Ex¢ is exchange-correlation energy. The Kohn-Sham equations numerically de-
rived, and the procedure in more details is demonstrated in Appendix D.

Because of the effects of the exchange-correlation, the potential possess the additional term
as

1
heprldi) = | — EVZ + 0a(P) + Vet (P) + vxc(P) | i) = € 1) (3.8)

The solutions to the above equation are known as the Kohn-Sham orbitals ¢; for auxiliary system
with correction approximation derived in exchange-correlation form. The essential element
to all of these is clearly the Exc term, and it unfortunately remains as approximation. The
following Section §D3 will cover this issue and outlines several approximations used within
this work.

3.3 Exchange and Correlation Functionals

3.3.1 Local Density Approximation

The approximation is entitled by local density approximation (LDA), which is the simplest
approximation to the exchange-correlation energy. It based on the assumption that exchange-
correlation is not changed in homogeneous gas system, and only depends on the local value of
exc. This expressed as,

ERt = f din(Pexe” (n(7) (3.9)

where e)%lc)A is exchange-correlation energy of homogeneous gas with density .

The LDA approximation has worked impressively and is still used for many atomic systems.
It also has less accuracy for the systems in which the electronic density varies rapidly, such
as in molecules and at surfaces. However, it can be extended into the generalized gradient
approximation (GGA) where the PW91 [I56] and the simplified PBE [I57] functionals are
based on.
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3.3.2 Generalized Gradient Approximations

The generalized gradient approximations (GGAs) have intimately proposed after the accom-
plishment of the LDA. Base on the assumption that dependence does not only on the local
electron density but also its local gradient. The general form of GGA functionals are expressed
as,

ESEh = f diexe F(n,|Vnl, . ..) (3.10)

where F is enhancement factor while various forms have been developed.

Normally, the GGA works very well for molecules, which has improved over several draw-
backs of the LDA. In this thesis, the simplified PBE [57] is used for all self-consistent calcu-
lations. Additional discussion of GGA, referred to textbooks [9].

3.3.3 Hybrid Functionals

The decent developments have enabled the use of hybrid functionals. The basic idea is to in-
corporate amount of Hartree-Fock (HF) exchange with the exchange and correlation from LDA
or GGA functional. These are several functionals, such as B3LYP [I58, 159] where traditional
functionals are mixed with a certain proportion of Hartree-Fock. Based on the arguments that
exchange and correlation energy varies as a function of interelectronic coupling, Perdew, Ernz-
erhof, and Burke [[157] introduced the form as

1
Exc = ESSM + Z(EQF — EGSY (3.11)

They mixed 1/4 of Hartree-Fock exchange energy, and gave physical explanations.

3.4 All-Electron Core Treatment

The core treatment is the parameter that can be used to handle the electrons in the lowest atomic
orbitals. For all-electron potential, these electrons will be treated in the same condition as in the
case of valence electrons. As the elements get larger, the relativistic effects would considerably
become more crucial matter for the core electrons treatment. For this core treatment method,
all-electron potentials used in DMol® software package are proposed by Koelling et al. [T60]
and Douglas et al. [T61]. Both core electrons and scalar relativistic effects are included in the
calculations. This method may provide calculation with more accuracy, but it has also increased
the computational cost.

3.5 Computational Strategy

This section presents a brief summary of hardware and software that entirely used for this
computational research.
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3.5.1 Hardware: High Performance Parallel Computing (HPC)

All calculations in this work were performed on high performance parallel computing (HPC)
servers, Fujitsu CX250, at Japan Advanced Institute of Science and Technology (JAIST), Japan.
The Fujitsu CX250 cluster is maintained by MPC Administrator Group, Research Center for
Advanced Computing Infrastructure (RCACI).

The Fujitsu CX250 cluster provides 108 nodes (216CPU/2160core) + GPU node (8CPU/8GPU)
with following specification:

Intra-node configuration (normal node)

e CPU: Intel Xeon E5-2680v2 2.80GHz (10Core) x2
e Memory: 64GB (4GB DDR3-1866 ECC x16)
Node memory bandwidth: 119GB/s

e In-node configuration (GPU node)

e CPU: Intel Xeon E5-2680v2 10Core x2,

e GPU: NVIDIA Tesla K40 x2

e Memory: 64GB

Network Infiniband 4xFDR (6.8GB/s)

3.5.2 Software: Materials Studio

All the DFT simulations were carried out throughout using DMol® package incorporated in
Materials Studio platform by Dassault Systems Biovia K.K.
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Chapter 4

Density Functional Theory of Transition
Metal Phthalocyanine and Graphene

This chapter presents a density functional theory (DFT) for studying the molecular structure
of transition metal phthalocyanines (TMPcs) on graphene for copper phthalocyanine (CuPc),
nickel phthalocyanine (NiPc), cobalt phthalocyanine (CoPc), iron phthalocyanine (FePc), and
manganese phthalocyanine (MnPc). Self-consistency simulations for molecular structures, bond
lengths and angles, formations, stabilities, attraction sites, and binding energies of TMPc and
graphene composite material are systematically discussed and carried out by employing the
density functional theory (DFT) with including local density approximation (LDA), general-
ized gradient approximation (GGA), and a conventional hybrid, B3LYP, functionals. The bond
lengths and bond angles acquired with different functionals utilized in this chapter are corre-
lated to experimental data. Our results indicate that CoPc has the shortest interplane distances
between TMPcs and a graphene layer. The attraction of CoPc on graphene is feasible; yielding
a tunable composite electrode material that may lead the promising synthesis process due to
their intrinsic electrical properties provided by CoPc/graphene.

4.1 Introduction

For the first decade of the 21° century, it has been remarkable with successful discovery of
graphene [Z,20], a magnificent 2D material that has become the central attention of the world-
wide scientific community in various aspects due to its superlative properties that are integrated
into extensive applications and technologies [I62]. For examples, the optical and conduc-
tive properties of graphene have been used for the solar cells [[63,164], light-emitting diodes
(LEDs) [165,T66], and transparent electrodes [167]. The m-r interactions for these particular
cases are a benefit between graphene and the organics systems [T68-1T7(].

TMPcs are macrocyclic complexes with the enlarged system of & density that which can
adsorb on fullerenes or graphite system [45, T71-173] for the improvement of electrodes in
which the TMPcs act as facilitator in the electrochemical processes of charge transfer. They are
expected to be productive applications for detecting various organic molecules [45, T74-179].
In addition, TMPcs are also the well-known dyes that used in photovoltaic cells [TR0-T84].
Furthermore, the composite materials of graphene with TMPcs have been used as complex
central metal, i.e., cobalt [T72], copper [T85-I&R], nickel [189], zinc [TY0-197], and iron [T93].
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Metallic ion

Figure 4.1: Model of metallic ion residing in the central cavity of phthalocyanine monomer, as
an anchor, attracted on graphene sheet.

These composite materials have high potential in various applications such as electrochemical
sensors [194], optoelectronics [I85], photosynthesis, and transparent electrodes for solar energy
conversion [[90, T91]].

In a previous work, the electronic structure of CuPc on graphene has been considered and
investigated [[[86]. The computational study was performed entirely based on the density func-
tional theory (DFT) method with LDA, GGA, and hybrid functionals to describe the geometry
of the molecular structure in a favorable approach. The first principle calculations of their
molecular geometries can deliver a well-founded basis for the interpreted calculations of exper-
imental data and underline the physical systems. The relationship of calculated properties and
their experimental phenomena will be explored. The computational results are useful for infor-
matics materials to elucidate the formation of TMPc/graphene complex for both experimental
conditions and industrialized synthesis.

In this work, different kinds of TMPc layers attracted on graphene sheet were selected as
modeling systems for simulations. The central metallic ion dominating the physical and chemi-
cal characteristics of TMPc so the metallic ion will behave as *anchor’ for attracting to a specific
site onto the graphene sheet, as mentioned in the subsection Z27A. The scheme is illustrated in
Figure B1l. Bond lengths and angles acquired from different functionals deployed in this disser-
tation are provided as electronic supplementary materials.

The present work aims to investigate the molecular structure, interlayered formation, stabil-
ity, and binding energies of TMPc/graphene by using the Materials Studio software package.
The details of these computational methods are provided in section B2. The qualitative differ-
ences between these functionals have been observed, and the pros and cons of utilizing these
functionals are critically investigated to describe interfaces between TMPcs and graphene, sum-
marized in the section 271 The effects of three different exchange and correlation functionals
on the computational electronic structure of TMPcs and comparison of the computed results
and the experimental data are systematically discussed in section B3,
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4.2 Computational Method

In this research work, the reported DFT calculations were performed by utilizing the Materials
Studio® v7.0.200 by Accelrys Software Inc. The method of choice of the exchange-correlation
(XC) functionals were selected according to the considerable quality of the results because it
would mainly depend on these selected approximation. The XC formalisms, spin treatment,
and configurations are presented in the subsection BT, B2 3, and B2, respectively.

The core treatment with all-electron scheme within DMol® are used. Then, the double nu-
merical (DN) basis set was also used, along with the 3.5-basis file for all the simulations. The
convergence tolerance for the maximum force and maximum displacement for normal geome-

try optimization were set to 0.02 Ha A" and 0.05 A, respectively.

The computational results in this dissertation expect the binding energies of TMPcs on a
graphite surface, and the bond length and angle of each TMPc molecular structures. The con-
structed molecule of a TMPc/graphene surface would be the representative structure in the case
of physical-layered contact, presented that the attracted site, as focusing on the central cavity of
metal ion is within or approaching to the central carbon groups, the H-site as predicted similarly
in the case of a metal atom on graphene sheet.

4.2.1 Exchange-Correlation

In this work, the prediction for evaluating the stability of these systems are strongly depended
on the choice of exchange-correlation (XC) which are seriously concerned in general, therefore,
the examination are using three different XCs. The functionals of LDA, GGA, and B3LYP were
used to describe and predict the energies and formations of graphene and TMPcs interlayers,
and also the individual geometries of graphene and TMPcs.

The reasons that the above three functionals are deployed for this study because for the
case of LDA and GGA, they are chosen for their well-known credits with less resource con-
sumption, and have been used in many series of electronic structure calculations for similar
evaluation [195,T96]. The results obtained from LDA and GGA are contentedly for several
organic molecules [197]. As references, they are included in this work to make contrast. If
their results for this study turn out to achieve satisfied accuracy, then it would have saved large
amount of computational cost and time, which are quite important factors for material infor-
matics or automated materials searching.

On the other hand, B3LYP, hybrid functional is an improvement of LDA and GGA. While
LDA and GGA yield their total energies from just the electronic density, B3LYP has corrected
that and improved its approximation to the XC energy term of the total energy over system of
electrons. B3LYP may have the benefits of more accuracy in calculating the actual total en-
ergy because it has also included a nearly exact expression for the exchange components. So
B3LYP is often the selected method for calculating standard chemical models for many appli-
cations [T98]. In this study, the predictions by B3LYP would be most reliable for examining
the evaluated interlayers among the three selected functionals within this work for the stacking
layers. Even though the computed results are more accurate with B3LYP, but that would come

29



Q.
g @
ECl
D D

Figure 4.2: The sketch of the energy splitting of the 3d metal orbital configuration embedded
in Dy, symmetry. Brown and green indicate the different phases of wavefunction, re-printed
from [A].

with the expensive price of computational cost and time.

In a symposium paper containing an overview by Baker er al. [199] stated that B3LYP
marginally consumes computational cost more than standard DFTs. Later, Lynch et al. also
reported their investigation for test cases and compared the cost and accuracy of various com-
putational methods. They found that B3LYP yielded remarkably accuracy for geometries and
energies [200], but have to tradeoff with performance-to-cost ratio.

Note that for extent within this study on the stacking, the van der Waals interactions were
neglected, but it should be included into account for better evaluations of the systems in the
future work. The additional information about vdW-DF method is included in the section D34
of Appendix D.

4.2.2 Spin Configuration

The TMPc molecules are evaluated under D4, symmetry, where their d-orbitals can be classified
as the square-planar ligand-field. So, the ground state electronic configurations of isolated
TMPc molecules are investigated under the Dy, symmetry. With these 5 metal d-orbitals are
reduced symmetry and transformed to the degenerated 3d orbitals as a, (d.2), by, (d2—,2), and
byg (d,,) in singlet states, and e, (d,,, d,.;) in doublet state, as shown in Figure &7 The electron
filling scheme for each selected TMPc with total spin are displayed in Figure E3. The each
different metal supplies the electrons filled these states. The information of d-electron ground
states for the @ and B phases of TMPcs from the experiment and calculations are shown in
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Figure 4.3: Schematic of paired and unpaired electrons of MnPc, FePc, CoPc, NiPc, and CuPc.
Black indicates paired electrons, and red indicates the unpaired ones. The total spin due to
unpaired electrons are at the bottom.

Table 4.1: Ground state orbital occupancy and total spin of TMPc molecules determined from
series of experiments.

TMPcs Ground State Occupancy Total Spin Refs.

a-MnPc 3/2 [20T]
B-MnPc (bag)(e)*(ary)’ 3/2 (201, 2072]
a-FePc (bay)*(e,)*(ar,)! 1 [203]
B-FePc (by)*(e,)*(ar,)! 1 [204]
B-FePc (a15)(e,)*(bay)! 1 [205]
a-CoPc (e,)*8(bay)*(ary)'? 12 [206]
B-CoPc (bag)(e))*(ary)’ 1/2 [207]
B-NiPc (bay)(ey) (ary)? 0 [20R]
a-CuPc 1/2 [20T]
ﬁ-CUPC (b2g)2(€g)4(alg)2(b1g)l 1/2 [Z(”]
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Table 4.2: Ground state orbital occupancy and total spin of TMPc molecules obtained from a
series of computational methods.  refers to isolated molecule.

TMPcs  Ground State Occupancy Ground State Total Spin  Method Refs.
MnP¢' *E, 32 GGA [709]
B-MnPc  (by,)'(e,)*(ai,)" ‘E, 3/2 ab initio [52]

B-FePc 3By lPA, 1 PBE, B3LYP [I96]
B-FePc  (by))*(a1,)*(a1,)*(ley)* A, 1 LDA [2T10]
B-FePc  (by)*(ar,)*(a1,)*(ley)* Ay, 1 ab initio [52]

CoPc! Ay, 12 GGA [209]
B-CoPc  (byy)*(e,)*(ai,)! Ay, 12 ab initio [52]

B-CoPc  (aig)*(ai)’(le,)’ 'E, 12 LDA [210]
B-NiPc 'Ay, 0 LDA [210]
B-CuPc By, 12 LDA [210]

Table BT and B2, respectively.

1. Manganese Phthalocyanine

The ground state configuration of MnPc molecule was investigated under Dy, symmetry
reported from the experimental technique (see Table E-1) and the theoretical calculation
(see Table E7). The five electrons are accommodated in 3d-shells from Mn. For a phase,

it was confirmed by Heutz et al. with the simulation of the Brillouin function for a spin,
S = 3/2 [Z(”]

2. Iron Phthalocyanine

The orbital configuration of Fe from experimental data is Eg4 (ba,)*(e,)*(a1,)", see Ta-
ble E1I. The (e,)* orbital doublet is triply occupied with a full and a half filled orbital as
depicted in Figure B3, where S = 1.

3. Cobalt Phthalocyanine

Both @ and 8 phases of CoPc are paramagnetic were determined using electron spin res-
onance (ESR). The neighboring N atoms that are adjacent to the central Co position have
impacted on the quadrupole splitting, and it is greater in 8 phase [2T1]. Co presents
planar anisotropy, and Co atom surrounded in the Pc monomer evidenced by magnetic
susceptibility with S = 1/2.

4. Nickel Phthalocyanine

For 8 phase of NiPc, its spin is S = 0 for both obtained from experiment and calculation,
refered to Table BTl and B2

5. Copper Phthalocyanine

For a phase, it was confirmed by Heutz et al. with the simulation of the Brillouin function
for a spin, S = 1/2 [20T]. The g phase of CuPc is paramagnetic, and with the usage of the
nuclear magnetic resonance (NMR) proton spectroscopy [217], it was determined that its
spinis S = 1/2.
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Figure 4.4: Schematic view of the pristine graphene (25 benzene rings), with the terminal hy-
drogen atoms at the edge.

4.2.3 Spin Treatment

The treatments of spin polarization in many calculations have been different. Most calcula-
tions have utilized the spin-unrestricted configuration; however, other cases may have taken the
spin-restricted approach. In the case of CuPc, Cu atom is not generally participated with mag-
netic properties because only single occupied 4s orbital of a Cu atom significantly direct this
to spin splitting [45]. Consequently, CuPc has to be treated in the case of the spin-unrestricted
condition. Therefore, spin unrestricted calculations were carried out throughout the entire in-
vestigation, and the geometries were optimized independently for each structure: graphene,
CuPc, and graphene/CuPc, where pristine graphene with 25 benzene rings, with the terminal
hydrogen atoms at the edges, was used, as shown in Figure B-4.

As the molecular size getting larger, complexity of the molecules are demanded to reach
the convergence; therefore, an optimization procedure has to be carried out. In order to ac-
quire the equilibrium geometry for this complex, first, the isolated graphene model needs to be
optimized; then, applying this obtained geometry as a starting point to proceed, the monomer
of CuPc has been supplied originally in the middle structure of graphene sheet models, and
afterward this whole structure has again been re-optimized. Then, the adsorption of CuPc on
the graphene layer is performed, for optimizing the entire system. Afterward, geometry opti-
mization, vibrational frequency calculations have been performed to assure that the optimized
systems corresponds to minimum energetic structures.

4.3 Results and Discussion

After geometry optimized with the same computational setup, the molecular structure of TMPc
monomer is obtained as depicted schematically in Figure IZT1. The monomer of TMPc consists
of a central cavity ion, which in case metal atoms of Mn, Fe, Co, Ni, and Cu. They are bridged
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Figure 4.5: The top-view structure of the TMPc molecule overlayer graphene sheet. The central
metal atom is located in the middle of benzene ring, where the highlighted molecule in yellow
represents the graphene layer. From the observation, the central ion of Mn and Cu atom deviate
a little off the center of benzene ring.

with other four N atoms surrounded by four pyrrole groups that each individually attached to
other 4 benzenes as mentioned in subsection §23711. The following subsections are individually
provided the computational results of MnPc, FePc, CoPc, NiPc, and CuPc, accordingly.

By analyzing if these metal phthalocyanines can adsorb onto graphene plane. This aims to
investigate the structure of these molecular complexes from the related parameterized geome-
tries. Then, the optimization of molecular structures will be revised. According to the energetic
point of view, the adsorption between these interlayers would direct to the stability of these
complexes needed to be considered. For the obtained structural stabilities, it is remarkable to
gain knowledge whether the structural interaction between monolayer of graphene and attracted
layer of each TMPc.

4.3.1 Manganese Phthalocyanine on Graphene

The molecular structure of manganese phthalocyanine (MnPc) is similar to other metal-substituted
Pcs that have planar molecules as Dy, symmetry. The numbering atoms are shown in Fig-
ure -T1l, where the central metal atom is manganese (Mn) atom, which is in a +2 oxidizing
state. The Mn center has a formal 3d° electronic configuration. Monomer structure of MnPc
is depicted in Figure 211l where exhibits the arrangement of discrete, planar MnPc molecule
like other selected TMPcs. For the rigidity of MnPc molecule, a geometrical optimization are
computationally performed to examine the all possible positions of these atoms, resulting in
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Figure 4.6: The interplane distance between graphene and MnPc calculated by (a) LDA, (b)
PBE, and (c) B3LYP. The graphene plane is on the right, and MnPc is one the left of each
figure.
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Table E3.

Table 4.3: Selected bond length in A and bond angle in degree (°) of MnPc calculated with
different exchange-correlation functionals; Atom labeled in Figure D7TTl, and experimental data
from Reference [[I]. Parenthesis indicates deviation from the experiment.

Properties Experiment [[I(] Computational Results

LDA PBE B3LYP
Mn-N1 1.937 1.874[3.25] 1.916[1.08] 1.905[1.65]
NI1-C2 1.388 1.438[3.60]  1.438[2.88] 1.421[2.38]
C2-N2 1.323 1.339[1.21]  1.345[1.66] 1.378[4.16]
C2-C3 1.450 1.458[0.55]  1.463[0.90] 1.421[2.00]
C3-C4 1.392 1.431[2.80]  1.435[3.09] 1.433[2.95]
C3-C5 1.396 1.398[0.14]  1.393[0.21]  1.423[1.93]
C5-C6 1.380 1.402[1.59]  1.402[1.59] 1.371[0.65]
Co6-C7 1.391 1.409[1.29]  1.403[0.86] 1.437[3.31]
C2-N1-C1 107.6 104.71[2.69] 105.87[1.61] 104.23[3.13]
N1-C2-N2 127.7 126.45[0.98] 126.26[1.13] 125.62[1.63]
N1-C2-C3 109.6 110.54[0.86] 109.98[0.35] 111.31[1.56]
C2-N2-C8 N/A 119.81[ - ] 119.31[ - ] 120.16] - ]
C2-C3-C4 N/A 106.90[ - ] 106.88[ - ] 106.55[ - ]
C4-C3-C5 N/A 120.89[ - ] 120.85[ - ] 120.32[ - ]
C3-C5-C6 N/A 117.80[ - ] 117.84[ - ] 118.19[ - ]
C5-C6-C7 N/A 121.31[ - ] 121.31[ - ] 121.49[ -]

Table 4.4: Binding (Ep;,s) energies and the distance between layers of graphene, MnPc, bilayer
graphene, and MnPc-graphene.

System Egina €V) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP

G -684.02  -587.07 -559.84 - - -

MnPc -566.19  -535.50  -536.02 - - -

G-G -1339.56 -1199.53 -1077.19 335 347 3.16

MnPc-G -909.81 -906.78 -911.27 342 334 349

4.3.2 Iron Phthalocyanine on Graphene

The crystallite data of FePc [[1] has systematically been deployed to construct a single layer of
thin film on behalf of FePc planar model, as depicted in Figure ZT1. Similarly to NiPc molec-
ular model [[77]. The molecular geometry of the FePc monomer as D, symmetry. The selected
3d lattice is the P4/mmm symmetry, where the numbering atoms as shown in Figure IZTT. For
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Figure 4.7: The interplane distance between graphene and FePc, where graphene plane is on the
left of each figure, and FePc is one the right, calculated by (a) LDA, (b) PBE, and (c) B3LYP.

the rigidity of FePc molecules, a geometrical optimization are also computationally performed
for internally examining the all possible positions of these atoms, resulting in Table B3,

4.3.3 Cobalt Phthalocyanine on Graphene

The computational setup for CoPc geometry optimization is as the same as procedure of MnPc
and FePc, repeatedly. Its final molecular structure is illustrated in Figure B3,

4.3.4 Nickel Phthalocyanine on Graphene

The computational setup for NiPc geometry optimization is as the same as procedure of those
TMPc, repeatedly. Its final molecular structure is illustrated in Figure B-3.

4.3.5 Copper Phthalocyanine on Graphene

The detailed experimental structure of each TMPc in the crystalline states are demonstrated and
is consistent with the calculations. The optimized bond lengths and bond angles, calculated
with three different functionals deployed in this dissertation, are presented in the Table B3, &,
B77, BT10, and BT3 along with their experimental correlations. The results indicate that the type
of functionals has significantly no remarkable effects upon the calculations of geometry, and the
computational outcomes are in good agreement with former experimental measurements.
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Table 4.5: Selected bond lengths in A and bond angles in degree (°) of FePc calculated with
different exchange-correlation functionals. Atoms labeled in Figure D711, and experimental
data [[I7]. Parenthesis indicates deviation from the experiment.

Properties Experiment [[I1] Computational Results

LDA PBE B3LYP
Fe-N1 1.927 1.849[4.05]  1.851[3.94] 1.911[0.83]
NI1-C2 1.378 1.425[3.41] 1.413[2.54] 1.430[3.77]
C2-N2 1.322 1.330[0.61]  1.352[2.27]  1.323[0.08]
C2-C3 1.450 1.479[2.00] 1.466[1.10]  1.487[2.55]
C3-C4 1.392 1.422[2.16]  1.426[2.44] 1.426[2.44]
C3-C5 1.395 1.385[0.72]  1.395[0.00]  1.380[1.08]
C5-Co6 1.390 1.401[0.79]  1.396[0.43] 1.414[1.73]
Co6-C7 1.394 1.396[0.14]  1.407[0.93] 1.391[0.22]
C2-N1-C1 107.3 106.70[0.56] 106.40[0.84] 105.84[1.36]
NI1-C2-N2 127.8 127.33[0.37] 125.72[1.63] 127.74[0.05]
NI1-C2-C3 109.7 109.63[0.06] 110.20[0.27] 110.40[0.64]
C2-N2-C8 N/A 119.44[ - ] 121.53[ - ] 121.02[ - ]
C2-C3-C4 N/A 106.93[ - ] 106.57[ - ] 106.68] - ]
C4-C3-C5 N/A 121.07[ - ] 120.89[ - ] 121.21[ -]
C3-C5-C6 N/A 117.65[ - ] 117.80[ - ] 117.58[ - ]
C5-C6-C7 N/A 121.29[ - ] 121.31[ - ] 121.21[ -]

Table 4.6: Binding (Ep;,4) energies and the distance between layers of graphene, FePc, bilayer
graphene, and FePc-graphene.

System Epina (€V) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP

G -684.02  -587.07 -559.84 - - -

FePc -347.44  -345.05 -375.79 - - -

G-G -1339.56 -1199.53 -1077.19 335 347 3.16

FePc-G -912.25 -912.22  -909.77 3.13 326 3.29
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Figure 4.8: The interplane distance between graphene and CoPc, where CoPc is on the left
of each figure, and graphene plane is one the right, calculated by (a) LDA, (b) PBE, and (c)
B3LYP.

Figure 4.9: The interplane distance between graphene and NiPc, where NiPc is on the left of
each figure, and graphene plane is one the right, calculated by (a) LDA, (b) PBE, and (c) B3LYP.
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Table 4.7: Parameters of CoPc structure calculated with different exchange-correlation func-
tionals, where the bond length in A and bond angle in degree (°). Their atoms labeled from
Figure I'TT], and experimental data [1?] presented for comparison. Parenthesis indicates devia-

tion from the experiment.

Properties Experiment [17] Computational Results

LDA PBE B3LYP
Co-N1 1.912 1.97[2.77] 2.00[4.34] 1.98[3.30]
NI1-C2 1.381 1.41[2.32] 1.40[1.45] 1.40[1.59]
C2-N2 1.317 1.33[1.14] 1.34[1.75] 1.34[1.52]
C2-C3 1.459 1.43[1.85] 1.44[1.10] 1.44[1.23]
C3-C4 1.400 1.43[2.00] 1.44[2.57] 1.43[2.07]
C3-C5 1.394 1.41[0.86] 1.42[1.51] 1.41[1.00]
C5-Co 1.401 1.41[ -] 1.42[ - ] 1.41] -]
Co6-C7 1.405 1.42[ -] 1.42[ -] 1.42[ -]
C2-N1-C1 107.1 106.47[0.59] 107.31[0.77] 106.89[0.10]
NI1-C2-N2 127.9 125.13[2.21] 125.32[1.49] 125.45[1.59]
N1-C2-C3 109.7 109.60[0.11] 109.28[0.30] 109.57[0.03]
C2-N2-C8 N/A 126.19[ - | 126.43][ - ] 125.49[ - ]
C2-C3-C4 N/A 106.94[ - ] 107.08[ - ] 106.96] - ]
C4-C3-C5 N/A 120.95[ - ] 120.86] - ] 120.86[ - ]
C3-C5-C6 N/A 117.88[ - ] 117.87[ - ] 117.66[ - ]
C5-C6-C7 N/A 121.15[ -] 121.27[ - ] 121.51[ -]

Table 4.8: HOMO, LUMO, (4HL) energies of graphene, CoPc, bilayer graphene, and CoPc-

graphene.
System EHOMO (CV) ELUMO (CV) AHL (CV)
LDA PBE B3LYP LDA PBE B3LYP LDA PBE B3LYP
G -3.80 -3.63 -3.82 -3.52 -3.36 -3.54 028 0.27 0.28
CoPc -5.25 -5.20 -5.03 -3.79 -3.81 -3.37 146 139 1.66
G-G -3.74 -3.56  -3.76 -3.51 -3.35 -345 023 021 031
CoPc-G -4.01 -3.92 -4.00 -3.93 -3.76 -3.90 0.08 0.16 0.10
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Table 4.9: Binding (Eg;,,) energies and the distance between layers of graphene, CoPc, bilayer
graphene, and CoPc-graphene.

System Eging (meV) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP

G -684.02  -587.07 -559.84 - - -

CoPc -359.14  -332.14  -404.98 - - -

G-G -1339.56 -1199.53 -1077.19 335 347 3.16

CoPc-G -1019.96 -932.38  -1000.19 3.09 328 347

Table 4.10: Parameters of NiPc structure calculated with different exchange-correlation func-
tionals, where bond length in A and bond angle in degree (°). Atom labeled from Figure DL,
and experimental data [13] reported for comparison. Parenthesis indicates deviation from the
experiment.

Properties Experiment [13] Computational Results

LDA PBE B3LYP
Ni-N1 1.83 1.97[7.87] 2.01[9.73] 1.97[7.60]
N1-C2 1.38 1.41[2.32] 1.42[3.19] 1.41[2.17]
C2-N2 1.38 1.33[3.41] 1.35[2.10] 1.33[3.41]
C2-C3 1.46 1.43[1.85] 1.45[0.89] 1.44[1.64]
C3-C4 1.38 1.43[3.55] 1.44[4.57] 1.43[3.48]
C3-C5 1.39 1.41[1.15] 1.42[2.23] 1.41[1.08]
C5-C6 N/A 1.41[ -] 1.42[ -] 1.41[ -]
C6-C7 N/A 1.42[ -] 1.43[-] 1.410-]
C2-N1-C1 99.0 106.83[7.91] 107.31[8.39] 106.89[7.97]
NI1-C2-N2 126.0 125.13[0.69] 125.32[0.54] 125.45[0.44]
N1-C2-C3 115.0 109.60[4.70] 109.28[4.97] 109.57[4.72]
C2-N2-C8 N/A 126.19[ - | 126.43] - ] 125.49[ - ]
C2-C3-C4 N/A 106.94[ - ] 107.08][ - ] 106.96] - ]
C4-C3-C5 N/A 120.95[ - ] 120.86][ - ] 120.86] - ]
C3-C5-C6 N/A 117.88[ - ] 117.87[ -] 117.66[ - ]
C5-C6-C7 N/A 121.15[ -] 121.27[ -] 121.51[ -]

41



Table 4.11: HOMO, LUMO, HOMO-LUMO gap (4HL) energies of graphene, NiPc, bilayer
graphene, and NiPc-graphene.

System Exomo (V) Erumo (V) AHL (eV)

LDA PBE B3LYP LDA PBE B3LYP LDA PBE B3LYP
G -3.80 -3.63 -3.82 -3.52 -336 -3.54 0.28 0.27 0.28
NiPc -5.26 -5.06 -5.21 -3.84 -3.71 -3.40 142 1.35 1.81
G-G -3.74 -3.56 -3.76 -3.51 -3.35 -345 0.23 0.21 0.31
NiPc-G -4.03 -3.80 -3.99 -391 -3.62 -3.75 0.13 0.18 0.24

Table 4.12: Binding (Eg;,,) energies and the distance between layers of graphene, NiPc, bi-layer
graphene, and NiPc-graphene.

System Egina (meV) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP

G -684.02  -587.07 -559.84 - - -

NiPc -380.96  -318.60 -412.48 - - -

G-G -1339.56 -1199.53 -1077.19 335 347 3.16

NiPc-G -1007.57 -898.13  -963.46 3.14 3.48 3.50

Figure 4.10: The interplane distance between graphene and CuPc, where CuPc is on the left
of each figure, and graphene plane is one the right, calculated by (a) LDA, (b) PBE, and (c)
B3LYP.

42



Table 4.13: Parameters of CuPc molecular structure calculated with indicated different ex-
change and correlation functionals, referring to atom labeled from Figure IZT1l, where bond
length measured in A and bond angle in degree (°). Experimental data reported for compari-
son [I4]. Parenthesis indicates deviation from the experiment.

Properties Experiment [I4] Computational Results

LDA PBE B3LYP
Cu-N1 1.935 1.99[2.84] 2.02[4.60] 2.01[3.67]
NI1-C2 1.366 1.41[3.15] 1.42[4.03] 1.41[3.29]
C2-N2 1.328 1.34[0.53] 1.35[1.88] 1.35[1.28]
C2-C3 1.453 1.44[1.24] 1.45[0.21] 1.44[0.69]
C3-C4 1.400 1.43[2.21] 1.45[3.29] 1.44[2.57]
C3-C5 1.388 1.4111.30] 1.42[2.38] 1.41[1.66]
C5-Co 1.377 1.41[2.61] 1.42[3.34] 1.41[2.61]
Co6-C7 1.400 1.42[1.14] 1.43[2.00] 1.42[1.29]
C2-N1-C1 107.3 107.48[0.17] 107.85[0.52] 107.89[0.55]
NI1-C2-N2 127.6 125.18[1.90] 125.41[1.71] 125.80[1.41]
N1-C2-C3 110.4 109.21[1.07] 108.94[1.32] 108.96[1.30]
C2-N2-C8 N/A 126.71 126.83 126.90
C2-C3-C4 N/A 107.01 107.05 107.09
C4-C3-C5 N/A 120.94 120.77 120.86
C3-C5-C6 N/A 117.91 117.92 117.68
C5-C6-C7 N/A 121.14 121.31 121.49

Table 4.14: HOMO, LUMO, HOMO-LUMO gap (4HL) energies of graphene, CuPc, bilayer

graphene, and CuPc-graphene.

System EHOMO (CV) ELUMO (CV) AHL (CV)

LDA PBE B3LYP LDA PBE B3LYP LDA PBE B3LYP
G -3.80 -3.63 -3.82 -3.52 -3.36 -3.54 028 0.27 0.28
CuPc -4.88 -4.88 -4.83 -3.87 -3.771 -3.47 1.01 1.18 1.36
G-G -3.74  -3.56 -3.76 -3.51 -335 -345 023 021 031
CuPc-G -4.04 -3.81 -4.01 -3.93 -3.59 -3.73 0.11 022 0.28
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Table 4.15: Binding (Ep;,4) energies and the distance between layers of graphene, CuPc, bilayer
graphene, and CuPc-graphene.

System Eging (meV) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP

G -684.02  -587.07 -559.84 - - -

CuPc -375.79  -336.44 -421.83 - - -

G-G -1339.56 -1199.53 -1077.19 335 347 3.16

CuPc-G -1003.16 -894.26  -959.31 3.16 3.69 3.73

Table 4.16: Binding (Eg;,,) energies and the distance between layers of bilayer graphene, and
TMPc/graphene from calculation results.

System Egina €V) Distance (A)
LDA PBE B3LYP LDA PBE B3LYP
G-G -1339.56 -1199.53 -1077.19 335 347 3.16
CuPc-G -1003.16 -894.26  -959.31 3.16 3.69 3.73
NiPc-G -1007.57 -898.13  -963.46 3.14 348 3.50
CoPc-G -1019.96 -932.38  -1000.19 3.09 328 347
FePc-G -912.25 -912.22  -909.77 3.13 326 3.29

MnPc-G -909.81  -906.78  -911.27 342 334 349
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In the first row, the metal-nitrogen (M-N1) distance from experiment is notably shorter than
from LDA, PBE, and B3LYP calculations. Considering the bond of N1-C2 with its length in-
side the Pc molecule, it shows the same tendency. These are the practical behaviors of these
functionals for such organic compounds [T09]. The LDA functional results in slightly closer
bond lengths, the PBE functional provides with slightly extended bond lengths, and the conven-
tional hybrid functional is between those two. The C2-N2 bond length is more distant from the
central metal atom. On the other hand, the bond distances and bond angles from experiment are
slightly different than from the calculations.

Full-optimized geometry of TMPcs under D,, symmetry restrictions directs to molecular
structures that are approached to the prospective Dy, symmetry. Geometry optimization leads
to planar structures that have relatively not been affected in which indicate that the geometry of
CuPc (see Figure B10), and slightly twisted or bent graphene in CoPc and NiPc (see Figure &8
and B9, respectively). On the other hands, there are distorted in molecular structures of MnPc
and FePc (see Figure B8 and B, respectively)., while graphene sheet is clearly kept lying flat.

The summarized results for calculated Ej;,, are presented in Table E-TA. From the relative
binding plots depicted in Figure B.1], it indicate that CoPc layer attracted on basal graphene
sheet is the most stable structure because its binding energy has the lowest one among the other
selected TMPcs. CoPc layer behaves as a guest molecule with n-domain, strongly physical
contact to the m-m stacking onto graphene sheet that also behaves as a host electrode. The
further discussion will be carried on in the next chapter.
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Chapter 5

Summary and Further Discussion

5.1 Limitation of Spin-Restricted Conditions

The treatments of spin polarization in most calculations have been different. where many cal-
culations have used an spin-unrestricted configuration, but some have taken a spin-restricted
approach. In the case of the TMPcs in this initial work, it was first started with the computa-
tional study of CuPc, where copper atom resided in the central cavity of Pc, and Cu atom is not
generally associated with magnetic properties because the single occupied 4s orbital of the Cu
atom significantly leads to spin splitting [45]. Consequently, the monomer of CuPc has been
treated in a spin-unrestricted manner in the previous study [I86]. Therefore, spin-unrestricted
calculations should be employed throughout on the other calculations of TMPcs as well, in or-
der to keep consistency and fair evaluations in comparison.

5.2 Limitation of Exchange and Correlation

In this current study, the functionals of LDA, GGA, and hybrid were used to describe and
predict the energies and formations of graphene and TMPcs interlayers, and also the individual
geometries of graphene and TMPcs. The computational results in this dissertation expect the
binding energies of TMPcs on a graphite surface, and the bond length and angle of each TMPc
molecular structures whereas experiment and calculation results are in good agreement. The
constructed molecule of the TMPc/graphene interlayer would be the representative structure in
the case of physical-layered contact, presented that the attracted site, as focusing on the central
cavity of metal ion is within or approaching to the central carbon groups, the H-site as predicted
similarly in the case of a metal atom on graphene sheet from Section §2-272.

The three functionals are deployed for this work because LDA and GGA have gained cred-
its with less consumption of computing resources. The results obtained from LDA and GGA
are contentedly for several organic molecules [197]. If LDA/GGA results turn out to achieve
satisfied accuracy, then they would have saved large amount of computational cost and time,
which are quite important factors for material informatics or automated materials searching.

On the other hand, B3LYP functional is an improvement of LDA and GGA. While LDA
and GGA yield their total energies from just electronic density, B3LYP has corrected that and
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improved its approximation to the XC energy term of the total energy over the system of elec-
trons. B3LYP may have the benefits of more accuracy in calculating the actual total energy
because it has also included a nearly exact expression for the exchange components. Moreover,
B3LYP is often the selected method for calculating standard chemical models for many applica-
tions [T98]. Therefore, among the three functionals within this work, the predictions by B3LYP
would be considered as the most reliability.

However for the interpretations of sparse systems or layered structures as conducted in this
dissertation, strong local bonds and the weak non-local van der Waals (vdW) interactions, with
containing separated empty space between interlayers, should also be included and taken into
account [213] because the conventional local (LDA) and semilocal (GGA) approximations are
limited to described the vdW forces [214]. In contrast to LDA or GGA, the correlation energy
of vdW-DF also possesses with the non-local dependent term on the density. This non-local
correlation is added to the exchange and correlation energy while using the correlation term
of LDA and exchange term of GGA [214]. For extent within this study on the stacking, the
van der Waals functional must be required for better evaluations of the systems. The additional
information about vdW-DF method is included in the section §ID-3°4 of Appendix D.

5.3 CoPc as Stable Attracted Material

From the present calculations, the formation results of CoPc layer attracted on basal graphene
sheet shown the most stability which will be further discussed in subsection §5371 and §6 33

5.3.1 Plots of Relative Binding Energy

The binding energies from computational results of TMPcs on graphene sheet, as depicted in
Figure B71. The attractions of each TMPc layer on the graphene sheet have been evaluated
in term of the binding energies (E;,,) between them. The general expression for the Ej;.y
calculation is defined as

Epina = Empejc — [Empe + EGl (5.1)

The results for calculated Ej;,; are previously summarized in Table BT6, and displayed as
relative binding energy in Figure B1l. In order to describe proper trend and for comparison of
their stabilities, the energy differences were relatively taken with respect to those of CoPc/G
since the results shown in Table BT pointed out that, under same XC functional, CoPc/G
possesses the lowest among selected TMPcs, except the B3LYP results of MnPc/G. Therefore,
the binding energy of CoPc/G is chosen as a reference where the ’zero’ value placed within
the plot. The positive larger values of binding energy obtained from the same XC functional
indicate that the binding energies of other TMPcs/G are higher than that of CoPc/G which lead
to less stable structures. From the plots, CoPc attracted on graphene sheet, thus, is the most
stable structure suggesting that these would be stable in experimental conditions.

From the plot, it can be seen that the prediction depends on the choice of selected XC func-
tionals, where the results obtained from PBE and B3LYP share similar trend while those from
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Figure 5.1: The plots of relative binding energies of metal phthalocyanines on graphene sheet
from the prediction of different exchange-correlation functionals. The relative stability among
MnPc, FePc, CoPc, NiPc, and CuPc over the graphene sheet are predicted. The lower the more
stable, where zero is defined for comparative energy respected to CoPc/G.

LDA shows several fluctuated ones. This might due to the scattered evidence in the literature
that lead toward LDA may provide the good estimation for o but either overestimated or under-
estimated for layered structures where weakly vdW interactions are considerably involved. The
role of XC functionals in this work for evaluated stability of TMPc/G must be taken this into
account. While method of choice in this approach may be less satisfactory for the intellectual
point of views, but it may gain pragmatic informatics. The more accurate choices of specific
functionals could be deployed to cover what have left behind by this work.

For a series of experimental works, CoPc behaves, as an active-guest material with -
domain, is strongly attracted to the m-7 stacking onto graphene sheet, as a host electrode, inter-
action. Yang et al. reported that both of their former experimental productions of CoPc with
the extended m-electron system could be adsorbed onto graphene-layered materials [215, DT6].
They stated that their composite-layered material was characterized by UV-vis absorption spec-
troscopy, indicating a strong 7-7 interaction between CoPc and graphene.

In another work, Cui et al. prepared the CoPc/G by layer-by-layer (LBL) technique, and
analyzed the surface morphology of this composite film that performed the characterization by
using the atomic force microscope (AFM) and the scanning electron microscopy (SEM). They
have found that CoPc/G had showed the satisfaction in long-term stability [2T°7].

Zagal et al. have experimentally produced many aspects of CoPc complexes on different
types of graphite surfaces with various preparation of processes for graphite-based electrodes,
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Figure 5.2: The HOMO-LUMO orbital distributions of the completely isolated CuPc and CoPc
before their interactions onto graphene sheet. The results obtained from LDA calculation.

such as glassy carbon electrode (GCE), ordinary pyrolytic graphite electrodes (OPGE), basal-
plane pyrolytic graphite (BPG), vitreous carbon electrode (VCE), screen printed carbon elec-
trode (SPCE), and carbon microelectrode (CME). CoPc has shown its strongly adsorption and
immobilization on the basal graphite electrodes. They stated in their finding that the CoNy in
the central cavity of CoPc is significantly influent the chemical reaction, and this influence is
also true for other metals in the TMPcs, but CoPc yields the good adsorption [45].

Therefore from the prediction of CoPc for the strongest anchoring on graphene, the produc-
tion of CoPc/G electrode process would lead to the possible construction of these electrodes
in the laboratory scale with self-assembled monolayers (SAMs) technique. Even though in the
typical productions, the attractions of monolayers of TMPc are simply fabricated by submerg-
ing the target electrode into appropriate solutions that containing TMPc complexes, or adding
this solution directly on the surface of the target electrode. Then, the TMPc layers that are not
attracted or unnecessary wanted on the surface can be cleansed and eliminated by rinsing them
off with ethanol solvents [45].

5.3.2 Comparation of CoPc and CuPc

The spin state of both Co and Cu are S = 1/2, and then both CoPc and CuPc posses a single
unpaired d electron, and then there are two possibilities of the self-spin states, @ and S, for
each of them as mentioned in subsection §&272. Under Dy, point group, the metal d orbitals
transform as a,,(d.2), biy(d_,), €4(d.x ,d,.), and by,(d,,). The molecule would lie in the xy
plane, the d,. , d,, orbitals have x type and the rest may be considered of o one.
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Figure 5.3: The HOMO-LUMO orbital distributions of the completely isolated CuPc and CoPc
before their interactions onto graphene sheet. The results obtained from PBE calculation.

Figure 5.4: The HOMO-LUMO orbital distributions of the completely isolated CuPc and CoPc
before their interactions onto graphene sheet. The results obtained from B3LYP calculation.
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Figure 5.5: The energy level alignment diagrams of the completely isolated CoPc, CuPc, and
graphene before their interactions. The HOMO-LUMO gaps (4HL) of CoPc are larger than
CuPc in all obtained results from selected different exchange-correlation functionals. G is

graphene that optimized for couple system.

CoPc
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Figure 5.6: The HOMO-LUMO orbital distributions of the isolated CuPc and CoPc after their
interactions onto graphene sheet. The results obtained from LDA calculation.
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Figure 5.7: The HOMO-LUMO orbital distributions of the completely isolated CuPc and CoPc
after their interactions onto graphene sheet. The results obtained from PBE calculation.

HOMO

Figure 5.8: The HOMO-LUMO orbital distributions of the completely isolated CuPc and CoPc
after their interactions onto graphene sheet. The results obtained from B3LYP calculation.
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Figure 5.10: The HOMO-LUMO orbital distributions of CuPc and CoPc on graphene sheet
for observation due to their obvious differences in relative energy for CoPc/G is more stable,
and the other is less. The isosurfaces of the HOMO-1 (top) and LUMO (bottom) are included,
where the color mapping that blue indicates positive, and yellow indicates negative.

From the Figure B9, the larger HOMO-LUMO gaps (4HL) lead to the possibility of the
more stable formation. The Figure B35 indicates that the completely isolated CoPc molecules
have larger AHL gap than all those of CuPc. The HOMO and LUMO distributions of the
completely isolated CuPc before-graphene interaction are in good agreement with the after-
graphene case within all the three XC functionals (see Figure 572, 53, 54 56, 57, and B for
comparison).

In contrast, CoPc has one of the a,(d.2) electron is available, and the empty b,, orbital,
which is largely composed of d,»_,.. The HOMO-LUMO distribution of CoPc obtained from
B3LYP functional in after-graphene interaction (see Figure 5.8) is able to reproduced the a;,(d2)
electron in HOMO state as same as the PBE and B3LYP results from the before-graphene cases
(see Figure 63 and 654). This may possibly lead to the reliability of B3LYP functional in our
calculations. However, the computational HOMO-LUMO results from LDA has noticeably
failed to represent the a,,(d.2) of CoPc, but PBE and B3LYP achieved to reproduce this state so
LDA may not be a preferable XC choice for calculation of both energy and orbital distribution.

5.3.3 HOMO Orbital Distributions

The sp? orbitals on graphene sheet, the o~ bonds are formed in parallel to the graphene surface,
and each carbon atom are connected and arranged in hexagonal lattice. The p, orbitals, perpen-
dicular to the graphene sheet, are left to rise in delocalized m bonding and 7* antibonding states.
From the plot of relative binding energy in Figure &1, the CuPc/G is considerably picked for
further evaluation and in comparison with CoPc/G because it is clearly observed that the trend
in all three XC functionals show in similar direction.

Molecular orbital energies, highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) distributions, calculated with the selected functionals for
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Figure 5.11: The energy level alignment diagrams of the CoPc/G and CuPc/G interlayers. The

HOMO-LUMO gaps (4HL) of CoPc/G are smaller than CuPc/G in all obtained results from

selected different exchange-correlation functionals.
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Figure 5.12: The considerable deformation in TMPc stacking layers on graphene sheet.

CoPc/G and CuPc/G. While HOMO-LUMO gaps are listed in Table B8 and B-T4, respectively.
Then, their molecular isosurfaces are visualized in Figure 5T0. The HOMO of CuPc/G is
mainly on the graphene sheet where surrounded the edge of Pc ring, while its LUMO is local-
ized on the Pc ring.

CoPc has one of the a;,(d.2) electron is available, and the empty b, orbital, which is largely
composed of d,»_,». The CoPc states e, are mixed due to hybridization, the interaction be-
tween the CoPc and graphene, one electron from the a,,(d.2) would transferred from graphene.
This suggestion comes from the charge transfer between the d’ Co configuration and graphene
through the d» orbital. This may lead to one of the possible reason for intermediate formation
between CoPc and graphene strong interaction. In contrast, CuPc is also having one elec-
tron available, but in the by,(d,>_,2) orbital. This implies that for a considerable CuPc and
the graphene in - band by the LUMO of CuPc and localized to the central Cu atom of the
molecule and Pc ring, see Figure 510. This might also imply that an electron transfer from
graphene to the Cu-related LUMO state of CuPc upon adsorption. Therefore, CoPc gains more
benefit of its a;,(d.2) orbital for such 7-m interactions better than CuPc or other TMPcs. The
finding is very good agreement with the experiment conducted by Jarvinen et al. [T935].

The schematic of energy level diagrams obtained from these results are shown in Fig-
ure 511. The HOMO-LUMO gaps (4AHL) of two TMPc/G interlayers are 0.08 (LDA), 0.16
(PBE), and 0.10 (B3LYP) eV for CoPc and 0.11 (LDA), 0.22 (PBE), and 0.28 (B3LYP) eV for
CuPc. LDA gap is underestimated; this is consistent with the common understanding or expec-
tations. The model leads the relation between the gap and energy level alignment at CoPc/G
interfaces has the comparatively lower values than those of CuPc/G in all results, indicating that
the latter is more difficult to accept electrons. These differences in energy between the HOMO-
LUMO gaps can be used to predict the strength and stability of these evaluated complexes. Due
to the interaction is proportional to the HOMO-LUMO energy gap inversely, the interaction of
CoPc layer on basal graphene sheet is in favor with more attraction and stability as its energies
of HOMO-LUMO gaps are smaller than other selected TMPcs/G. Note that the larger HOMO-
LUMO gap also leads to more difficult in charge transfer, and also poorer reactivity [2T8].

5.4 Distortion Estimations

From the computational results and experimental data [215,PT6], they indicate that TMPcs can
be settled on graphene sheet as discussed in the previous section B6. Most of the TMPcs will
be attracted and immobilized at the hexagonal site, centering in one of the benzene ring except
CuPc and MnPc that are slightly off the central grid.
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Figure 5.13: The deformation of TMPc layers lead to damaging in graphene substrate.

In addition, the geometry optimization of TMPcs/G from computational results shows that
the initial planar structures of TMPcs/G interlayered electrodes have been deformed in some
cases. For the case of NiPc/G, the edges of graphene sheet are bent toward the NiPc monomer
from the PBE and B3LYP results while there are no such noticeably change in NiPc structures
from all other obtained results. This might be possibility to have strong artifact on the distortion
estimations due to too small size of graphene fragment, only 25 benzene rings. However in
contrast, there are also some cases that the graphene sheets are still in flat shape, but TMPcs
structures are distorted after their geometry have been optimized, such as FePc and MnPc.

In order to overcome such a problem for the next calculation, one of the possibilities is to
increase the size of graphene sheet to be much greater than this current setup. At least more than
81 benzene rings would probably be more appropriate to place TMPc within the sheet. Another
possibility is to perform TMPc geometry optimization on a finite fragment but larger graphene
sheet than the current one. However, the planar structure of graphene fragment should be fixed
as an electrode substrate because the production of TMPcs/G in reality, the graphene sheet
would be stationary attached to metal sheet while additional layer of TMPcs will be attracted
later during their fabrication process. There is also a feasibility for the calculations of periodic
boundary condition by using CASTEP software package. It might be easier to achieve the
convergence than the treatment in the current work.

The evaluation of their structural distortion is important and required for taking into account
because the deformation of the graphene fragment in calculation modeling in this work would
lead to the deformation of the composite materials in reality, and the life span/cycle of electrodes
will be shortened. A quick approach possibly suggested to investigate for layer stacking is to
perform geometry optimization of each TMPcs/G layer. If there are considerable deformations
in TMPc structure, then more stacking of TMPc get difficult, as depicted in Figure 5172.

On the other hand, when the deformation occurred as spatially non-uniform force to graphene
substrate, this particular case would lead to substrate damaging where graphene would be even-

tually peeled off by TMPc layer, and then shortened in electrode life span, as illustrated Fig-
ure RT3,

5.5 Twisted Angle between TMPcs and Graphene

In the recent review by Zhong et al. [219], they reported on the molecular orientation investigat-
ing the alignment of CuPc and graphite. As a confirmation that the -7 interactions have aided
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Figure 5.14: The twisted-angle model between TMPc and graphene that will be used for further
investigation.

in keeping the interlayered configuration of molecule-substrate plane at lying flat directly from
the interfacial interactions CuPc and graphite, and this results also caused from dominating by
weakly van der Waals forces. They also confirmed that instead of graphite, even just monolayer
of graphene, it would realize the same outcome affecting to manipulate their orientations.

The work has been supported the results from the investigation by Salzmann et al. on
the epitaxial growth of m-stacked molecule on graphene coated quartz, as the substrate [22(1].
They observed that the standing configuration of m-stacked molecules on bare substrate can
be prevented by the adding of graphite/graphene sheet upon the formation of physical contact
between the basal layers of coated graphene and the attracted layer.

Even though the former experimental works [219,220] indicate the strong interlayered for-
mations in ’lying-flat’ shapes, but those were meant to investigate the interfaces in the vertical
direction of molecules and substrates. In this dissertation for further study, the twisted angle
between TMPc molecules and graphene plane should also be taken into account in order to
examine whether the prediction in the current work will be kept unchanged. Figure 514 is the
twisted-angle model of TMPc/graphene that will be used for further investigation.

5.6 Functionalized Graphene

There are several approaches to continuous the research within this dissertation. One approach
is to investigate about functionalized graphene or graphene oxide (GO) as depicted in Fig-
ure 513, and vacancy graphene as depicted in Figure 516. They are known to be available
and occurred during graphene preparation and production processes. These functionalized
graphene models will used as basal substrate where CoPc as an attracted layer, and perform
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Figure 5.15: Graphene oxide with epoxy, hydroxyl, and carboxyl group.

Figure 5.16: Molecular structure of vacancies in graphene sheet.
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the re-calculations in comparison with pristine graphene case.

And last, the information of TMPcs and graphene interlayered formation obtained within
this dissertation and further work will be used to produce these composite electrodes in labora-
tory scale. The experimental measurement of their surface stability will also be examined and
evaluated in comparison with our computational data.
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Appendix A

Symbols and Units

In this appendix A, the conversion factors between atomic units and SI units are presented in
Table A1 and A7, The tabulations of all symbols that have been used throughout this thesis,
are categorized and presented in the following tables.

Table A.1: Conversion from SI units to atomic units.

Quantity SI value Atomic Units

Mass 9.109 534x1073! kg m, =1

Charge 1.602 1892x10°° C || =1

Angular Momentum  1.054 588x10734 J s h=1

Permittivity 1.113 65x1071° k=4re =1

Length 5.291 772 49x107 "' m  «h*/me® = ay = 1 (Bohr)
Energy 272114 eV e*/kay = 1 (Hartree)
Electric Potential 2711V elkay =1
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Table A.2: Conversion factors for energy units.

Joule kJ-mol™! eV au cm™! Hz

1 Joule

=1 6.022x10%°  6.242x10"®  2.2939%x10'7 5.035x10**>  1.509x10%*
1 kJ-mol™!

=1.661x1072" 1 1.036x1072  3.089x10™*  83.60 2.506x10'?
1eV

=1.602x107"° 96.48 1 3.675x1072 8065 2.418x10"
1 au

=4.359x107"® 2625 27.21 1 2.195%10° 6.580x10"
1 cm™!

=1.986x1072 1.196x1072 1.240x10™* 4.556x10° 1 2.998x10'0
1 Hz

=6.626x1073* 3.990x107"3 4.136x10°% 1.520x107'¢ 3.336x10°!' 1

Table A.3: Symbols of variables.

Symbol Quantity

C Capacitance

0 Store positive charge

Vv Applied voltage

A Surface area

D Distance between electrodes

E Energy stored in capacitor

P Power of capacitor

R External load resistance

Ay Area of unit cell

E, Electric field strength

7 Spatial coordinate

ro Equilibrium internuclear distance

H Hamiltonian operator

T Kinetic energy

Vi potential energy due to the internal forces
Ve.u(r)  Potential energy due to the external forces
T, Kinetic energy of the independent particles
Enavee  Self interaction energy of the electronic density
E,. Exchange-correlation energy
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Table A.4: Symbols of constants.

Symbol Quantity

ao Bohr radius

€ Dielectric constant or permittivity of free space
€ Dielectric constant of insulating material

h Planck’s constant

kg Boltzmann constant

63



Appendix B

Supercapacitors

In general for conventional capacitors, they typically have two conducting electrodes. These
electrodes are insulated and separated by an dielectric insulator in each cell as illustrated in
Figure BZ1l. The opposite charges will accordingly be collected on the each surface of electrodes
as a potential was presented across capacitor. As those charges are separated by dielectric
material; therefore, an internal electric field is produced in such that the capacitor is able to
store the produced energy. The occurrence of this phenomenon is demonstrated in Figure BTl

The capacitance C can be fundamentally defined as the proportion of the stored positive
charge Q and the applied voltage V. Their relationship can be indicated as

c== B.1

v (B.1)
Furthermore, for capacitance C, its magnitude is also mainly depending on each surface area A
of the two electrodes, and it is inverse to the distance D between those two electrodes:

A
C= E()E,B (B.2)

On the right-hand side, the equation B.2 shows the product of the first two factors is the con-
stants, where ¢ is the dielectric constant of free space, and ¢, is the dielectric constant of the
insulator between the two electrodes.

The energy and power density are outstanding characteristics of a capacitor. For the case of
energy FE, it can be measured its value by per unit volume or mass. Then, the stored energy E
of a capacitor is mainly depending on its capacitance magnitude as in the equation B.3:

1
E=—-CV? (B.3)

2
And for the power P, it can be calculated as the energy per unit time. In order to calculate power
P for a capacitor, the capacitors are generally considered to be presented as a seried circuit with

a load resistance R, illustrated in Figure BT

The internal elements of a conventional capacitor, for example electrodes, dielectric mate-
rial, and current collectors, can together be contributed to the internal resistance determined in
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Figure B.1: Schematic of the separated charges between parallel-plate of electrodes, causing an
electric field in capacitor.

conclusion by a quantitive values as the equivalent series resistance (ES R). During discharg-
ing, the voltage is assigned by this ES R. For measurement of the impedance as R = ESR, the
maximum value of P, in a capacitor [I5,T6] can be calculated by:

VZ

Pmax Sy pp——
4ESR

(B.4)
This relationship can also lead to the suggestion that how the ES R has a significant impact that
can limit the capacitance power to achieve its true potential.

In most cases, the capacitors have normally high power densities; however, they also have
relatively low energy densities in comparison to fuel cells and those electrochemical batteries.
In principle, a battery is able to store its total energy as high as a capacitor and more, unfortu-
nately, it cannot discharge itself fast enough. It is meaning that the power is comparatively low
than the expectation. Besides, the capacitors can keep lower energy per unit volume (per unit
mass); however, their electrical energy storage should be delivered promptly to reach excessive
power; therefore, their power is normally high.

In general, supercapacitors are determined by the fundamental principles as same as the
capacitors. But somehow, their incorporated electrodes possess larger and larger surface areas
A along with their dielectrics have smaller gap in which have directly affected on decreasing
the distance D between the electrodes. Therefore, from previous equations B.2 and B.3, they
initiatively lead to both the increase in the capacitance and elevated the energy.

By intentionally keep the resistance ES R of capacitors at low values; supercapacitors should
expectedly be able to reach the comparative power densities. In addition, supercapacitors have
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Figure B.2: Electrical double layer capacitors (EDLC).

several other advantages above fuel cells or electrochemical batteries including that they pos-
sess larger power density, longer cycle life, shelf life, and shorter charging times [4,15]. The
diagrams of supercapacitor described previously are provided in Figure B.

The improvement and performance for supercapacitors shown according to a plot of energy
storage amongst different devices are presented in Figure B3. This type of the Ragone plot
represents the energy density measured in Wh/kg in the horizontal axis versus the power den-
sities measured in W/kg along the vertical axis of various energy storage devices. Figure
demonstrates that supercapacitors have occupied in a region between batteries and conventional
capacitors [4]. Even though supercapacitors have larger capacitance than regular capacitors,
they are still not matched in the range of energies from the middle to high-end fuel cells and
batteries yet. Therefore, the main goal of many research groups expectedly aims to develop
the improved types of supercapacitors for producing the better energies comparatively with
batteries. Therefore, these details and tendency are notably shown as the reflection in the clas-
sification of supercapacitors presented in this Appendix B.

Based upon the tendencies of recent studies, supercapacitors can typically be categorized
into 3 general classes: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and
hybrid supercapacitors as shown as the chart of graphical classification in Figure B-4. These
types of supercapacitors are classified by each of their outstanding characteristics for collecting
charges. These are faradaic, non-faradaic, and together of these two, respectively. Faradaic
processes the oxidation-reduction reactions with related to the charge transfer between elec-
trolyte and electrodes. On the other hand, the non-faradaic processes are not involved with any
chemical reactions, but its charges are physically gathering on surfaces of electrodes instead of
involving neither creating nor breaking of any chemical bonds.
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Figure B.3: Ragone plot of energy storage devices, reprinted from reference [4].

In the next subsections, each of these classes of supercapacitors and subclasses will be
distinguished and summarized which based on their electrode materials. Figure B-4 presents
the graphical classification with the different classes of supercapacitors.

1. Electrochemical Double-Layer Capacitors

The electrochemical double-layer capacitors (EDLC) have been main sources for var-
ious energy storage devices. Carbon materials are known to possess a very high spe-
cific surface area (SSA). For EDLCs, it is considered to be important factor leading to a
greater gravimetric capacitance (C,) [221]. Due to the fact, energy of EDLCs is less than
recharged batteries. The EDLC capacitance is needed to upgrade to be increased. There-
fore, to optimize the porous structures with size distributions and surface factors would
be one of the main target researches of EDLCs.

An EDLC is typically built from two carbon-based electrodes, an electrolyte solution,
and a separator. Figure B in previous section demonstrates a diagram of this capacitor.
Similar to typical capacitors, EDLC stores charges electrostatically, or non-faradaically,
and there is no charge transfer between electrodes and electrolyte. EDLC utilizes an
electrochemical double-layer of charges to produce the energy. When applied voltage
across electrodes, charges are collected on the surface of each electrodes. By attracted
force of different charges, the electrolyte ions will be diffused through separator and then
resided in the porous electrode of opposite charges. The electrodes are designed to block
these ions from recombining. Consequently, the double-layered charges is created on the
surface of each electrodes. They would be coupled along not only increased surface areas
of electrodes but also decreased gap between them. That will effectively lead the EDLC
to reach higher energies than those typical capacitors [4, 15].
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Figure B.4: Classification of supercapacitors.

There are no composition or chemical changes associated with non-faradaic methods
since there is no charge transfer between electrodes and electrolyte. Due to this reason,
stored charge in the EDLC can be greatly reversible, but that lead them to reach more
effective cycling stabilities. The EDLC is typically operated with stable performance of
charge or discharge, and even more than 10° cycles. In contrast, electrochemical battery
restricted with constrain up to as many as only around 10° cycles. The EDLC is suitable
to serve for employments and applications that do not require user in the harsh service-
able environments because of this cycling stability, for example, in the deep sea or high
mountains [4, T5].

Because the EDLC is able to utilize either an organic or an aqueous electrolyte, then the
performance of the EDLCs are modified by customizing the manner of electrolyte solu-
tion itself. Generally, the aqueous electrolytes, i.e., KOH and H,SO,, have lower ES R
and also smaller minimum requirements for pore size, on the other hand, compared to the
organic electrolytes, for example acetonitrile (CH3;CN). Aqueous electrolytes generally
possess with poor breakdown voltages. Thus, for the consideration between an organic or
aqueous electrolyte, the trade-offs of capacitance, voltage, and ES R must also be taken
into account [4,T5,2272]. Due to the above reasons for these trade-offs, the intended par-
ticular applications of the supercapacitor will predictably be the final judge to pick the
appropriate electrolyte solution.

While the type of the electrolyte play important role in the supercapacitor mean, the sub-
ordinate classes of EDLC is primarily differentiated by the carbon-based materials used as
electrodes. Carbon-based electrode materials typically possess larger surface area, cheap
productions, and well fabrication than kinds of electrodes, i.e., conducting polymers or
metal oxides [4,15,222]. Different types of carbon-based materials that considered to
be used as preference for storing charges in the electrodes in EDLCs, such as activated
carbons, carbon aerogels, and carbon nanotubes will be accordingly mentioned.
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(a)

(b)

(c)

Activated Carbons

This type of carbon is the mostly used material as electrodes in EDLCs because it
is not only lower cost compared to other forms of carbon but also possesses larger
surface area among carbon-based electrodes. It has generally utilized the complex
of porous structure that consist of different microporous size which is less than 20 A
wide, mesopores within the range of 20-500 A wide, and macropores which larger
than 500 A wide, accordingly, in order to attain as larger surface areas as possible.
Even though capacitance proportionally depends to its surface area as demonstrated
previously in equation B.2, experiential evidence advocated that in the case of ac-
tivated carbons, not all surface areas are truly contributed to the capacitance of the
device [222-275]. This disagreement is determined that causing by the size of elec-
trolyte ions that larger than the pore sizes and cannot diffuse into smaller micro-
pores. As a result, they are blocking porous reside for contributions of collecting
charges [225-277).

The relationship between the distribution of pore sizes, the power and the energy
density of capacitors are observed that smaller pore sizes related with greater ener-
gies and bigger pore sizes related with also greater power. According to this factor,
the pore size distribution of activated carbon electrodes can also be another major
research in the EDLC development, especially, focusing on determining for the op-
timal porous sizes to aim for specific sizes of target ions in electrolyte and also on
regaining the methods deployed to customize the porous size during production pro-
cesses [222,073,025-0771].

Carbon Aerogels

Carbon aerogel is also considered to be a potential candidate as one of the electrode
materials for the EDLC family. Carbon aerogel is produced from the conductive
carbon with the interspersed mesopore nanoparticles. Because of its uninterrupted
structure and stability of chemical bond to the current collectors, this type of carbon
does not need any additional adhesive-binding agents to electrodes. As being the
binderless electrodes, carbon aerogel has effectively been exhibited to offer a lower
ES R than any other forms of activated carbons [222,078]. Because of this reduc-
tion in ESR, it leads to achieve higher power, referred to equation B.4 in previous
section.

Carbon Nanotubes

For EDLCs, different kinds of single-walled nanotubes (SWNTs) and multi-walled
nanotubes (MWNTSs) materials are regarded as active electrodes for the energy stor-
age. According to the tendency of several former researches [222,229-237], it has
suggested that there has been a great amount of attention in an increasing usage of
these types of carbon nanotubes (CNTs) in EDLCs. The electrodes that fabricated
from CNTs are typically produced as binding material in continuous network of
mesoporosity. Because of the extraordinary mesoporosity, they do possess a great
ability in charge accumulation between interfaces of electrolyte and electrode. Fur-
thermore, MWNTs do greatly supply capacitance values much larger than SWNTs.
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Figure B.5: Scanning electron microscope (SEM) image of carbon nanotubes (CNTs), re-
printed from [5].

The unique structure of CNTs is illustrated in Figure BS. The mesopores in the
CNT-based electrodes are interconnected, unlike any other carbon-based electrodes,
which let the charge distribution continuously. And that uses almost all of the avail-
able surface areas efficiently. As a result, the overall surface areas have been utilized
more effectively to achieve higher magnitude values of capacitances in comparison
with those of activated carbon-based electrodes, CNT-based electrodes do possess
the less surface areas in comparison to other kinds in its family [2272,234].

In addition, CNT electrodes possess the ES R resistance lower than other activated
carbon because the electrolyte ions can be diffused more easier into the mesoporous
network [232, 235,036]. Furthermore, there are several techniques for CNT fabri-
cation that developed in order to further decreases the ES R magnitudes. CNTs can
directly be produced into the current collectors with subjected to high temperature
treatment, or even colloidal-suspension thin films [230, 235-237]. The CNTs struc-
ture efficiently leads to an improvement of energy densities comparable to other
carbon-based materials. Because of the reduction of ES R, it is able to reach better
power density, referring to equation B.4.

2. Pseudocapacitors

Pseudocapacitors faradiacally store and transfer their charges between electrolyte and
electrodes while the EDLC supercapacitors store charge electrostatically which can be
accomplished through intercalation processes reduction-oxidation reactions, and elec-
trosorption [238, 239]. These would be advantages of faradaic processes that may lead
pseudocapacitors to reach much higher energy densities and capacitances than those of
EDLCs [240-247]. In pseudocapacitors, there are typically 2 electrode materials that
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generally deployed to store charges. They are conductive polymers and metal oxides.

(a) Conductive Polymers are a type of pseudo-capacitive materials that the bulk of the
material withstands the rapid reduction-oxidation reaction to present the capacitive
response. They have exhibited larger energies in comparison to other EDLCs [243].
In addition to relatively high capacitance and conductivity, Conductive polymers
have relatively both lower ES R and also cheap-price production in comparison to
other of its own family materials [?23]. For the n- and p-type configuration in
particular, a negative charge, n-doped, and a positive charge, p-doped, conductive
polymer electrodes possess the highest power densities and potential energy.

In contrast, conductive polymers are generally more conductive than the inorganic
materials. They, therefore, possess higher power capability. They do have disadvan-
tage that they have less efficient n-doped conductive polymers. They have limited
these pseudo-capacitive materials to achieve their true potentials [?41,244)]. In addi-
tion, it is also considerable that the stability of these pseudocapacitors through large
amount of charge and discharge cycles are possibly limited by their physical mech-
anism of conducting polymers in the reduction-oxidation reactions [&,223,245]. In
other words, they reside and reduce substantially during charge/discharge processes,
respectively. Then, their life cycles would be inferior to EDLCs which only charg-
ing through the desorption-adsorption of ions. This issue has created difficulties in
the development of conductive polymer pseudocapacitors.

Among the conductive polymers, there are several materials that are worth to men-
tion in this review, and they are polyaniline, polypyrrole, and poly(3.,4- ethylene-
dioxythiophene) (PEDOT).

i. Polyaniline (PANI) has been widely studied as an electrode material in battery
or supercapacitor applications [247,246,2477]. The desirable properties of PANI
have many benefits to supercapacitor devices, such as high electroactivity, high
doping level, and its outstanding stability. It possesses the most variable spe-
cific capacitance of all other conductive polymers. The specific capacitance is
achievably within the range from 400 to 500 F g™! in an acidic medium [24X].
One of the main disadvantage of polyaniline, it has required proton to charge
and discharge. Thus for the protic solvent, acidic solution, or a ionic liquid
should be presented [243].

ii. Polypyrrole (PPy) provides many aspects for its flexibility schemed in electro-
chemical processes than the rest of conducting polymers [249]. It has agreeably
been the main topic research as electrode in supercapacitors or batteries [250].
On the downside, polypyrrole cannot be an n-doped material. It was found that
to be used as a cathode one. Because of its high density, PPys have capacitance
as high as around 400 to 500 F cm™). The disadvantage of the dense growth is
found that would lead to the restricted access to the poorer sites for doped ions.
Due to this reason, it decreases the capacitance values per unit mass, specifi-
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cally, for the case the bulk of coatings process [25T].

iii. Poly(3,4-ethylenedioxythiophene) (PEDOT) are commonly known to have a
mass specific capacitance, around 210 F g=! [571]], relatively lower than other
conductive polymers, for example, polypyrrole possesses around 620 F g~!,
and while PANI is about 750 F g~! [252]. However, PEDOT can be potentially
and statically grown into the thicker films, up to 0.5 mm [?5T], were porous
nanoparticles. These bulky PEDOT films have led them to exhibit the electrode
specific capacitance Cg, in F cm™, growing linearly with the film deposited
charge which astonishingly higher than formerly reported for PPy and even
PANI, electrode specific capacitance. Even though they are known to possess a
few degrees higher in mass specific capacitance, in F g=! [2511].

(b) Metal Oxides

Metal oxides have previously been studied as the possible electrodes for pseudo-
capacitors because of their high conductivities [&, 15, 240, ?53,254]. The majority
of relevant researches have been focusing on ruthenium oxide. This is due to the
main reason that other metal oxides have not obtained the comparable capacitances.
Typically, the capacitance of ruthenium oxide (RuO,) is gained through either the
intercalation, or insertion and removed protons to amorphous structure. The capac-
itance not only exceeds that of carbon-based but also that of conductive polymer
materials in hydrous form of ruthenium oxide [?53,254]. Furthermore, the hydrous
RuO; has ESR lower than other electrodes; therefore, this would allow pseudoca-
pacitors with ruthenium oxide to achieve both higher in power and energy densities
than other conductive-polymer pseudocapacitors or other EDLCs. Unfortunately,
RuQO; is limited to be a useful material by the excessive cost. Therefore, the next
challenge of research in this area is to find progressive methods in fabrication pro-
cesses and possibly composites to keep the cost of RuO, lower than present day, but
without losing the high performance of pseudocapacitors [4, 15, 240].

3. Hybrid Capacitors

The research of hybrid capacitors has been attempted to both take the advantages and
also moderate the disadvantages of the pseudocapacitors and EDLCs to comprehend the
improved performance of their characteristics and mechanisms. By governing faradaic
and non-faradaic processes for charge storages, hybrid supercapacitors may have gone far
greater than EDLCs in aspects of achieving higher power and energy densities without
losing former benefits as mentioned before. Those are known to barricade the success
of pseudocapacitors. The research and development in this area has concentrated on two
different classes of hybrid supercapacitors. They are classified by configurations of their
electrodes: composite and asymmetric.

(a) Composite Materials

Supercapacitor electrodes that utilized conductive polymers or metal oxide mate-
rials are designed to connect available carbon-based supercapacitors to construct
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rapid charge devices of specific energy [?43]. By fabricating the composite mate-
rials for electrodes may have take advantages of integrating carbon-based one with
either conductive polymer, or metal oxide materials. It has incorporated both phys-
ical and chemical charging storage combined into one electrode. The carbon-based
one will be employed to uphold a capacitive double-layer of charges. It offers larger
surface areas while increasing the contact surface between electrolyte and the de-
posited pseudo-capacitance. Thus, with throughout faradaic reactions, pseudoca-
pacitive materials would be able to undergo and then increase the capacitance of
composite electrodes [245,755].

Composite electrodes can be constructed from CNTs and conducting polypyrrole
(PPy), or the other conductive polymers have been particularly successful process.
Former experiments in previous synthesizing research have demonstrated that these
electrodes are able to accomplish the capacitances that higher than the stand alone
of only CNTs or PPys polymer-based electrode [239,245,0255,256]. For example,
in 2001, Frackowiak et al. found that the value of capacitance obtained from CNTs
modified by PPy can reach 172 F/g, that is about twice value that given either by
pure CNTs (80 F g™!), or by pure PPy (90 F g~!) [256]. The typical TEM image of
resulting CNTs-PPy is shown in Fig. B-fl. The surface area of CNTs was observed
to be uniformly coated with PPy [6]. This is accounted for the structure of entan-
gled CNTs uniformly approves the coating process of PPy and charge distribution.
In addition, the structure has been demonstrated to set the boundary of the me-
chanical stress that resulting in the removing or inserting ions from PPy deposition.
These composite materials would be able to reach the stable cycles in comparison
to EDLCs unlike former conductive polymers [245, P55].

As listed in Table B, the PPy and PANI composites with CNTs in aqueous solu-
tions have shown great values in specific capacitance ranged from 200 to 700 F g~!.
They have expectedly proven as the potential candidate for applications in superca-
pacitor electrodes.

Table B.1: The experimental measurement of polymer and carbon composites by chemical
polymerization, where C,, is the mass specific capacitance, and Cg is the electrode specific
capacitance.

Electrode Electrolyte C,, (F/g) Cg (F/cm?) Reference Reference
Electrode

PPy/MWNTs 1 M H,SO, 506 3.09 Hg/Hg,SO, [257]

(20 wt%)

PANI/MWNTs 1M H,SO, 670 2.30 Hg/Hg,SO, [257]

(20 wt%)

PPy/MWNTs 1 M H,SO, 172 Hg/Hg,SO, [256]

(b) Asymmetric Hybrids
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Figure B.6: Transmission electron microscopy (TEM) images of CNTs coated with polypyrrole,
re-printed from [6].

Asymmetric hybrids capacitors have proposed the combination of the faradaic and
non-faradaic methods by coupling pseudocapacitor electrodes with EDLC ones.
The coupling of positive conductive polymer with negative activated carbon, in
particular, has gained greatly attention in this research field conducting by many
groups [223,0258,259]. However, due to the restriction of efficient conductive poly-
mers have not been able to reach the success of conductive polymer pseudocapac-
itors. By relying on the approach of implemented negative charge, the activated
carbon gained possibility to overcome such obstruction. While conductive polymer
electrodes generally not only possess with more magnitudes of capacitances and
less internal impedance than activated carbon electrodes, but also have less cycling
stabilities and lower maximum voltages. Because of coupling these two electrodes,
asymmetric hybrid capacitors achieve both more energies and power densities than
the comparative EDLCs. They additionally possess more stable cycles than the
pseudocapacitors [223,258,059].

Hybrid supercapacitors have exhibited the recombination of improved characteris-
tics in performances and mechanisms originally could not be attained. They have
been attempted to combine the integrated features of both pseudocapacitors and
EDLC:s all together into one unified supercapacitor. Even though hybrid capacitors
have previously been studied less than pseudocapacitors or EDLCs, the available
researches have proposed that they might possibly be able to outperform compa-
rable pseudocapacitors and EDLCs [223, 229, 24T]. As a result, many researches
make the efforts to fabricate the better hybrid supercapacitors, and the development
of models with more accuracy. These area have been continued to expand inten-
sively [255,258-765]. Besides the increasing interests of development in higher life
cycles and also higher energy supercapacitors, adapting their flexible models and
their performance are hopefully to overcome those of EDLCs as the highly potential
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class in the near future.
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Appendix C

Graphene and Hybridizations of Carbon

Carbon is the number 6 element in the periodic table. Therefore, its atom consists of 6 protons,
6 electrons, and x neutrons, where x can possibly be 6, 7, or 8. For the stable isotopes '>C and
13C, xis 6 and 7, respectively, and when x is 8, it characterizes the radioactive isotope '*C. With
a nuclear spin I = 0, the isotope of >C is existing the most common one. There are around 99%
of all carbon atoms existing in the nature, whereas only about 1% is '*C with the nuclear spin
I = 5. There are traces of '*C, which is approximately 107'? of carbons, whereas the B decay
into nitrogen '“N. Even though '“C rarely occurs in the nature, but it is an essential carbon
isotope that used for identifying ages of historical subjects as a radioactive carbon. The '*C
has its half-life approximately 5,700 years, and for instance, the '*C determined concentration
of an organic substances, i.e., especially tree. Then, researchers can roughly measure the date
of biological ages up to maximum 8x10* years. As one has already known that carbon is
generally the fundamental element for every organic molecules. Thus, it is basically regarded
as most element in all lives on Earth.

The 6 electrons are in the configuration of 1s°25%2p? in the atomic ground state, such that
2 electrons will first fill the inner shell 1s, which is the closest to the nucleus. It will interact
with any chemical reactions. Then, its other four electrons are occupied in the the shell of 2s
and 2p orbitals, respectively. In the 2p orbitals, with 2p,, 2p,, and 2p., they are around 4 eV
higher than the adjacent 2s orbital. The leftover two electrons are energetically placed into the
2s orbital, and then other two of them are left in the 2p orbitals, referrong Fig C1l. However, it
turns out that, in order to form covalent bonds with the presence of other elements, it is required
to excite an electron in the 2s orbital to the 3" of 2p orbital, The output energy of covalent bond
is actually greater than 4 eV, and that was originally input in excited state.
As aresult, 4 quantum states, |25), [2p.), 2py>, and |2p,), are equivalent in the electronic excited

state, A superposition of the state |2s) with n |2p j> states is called sp” hybridization. In covalent
carbon bonds, it will play a very important role.

C.1 sp' Hybridization
For the sp! hybridization, the [2s) state is possessing with one of the 2p orbitals. If the [2p,)

state is chosen for a demonstration, the state possesses equally the same from original states
acquired by symmetric and anti-symmetric as

76



ground state excited state
(~4¢eV)
VoL le4ev N
5’ SuE 2p, 2py 2p, ' —— 2p, 2py 2p,
2 2s 2s
L
1s 1s'

Figure C.1: Left: electronic configurations for carbon in the ground state. Right: in the excited
state.

I5ps) = %qm 2D, C.1)
Isp_) = %am —2p) C2)

While the other states, sucha as |2py> and |2p,), will be left out by the occurance of this su-
perposition. In this case, the electronic density of the hybridization orbitals would be stretched
along direction of the +x or -x axis for the |sp.) or |sp_) states, respectively. It has the form of
a club as shown in Figure C2(a)]. This hybridization plays an essential role in the formation
of; for example, the acetylene with H-C=C-H bonding in which the intersection of sp! orbitals
as 2 carbons forming covalent o bond as depicted in Figure CZA(b). While 2p orbitals are left
and unhybridized, they would, furthermore, be additionally related to = bonds whereas they are
noticeably not as strong as the o bond formation.

C.2 sp’? Hybridization

For the 25 and two 2p orbitals, the |2p,) and the |2py> states may be chosen, the planar sp?
hybridization is obtained. The three quantum-mechanical states can be specified as

1 2

|sp§) =7 125) — \@ |2py>, (C.3)
1 2(V3 1

ISP§> = N 125) + \/;(7 12p.) + 3 12p,) ) (C.4)
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Figure C.2: (a) Schematic of the sp' hybridization. Right: the electronic density of |2s) and
|2p,) orbitals. Left: hybridized ones. (b) Example of acetylene molecule (H-C=C-H). The
propeller shape of 2p, and 2p, orbitals consists of 2 C atoms.

1 2 3 1
sp3) = - s + \g( ~ By tin) (€5)

The orbitals are relatively aligned in the xy-plane, and they have mutually formed the angles of
120° as illustrated in Figure (a). The remaining unhybridized electrons in 2p, orbital would
be perpendicular to the plane.

The molecular structure of benzene can also be used as a notable example for chemical
hybridization. It consists of 6 atoms of carbon forming a hexagon structure, and all C atoms
are bonded together by o~ bonds as shown in Figure (b). Furthermore, each C atom has a
covalent bond with H atoms individually which pointed from the hexagon structure. Besides
the 6 o bonds, the remaining electrons in the 2p, orbitals form 7 bonds, and result in double
bonds with just a single o~ bonds surrounding all linked corners.

Due to the fact that a single o bond is weaker than a double bond. A double bond of C
would yield a distance of 1.35 A, while a single o bond is longer with length of 1.47 A. In
fact, the measured distance of C-C bond length in benzene is actually 1.42 A for all bond types.
It is approximately an average of single and double bond length. In 1931, Linus Pauling ex-
plained the equivalence of bonds in benzene within a quantum-mechanic manner of the benzene
molecule [266]. The ground state of the benzene is actually treated as superposition of the 2
possible configurations varied by 7 bonds position. Thus, 7 electrons would be delocalized top
and bottom of benzene structure as schematically depicted in Figure (©).

Under the chemical point of view, graphene sheet would still remained as the fundamental
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Figure C.3: (a) Schematic of sp? hybridization with orbitals formation of 120° angles. (b)
Schematic of benzene molecule (C¢Hg). (c) The quantum-mechanical ground state of the ben-
zene. (d) Graphene depicted as building blocks of benzene hexagons.

constituent in graphitic structures. It is the youngest allotrope from an experimental considera-
tion, and only available to physical measurements since 2004, and simply considered as basic
building tiles from benzene molecule, whereas C atoms take places of H atoms at the cornered
edges of hexagons. The r electrons are delocalized over top and bottom of structure, shown in
Figure (d).

The longest known allotrope is the 3D graphite structure as depicted in Figure 2. Histor-
ically in the 16 century, graphite was first discovered in a mine in England. In the early day,
it was mainly used for graphical and marking purposes; for instance, the farmers nearby the
graphite mine used it for marking sheep. During a long time, graphite was mistakenly consid-
ered as another particular type of lead because of its dark color and softness. As a result, named
lead pencil has been the evidence of this historical error, and even now the center core of the
pencil has still been called pencil lead.

As a perspective point of view, graphite may be seen as the stack of many graphene sheets,
see Figure D7, Each graphene sheet is mounted together though the van der Waals interaction,
which considerably weaker than inplane covalent bonds. This physical property of graphite
can obviously be perceived when a piece of graphite in the pencil scratched over the surface
sufficiently, i.e., on paper. The couple stacks of graphene layers are gradually exfoliated from
graphite and left on the paper. It is mostly because of the van der Waals interaction between the
graphene layers.

The other discovery of carbon allotrope or fullerenes, i.e., In 1985, Curl, Kroto, and Smalle
have been discovered the 0D graphitic allotrope [267]. It is a buckyball, the form of a football
structure, the most prominent representative of the Cgy molecule. It also consists of graphene
sheet as the basic constituent. However, instead of hexagon structure, some are replaced by
pentagons, which have caused crumble layer and formed into a spheric structure, refer to Fig-
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(b)

Figure C.4: (a) sp’ hybridization with angles between the 4 orbitals are 109.5°. (b) Structure of
crystallite diamond.

ure 2.

Then, the CNT is the 1D allotrope where graphene sheets are rolled up into its final forma-
tion with a diameter of several nm. SWNTs and MWNTs could be distinguished by the number
of rolled up graphene sheets. The discovery of CNTs is often attributed to Iijima and referred
to his Nature publication [268]. Even though it seems that CNTs had a history in the commu-
nity of material science longer than that [269]. However, it is mostly due to lijima’s paper that
attracted the interest of the scientific community to CNTs and initiated an intense research on
this compound globally.

C.3 sp’ Hybridization

If the 25 and 3 of 2p orbitals are superposed, the sp* hybridization is otained. It consists of
four club-shaped orbitals formed a tetrahedron structure. The orbitals formation with angles of
109.5°, refer to Figure L4 (a). Methane (CH,) would certainly be a good example for sp? hy-
bridization, where 4 hybridized orbitals are formed covalent bonds with the 1s hydrogen atoms.
For the formation diamond, carbons in liquid state are condensed under very high pressure, and
then 2p® hybridization is formed. In Figure (b), The crystallite structure of diamond has
two face-center-cubic (fcc) where the lattice spacing is 0.357 nm.

Although the 3D graphite and diamond crystals are physically extremely different, they con-
sist of the same C atoms. Due to its layered structure, graphite is considerably a soft material,
whereas diamond is the hardest material in the nature because of their covalent o~ bonds in all
bonds. In the outer atomic shell of diamond, their 4 valence electrons have all been used in o
bond formations. This is one of the reasons why diamond is a good insulator with the 5.47 eV
band gap, which is a large value [270]. For the case of graphite systems, the 7 bonds are weaker
than that o bond of diamond. Thus, it yields an excellent conducting property than diamond.
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Figure C.5: (a) Atomic force microscopy (AFM) image of graphene [[Z]. (b) Transmission
electron microscopy (TFM) image is adapted from [R]. (c) Scanning-electron micrograph of
the crystal faces, most are zigzag and armchair edges.

C.4 Graphene

Actually, graphene had already been studied long before since 1947 by P. R. Wallace [271]. He
has theoretically used graphene as an example in the textbook for the calculation in the field
of the physics. He studied and predicted that its electronic structure and the linear dispersion
relation. Almost 4 decades later in 1984, G. W. Semenoff [277] reported its similarity in the
Dirac equation as during that time he named monatomic of graphite lattice.

Long before 2004, a graphene production with stable structure was considered that would be
impractical. Therefore, it completely got full attention after A. K. Geim, K. S. Novoselov at the
University of Manchester, and their colleagues from Institute for Microelectronics Technology,
Russia, have successfully accomplished. They published what they have discovered in Science
issued in 2004 [20]. In this work, they reported how they fabricating, extracting, identifying,
and characterizing of graphene properties. An effective exfoliation was simply conducted by
using the Scotch tape method to extract a few layers of graphene from graphite. Then, the
obtained layers of graphene were transferred to silicon substrate. In addition, these research
groups were successfully able to analyze a few layers of graphene flakes by using the optical
method. An atomic force microscope (AFM) image of graphene is depicted in Figure C3. A
single layer of such graphene fragments sometimes was also obtained and identified.

The development in the research area of graphene has literally exploded since 2005. A large
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Figure C.6: (a) The honeycomb lattice of graphene formed by the carbon atoms. (b) Reciprocal
lattice of the triangular lattice.

Figure C.7: Possibilities of bilayer graphene. Black symbols are lower and white ones are the
upper layers. (a) The upper layer translated by ¢, respect to the lower one. (b) The upper layer
translated by -0; respect to the lower one

growing number of literatures related to graphene and its superlative properties have signifi-
cantly been produced. The bilayers graphene has different properties in comparison to a single
layer one has thoroughly been studied by many researchers [273-277]. From additional studies
have shown that graphene is extremely stiffer than the strongest steel [278], and possesses many
more superlative properties [279].

C.5 Structure of Graphene

1. Honeycomb Lattice of Graphene

As it has already been presented briefly in the previous section that due to their sp? hy-
bridization, the C atoms in graphene condense in a honeycomb-like structure. Two ad-
jacent sites are not equivalently so honeycomb lattice structure is not a Bravais lattice as
depicted in Figure (@ (a). A triangular resides inside honeycomb lattice where a; and a,
are basis vectors. The nearest neighboring sites on the sublattice A are in the north-east,
the north-west, and the south corners, while the nearest neighborhoods on the sublattice
B are in the south-east, the south-west, and the north. The vectors 6, 9>, and 63 are con-
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nected nn carbon atoms. The nearest neighboring C atoms are aparted by distance of a =
1.42 A. The average length of the C-C and C=C o bonds similar to benzene molecule.

The vectors 01, 0,, and 03 are connected a site on sublattice A with nn on sublattice B are
basically presented by

5 = g( Ve, + ey), (C.6)
5y = g( — Ve, + ey), C.7)
03 = —aey, (C.8)

and the triangular lattice spanned by vectors a; and a;,

a, = \/§an (C.9)

a, = %(ex + \/gey) (C.10)

The modulus of vectors a; and a, produce the lattice space, where a = V3a =24 A.
Area of a unit cell is given by A,. = V3 @* /2 =0.51 A2, Therefore, the density of carbon
atoms is n¢ = 2/A,. = 390 A2 = 3.9 x 10'5 cm™2. There are more valence electrons than
carbon atoms since there is only & electron per C atom that not actually related to the o
bond. Therefore, the density is principally n, = nc = 3.9 x 10" cm™2. As a result, this
obtained density is not equal to the one in graphene that measured in electrical transport
measurements.

The reciprocal lattice is defined with respect to the triangular Bravais lattice in Figure C_#
(b). The vectors are spanned as

2n ( ey )
a = e, — —L (C.11)
: 3a V3
, 4
a, = %e” (C.12)
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Every site of a reciprocal lattice interchangeably presents equal wave vectors. Any wave
that is vibrating, oscillating, or propagating waves on a mesh, the wave vector is differ-
entiated by reciprocal lattice would actually have by same value by multiple of 27 phase
that because the relationship is

a; - Clj» = 27'[5,'/' (C13)

fori, j = 1, 2. Its original vector is aj and a;. The gray region in the center and border
of the hexagon in Figure @ (b) denote the first Brillouin zone (BZ). The set of points
is unequal in the reciprocal space of the point. Those that are not interconnected by
reciprocal vectors or other different physical excitations. It center at /" and the two sides
are not equal at K and K’ denoted in black and white, respectively. The excitations of
long wavelengths will be in the vicinity of the first BZ central point. The thickest part
of this region represented these scores as a definition in determining that no points are
scored at the edges. Inequivalent points M, M’, and M" are depicted in white triangles.
Furthermore, six corners possess the unequal points K and K’, presented by the following
carriers.

45
3V3a

In Figure (6 (b), the four remaining corners depicted in gray may actually be connected
to one of points with the aid of interpreting a reciprocal lattice vector. These points
are very important to graphene in term of its electronic properties of graphene in the
middle of points K and K’ with low-energy excitations. The inequality of two corners is
independent of the presence of sublattices A and B in the honeycomb.

+K =+

e, (C.19)

. Stacking of Graphene

Graphite is made by stacking multiple layers of graphene. The ordered graphite is typi-
cally distinguished by two different basic orders with a certain number of irregularities in
stacked layer. The order of multi-layers can be illustrated in crystallite of graphite. First,
bilayer graphene is considered. The interplane gap between these two layers is approxi-
mately d = 3.4 A,

The order of stacking is that, in the upper layer, carbon atoms would be situated at the
center of hexagon structure of the lower one. By doing so, the translation of layers are
respected to each other. As demonstrated in Figure C72, two different patterns are observ-
ably distinguished.

The displacement is described by o-; or -0, where any of the nn vectors, refer to equation
C.10, with i = 1, 2, or 3 can be chosen. However, for the choice of o, a configuration is
obtained, as depicted in Figure (7 (a) and (b). The two configurations are both containing
the following A, B, A’, and B’ atoms per unit cell. They are equivalently when there is
reflex in symmetry, z — —z, perpendicular axis.
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This difference in the stacking plays an essential role when considering crystal graphite
with an infinite number of stacked layers, even though it is not related to the bilayer
graphene. For situation that the next layer is translated with respect to the first one by
5;, the 3" layer would be translated with respect to the 2"¢ one by —¢;. And for its sites
also concurrent with the 1* one by as same as ¢;, and that where the atomic configuration
of the first one that has not been recovered. In general, two types of ordering can be
distinguished by layers are translated with respect to the lower neighbor one by ¢;,. An
ABC stacking is obtained because three layers are needed to restore atomic configurations
of the original one. Therefore, 6 atoms per unit cell possess the elongation of 3d toward
the z-axis, or also called S-graphite.

During the stacking process of the graphene layers, the signs of the translation are alter-
nated between positive and negative, for instance 9;, —¢;, 9;, —0;, ..., a hexagonal stack-
ing would be obtained mostly. There are 4 atoms per unit cell that possess 2d toward
z-axis, called a-graphite. There principally are some random possibilities in graphene
stacking, such as AB parts may randomly be substituted by ABC parts when considering
a-graphite.

The turbostratic graphite is graphite in which there is quenched rotational misalignment
between adjacent graphene sheets; for example, one sheet is rotated with respect to its
neighbor. In this case, the translational disorder may be distinguished in rotated disor-
der in stacking. Graphene layers generally have a lesser amount of bound than crystal
graphite. Because of this reason, the turbostratic graphite is a better lubricant.

For the rotational disorder case, bilayer graphene considered to rotate by an angle ¢ ex-
pressed as

’
a1~a1

=e. € (C.15)

lailla)] '

where a| denotes lattice vector in upper layer of grpahene. It corresponds to a; in the
lower layer. On condition that the angle satisfies the commensurable conditions, the
Moire pattern would be achieved with bigger unit cell shown in Figure C_8 whereas the
Moire pattern produces bigger honeycomb lattice.
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Figure C.8: Moire pattern obtained by stacking bilayer graphene with a relative angle of ¢.
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Appendix D

Density Functional Theory

There are several problems of computational properties for materials, but they can be carried out
these by performing the calculation properties of the electrons in the material instead. However,
in order to obtain the accurate results, electrons must be considered and taken into account that
they are residing in the quantum world. Then, the next encountered problem will be to solve the
famous Schrodinger equation. But such equation is, unfortunately, not able to be analytically
solved, except for the case of one H atom.

In order to solve this particular equation, high performance computers are inevitably re-
quired. However, to get to the bottom line the many-particle problems, it is much complex
too complex and too complicated calculation. With the system size eventually gets larger and
larger, the calculation will terribly grow into more and more complex. Hence, solving such
wave function with straightforward method is much difficult and trouble. It can only solve the
few electrons in simple system. It will certainly cost excessive time and also massive resources.
As aresult for relevant materials problems, it seems quite impossible to perform the calculation.
However, if other properties of the wave function are not required or needed to acquire, so by
just investigating the electronic structure of particular system is adequate, then the full calcu-
lation of many-particle wave function is actually not needed to be performed. The electronic
structure of the system is suggested to be comfortably treated by uncomplicated quantities. The
electron densities in space just require a snapshot value of each point, neglecting the fact of
how many particles involved. So in this way, the computation is much simpler to represent in
comparison to the full many-body wavefunction.

From what has mainly been described above is a principle concept of density functional
theory (DFT). It can express such many-particle problems by reformulating them into electron
densities. DFT is principally based on the 2 famous theorems that firstly derived and proved
by Hohenberg and Kohn in 1964 [154]. They state that it can express the energy of many-body
systems as a functional of density. All system properties can be determined from the ground
state one. Later, Levy [280] and Lieb [2X1] proposed a new way with generalization of the
Hohenberg-Kohn theorem, and it is usually known as Levy-Lieb constrained-search formula-
tion. An upholding theory is also usable for ground states degeneration.

In this section, in order to derive some formulas for energy density as a form of universal

functional, they will be demonstrated by following the Levy-Lieb formulation since it is more
clarifying and intuitive. The Coulomb interaction of the nucleus is already in DFT, except the
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describing part of nucleus-nucleus interaction. It is more convenient to include it at the final
expressions. However, the spin dependence in this brief derivation is dropped out just to help
the expressions more clarified. A more information of spin dependent in DFT will be carried
out later in the section D-4.

D.1 Universal Energy Functional

It is sufficiently required to understand Schrodinger equation, in order to describe the quan-
tum system entirely. For a non-relativistic system, the many-particle Schrodinger equation is
demonstrated as

HY = EV¥ (D.1)

where H is the Hamiltonian operator and defined as

P] = f + ‘A/im‘ + Vext(’_‘)) (Dz)

The above 3 terms on right-hand side are represented for kinetic energy (), potential energy
due to the internal forces (V;,), and the potential energy due to the external forces (V. (7)),
respectively. Based on the quantum mechanics, the density is determined in term of the wave
function as

n(r) = (A, p .., )P (D.3)

the total energy of the system in state ¥ is expressed as

E=(VIHI¥)=(VIT|¥)+ (¥ ‘7im|$”>+fd37Vext(7)n(7) (D.4)

In principle, the ground-state energy is also solved by minimizing the total energy equation with
respect to all states | ¥), for the case of minimization of the energy of states |¥) with density n(r)
equivalently. Within energy for density as a functional is at its lowest; for example, function of
density in this particular case, as follows

E[n] = min (P T |P) + (¥ Vi | P)] + f PV, (Pn()
Yy—n(r)

(D.5)

= Fln]+ f PRV, (PP

If the external potential V,,, and universal functional F[n] are presented, the equation D.5 yields
the energy for a specific density n(7) at its minimum. In order to achieve ground-state energy
of target system, the equation D.5 should also be minimized respect to densities n(#) with all
possibilities. F[n] is a self-sufficient functional of external potential V,,;.

Next important issue would be how to actually find universal functional F[n]. This is a very
hard question, and to acquire a right answer is also difficult. Because in order to find an actual
expression F[n], it is corresponding for solving many-particle in such Schrodinger equation.
And on account of that, DFT would be staying in the mist if it was not the new approach of
Kohn and Sham [[[55], which will be demonstrated in the next section D2
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D.2 Kohn-Sham Equation

D.2.1 Kohn-Sham Approach

Another preferable method was also proposed by Kohn and Sham in 1965 [I55] to deal with
puzzle of deriving an equation for F[n], as mentioned in the Section §DD1. In the system, each
electron obviously possesses its kinetic and Coulomb energies; however, due to the complica-
tions of many-body effects, it is quite difficult to derive the actual expressions for these quan-
tities. On the account of the kinetic and Coulomb energies, they have to promote to internal
energies. Then, F[n] would harmonically unite these quantities in other manners or conditions.

In the quantum mechanical principle, it is quite difficult to understand how many-body ef-
fects, or exchange-correlation, would make an impact on such energies. Kohn and Sham had
considered complications of many-body effects in interacting system which held in F[n] visu-
ally perceive as few correction to total energy of auxiliary system with an absence of drawback
in many-body effects. With approach proposed by Kohn and Sham, it can, therefore, take place
the original with an identical system but less difficult. Simpler auxiliary system will not only
possess identical number of electrons as same as the original, but also external potential.

Electrons individually possess their own kinetic energy for each single particle and that are
independent from many-body effects. They have Coulomb repulsions from other electrons.
Thus in auxiliary system, Hamiltonian A has to uphold Hartree energy, kinetic energy, and
external potential terms. By deploying DFT, the expression is rewritten for ground-state energy
as functional of density

Equx[n] = T[n] + Ex[n] + fd3r_)vext(?)n(7) (D6)

The first and the second term on the right-hand side of equation D.6 can be calculated. The
one-electron wave function ¢; of the auxiliary system can be derived as

1 N
Ty =—-3 i v? i
3 gl (il V= |90
1 R !
Ey=~ de?CPWM (D.7)
2 7= r|

N
n(r)= > IiP
i=1

The Kohn-Sham approach to DFT based on assumption, within auxiliary system, it is as-
sorted to possess the similar ground-state density to original system. In order to prove condition,
the auxiliary system should be changed into the manners that present many-body effects. It will
also be available in the real physical system. The new term should be expressed and show
the differentiation between the original systems and the auxiliary ones. The DFT formalism is
expressed as functional of density. To this additional term, Kohn and Sham have also given a
name as the exchange-correlation functional E,.[n] which can express in terms of F as

F[n] = T,[n] + Euln] + Exln] (D.8)
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The advantage about this, E,.[n] is now an universal realistically approximated such that by
either quantum Monte Carlo (QMC) methods or many-body theories. On one condition that the
last term E,.[n] on the right-hand side must have an exact expression. Then, the actual energy
of original interacting system is actually calculated where total energy has finally transformed
nto

E[n] = Ti[n] + Ey[n] + f PV (PP + Excln] (D.9)

where T is kinetic energy of independent particles, Ey is self-interacting energy of electron
density, and E,. is exchange-correlation energy. Before perform the calculations for any sys-
tems, first, in order to obtained single-particle wave functions ¢; required to create both kinetic
energy and density.

For non-zero exchange-correlations, Hamiltonian of original auxiliary is not practicable for
this case. However, before the single-particle wave functions can be obtained, H must be
changed accordingly to the effect of exchange-correlation term. The method to acquire the
H modification, it will be discussed more further in Section §D27. Next is to find the expres-
sion of actual approximation for E,. . There are many good approximations available which
will also be discussed later in Section §ID3.

D.2.2 Kohn-Sham Equation

If the minimization with respect to density is performed, the Kohn-Sham equation will be ob-
tained, but for exact derivation can be referred to a textbook by R. M. Martin, electronic struc-
ture: basic theory and practical methods [9]. The equation turns out proven to a similar case for
auxiliary system. Because of the effects of the exchange-correlation, the potential possess the
additional term as

1
herrldi) = | — EVZ + (7)) + Vs (F) + vxc (D) | 10:) = € |s) (D.10)

The solutions to the above equation are known as the Kohn-Sham orbitals ¢; for auxiliary system
with correction approximation derived in exchange-correlation form.

The Kohn-Sham equations numerically derived in Section §ID272 are determined by iter-
ating procedure namedly the self-consistent loop, and can be summarized in the flow chart as
illustrated in Figure D1l. The procedure is in the following steps as follows:

1. The initial guess has to be made for electron density n(r).
KS Hamiltonian based upon assumed density is constructed.
KS equations to acquire the KS orbitals are solved.

Construction of a new density from the KS orbitals.

A

The total energy of both the input-output densities by deploying the equation D.9. Now
consider the following conditions that if energy differences are slightly and smaller thresh-
old, then take final energy as ground-state energy. But, if tlarger than that, proceed to the
next step.
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6. Add the new density to the previous one to obtain new input density.

7. Then, proceed to the second step again.

In searching for the best method to combine the new and the old density for the last step sig-
nificantly. Currently, several available methods are practical. Discussion in detail can directly
refer to Chapter 9 of reference [9] for further information.

D.3 Exchange and Correlation

One of methods to solve the term is energy difference between full interacting system and
simple auxiliary one. This also includes the exchange as well as correlated corrections. To
derive an exact E,. expression, it is not practical because it corresponds to solving the many-
particle problem. However, it is feasible to presume it minimal, then, practicable approximation
is sufficient. This is certainly the main reason that approximation was eventually developed.
Most theoretical work within DFT focus to seek for improved approximation for E,. within
conditions of computational efficiency.

The local density approximation (LDA) was used in other former calculations at each point
in reciprocal space, and it was an approximation per particle exchange and correlation ener-
gies by a homogenous electron gas plus the unchanged local density [44, 2&2]. Others [b5,
210, P82, P83] deployed different aspects of generalized gradient approximations (GGA) by
presenting density gradient corrections to the exchange and correlation energy. The Perdew-
Burke-Ernzerhof (PBE) [157] exchange and correlation functional was adopted within GGA
with fractions of the exact Hartree-Fock (HF) exchange, along with the combined fractions of
exchange and correlated gradient correction.

D.3.1 Local Density Approximation

Kohn and Sham presented the first approximation for exchange-correlation energy in the same
article [155], Kohn-Sham approach as discussed in previous section. The approximation is
entitled by local density approximation (LDA), which is the simplest approximation to the
exchange-correlation energy. It based on the assumption that exchange-correlation are not
changed in homogeneous gas system. In LDA, the effects of exchange and correlation are
local in manner, and the exchange correlation term is

Exet = f din(Pexe" (n(7) (D.11)

LDA ; . . .
where €;” is exchange-correlation energy of homogeneous gas with density 7.

The LDA approximation has worked impressively and also yields exceptionally computa-
tional results for many atomic systems, such as in most of bulk metals, or even in less uniform
systems, i.e. semiconductors, alloys, and ionic crystals. However, the main limits of the LDA
is not taking into account the inhomogeneity in the density and non-local exchange-correlation

91
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Figure D.1: Schematic of the self-consistent loop for solution of Kohn-Sham approach, adapted
from reference [Y].
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effects. It has less accuracy for the systems in which the electronic density varies rapidly, such
as in molecules and at surfaces. To address the issue of inhomogeneity in electronic density, an
expansion of electron density in term of gradient of density similar to density at each point is
used to improve the LDA will be discussed in the next subsection §D37. For LDA and LSDA
spin-dependence, refer to the textbooks, for example [9].

D.3.2 Generalized Gradient Approximations

After the accomplishment of the LDA, generalized gradient approximations (GGAs) has inti-
mately proposed. Many approximations are functional of the density and the magnitude of the
gradient of the density |Vn|. The general form of GGA functionals are expressed as

ESEh = f dPexe F(n,|Vnl, . ..) (D.12)
where F is enhancement factor while various forms have been developed.

Normally, the GGA works very well for molecules, which improves over some of drawbacks
of the LDA. The common used functional is composed of Becke [158], BLYP [159], Perdew-
Wang 91 (PW91) [I56], and its simplified version PBE [I57]. In this thesis, the simplified
PBE [I57] is used for all self-consistent calculations. Additional discussion of GGA, referred
to textbooks [9].

D.3.3 Hybrid Functionals

The hybrid density functionals describe a wide range of molecular systems more accurately.
The basic idea is to incorporate amount of Hartree-Fock (HF) exchange with the exchange and
correlation from LDA or GGA functional. In 1993, Becke proposed a semi-empirical exchange-
correlation functional (B3P91) [284] with three parameters containing Hartree-Fock exchange,
Becke exchange functional (B88) [158], and PW91 correlation [I56], which are successful in
describing many molecules.

Exc = EX(P + ao(EYT — EPPY) + axAER® + acAEEY! (D.13)
where the semiempirical coefficients are ag = 0.20, ay = 0.72, ac = 0.81.

They have been solved by data fitting of measured atomic energy. Alternatively, the B3LYP

[58, T59] exchange-correlation functional uses the LYP correlation [159] instead of PWO91

correlation [I56], which is widely used in chemistry field.

Based on the arguments that exchange and correlation energy varies as a function of inter-
electronic coupling, Perdew, Ernzerhof, and Burke [157] introduced the form as

1
Exc = ESSM + Z(E;’F — ESSY (D.14)

They mixed 1/4 of Hartree-Fock exchange energy, and gave physical explanations.
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Another hybrid DFT based on a screened Coulomb potential for exchange interaction was
proposed by Heyd, Scuseria, and Ernzerhof (HSE) in 2003 [285].

E;;Ié,HFPBEO — iEgF,SR + %E§BE + EgBE (DIS)
They used the screened short range (SR) HF exchange instead of the full HF exchange to con-
struct this hybrid functional. Significant reduction in computational cost can be used in cal-
culation for large molecules and clusters, in particular for systems with small band gaps, with
reasonable accuracy.

D.3.4 van der Waals Functional

The other specific exchange-correlation energy E,. that should be mentioned in this dissertation
is the van der Waals density functional (vdW-DF) method. It is a non-local approximation for
extending the limitation of other DFTs mentioned previously by taking the van der Waals (vdW)
interactions into account.

This method was firstly proposed by Dion et al. with the strong benefit that vdW forces are
treated in the similar manner as other kinds of interactions treated by conventional DFT meth-
ods [2T4]. The vdW-DF functional yielded considerable good results for layered-interaction
structures [2173].

In term of Kohn-Sham equation that outlined in Section §ID"21, the vdW-DF functional has
its total energy defined as

E*™"PF[n] = Ts[n] + Enanrecln] + f &PV ew(Pn(P) + Exe’ " [n) (D.16)

in which the standard Kohn-Sham equations are included with the kinetic energy (7s) of the
auxiliary system, the electrostatic energy (Epqre. ), and the interaction with an external potential
(Vex). In contrast to LDA or GGA, the correlation energy of vdW-DF also possesses with the
non-local dependent term on the density. This non-local correlation is added to the exchange and
correlation energy while using the correlation term of LDA and exchange term of GGA [2T4].

vdW-DF _ pLDA GGA non—local
ELW-DF — pLDA | FGGA 4 pn (D.17)

D.4 Spin Density Functional Theory

Up to this point, there is no discussion about characteristics of spin ¢ introducing in expressions
that was interpreted previously in DFT yet. The electron density in ground state is considered
as spin polarized, such as

n(?,o =1) #n(?, o =|).

The occurrence of this manner is in the system that consists of a finite and odd number of
electrons [9], In many systems, i.e. atoms with a finite and even number of electrons, keeping
track of spin-polarization is not necessary. In general, the spin paired calculations is slightly
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less time consuming. It generalize the DFT arguments to include particle density n(r) = n(r, T)
+ n(r, ]) and spin density s,(?) = n(%, 1) - n(%, 1).
For total energy, the modified expressions depend on particle density and spin density [9].
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