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ABSTRACT 

 

Nano-sized materials have promising contemporary and novel technological applications as 

they possess favourable properties due to quantum effects. The nano-sized graphene material 

exhibits remarkable electrical, optical, thermal and mechanical characteristics. Adding 

impurities or doping constitutes an effective way in fine-tuning properties of graphene for 

specific applications. This study aims to investigate the geometrical aspects of elements 

adsorption on graphene to produce more accurate models of the electronic structure of graphene 

as a result of the doping. 

 

Previous models investigated mainly the adsorption sites (bridge, hollow, top); however, they 

could not systematically explain certain phenomena, e.g. nonlinearity of band gaps to atomic 

ratios in oxygen-adsorbed graphene. We hypothesise that this is attributed to the positions and 

orientation of the adatoms (adsorbed elements) relative to one another, which is, in essence, a 

geometrical phenomenon.  

 

In the present study, geometrical investigations of elemental adsorption on graphene focused 

on side (single-, double-sided), site (bridge, hollow, top) and orientation (the position of adatom 

relative to one another and graphene). The computational simulations were conducted by using 

the generalized gradient approximation (GGA) functional within the density functional theory 

(DFT) framework. The VASP (Vienna Ab initio Simulation Package) software was utilised for 

all simulations.  

 

Trends in the elemental adsorption on graphene in terms of sides/sites/orientations are 

presented in terms of: binding energy (stability); migration (barrier) energy; adatom height; 

graphene distortion; Fermi energy; magnetization; charge transfer and energy band gap. The 

calculated results of 10 elements (Na, Mg, Al, Si, P, S, F, Cl, Br and I) adsorbed on pristine 

graphene indicate that the geometrical combination of side, site and orientation is vital in 

determining the most stable configuration of the adsorbed systems. This study reinforces the 

notion that the involvement of site/orientation of element (or functional group) is essential in 

future models of adsorption on graphene. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Background 

Materials reduced to the nanoscale can show different properties compared to what they 

exhibit on a macro scale, enabling the creation of new and unique applications. This is due to 

the quantum effects, such as quantization of certain physical properties, wave-particle duality, 

Heisenberg uncertainty principle, quantum superposition and entanglement, and significant 

amount of surface energy compared to the bulk energy. One example is the semiconducting 

nano-sized materials, which open up novel opportunities for production of nanoscale electronic 

and photonic devices such as transistors, biosensors, light sources and detectors [1]. In order to 

realise the full potential of nano-sized materials with specific properties, it is desirable to fully 

investigate the electronic structure of nano-sized materials as this determines their electrical, 

optical, magnetic, thermal, mechanical and chemical properties. 

This study is performed using computational simulations, as this is one of the effective 

methods to investigate the electronic structure of nano-sized materials. Computational 

simulations are done with density functional theory (DFT) framework[2], which is presently 

one of the most promising approaches for computation of the electronic structure of matter.  

The main material for this investigation is graphene. Graphene is a two-dimensional 

hexagonal lattice made of carbon atoms. The nearest distance between carbon atoms in 

graphene is  1.42 Å. Graphene is currently popular research theme amongst the researchers 

in the world after the seminal paper of Novoselov and Geim in 2004 [3]. Novoselov et al. 

successfully highlighted the remarkable electronic, mechanical and optical properties of 

graphene. Thus graphene facilitates the development of novel applications, such as solar cells, 

display screens, high frequency transistors, hydrogen storage and chemical sensors.  
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Besides its remarkable properties, graphene is well known as a semimetal material, 

which has zero electronic band gap at Fermi energy; thus absorbs any incident energy. This is 

unattractive for solar energy materials or electronic devices applications, which require band 

gap threshold. Adding impurities or doping is a solution to this problem. As doping is a vast 

subject, the investigation was limited in subjects of elemental adsorption on graphene.  

 

1.2 Objective and Scope of Study 

The scope of this study is divided into two parts. The first part is to investigate the 

electronic structure of nano-sized metallic, semiconducting and insulating materials using DFT 

via appropriate software and compare the theoretical results with experimental findings. 

However,  the second part is to apply the findings in the first part for the selected materials. 

In the first part, the following topics were studied in depth : (1.1) the electronic 

properties of materials; (1.2) nano-sized metallic, semiconducting and insulating materials; 

(1.3) the electronic properties of nano-sized metallic, semiconducting and insulating materials; 

(1.4) DFT; (1.5) how DFT calculation produces results that can be directly compared to the 

experiment results, e.g. Raman/infrared spectra, electron density distribution, band structure; 

(1.6) the suitable computational methods within DFT for calculating the properties of nano-

sized metallic, semiconducting and insulating materials; and (1.7) the suitable simulation 

software to perform these calculations. 

Subsequent to understanding the aforementioned topics, some DFT strategies and 

customisations were created and applied successfully to verify the structures of some materials. 

These materials were prepared and characterized by Surface Analysis and Materials 

Engineering Research Group (SAMERG) at Murdoch University: Raman spectra of Si and 

SiO2 [4], material structure verification (lattice constants and atomic positions) for CuxCo3-xO4 
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(spinel) [5], and NixCr1-xN [6]. However, these verifications are not discussed further in this 

thesis. 

In the second part, having been confident with DFT, graphene was chosen as the base 

material for this thesis. For this selected material, the results from the previous studies were 

consulted and analysed: (2.1) the recent progresses of its fabrications and characterizations; 

(2.2) the recent progresses of its simulation studies; and (2.3) the potential problems that can 

be tackled within the time frame of this Ph.D. period. 

After intensive literature review, geometrical and orientation aspects of elemental 

adsorption on graphene was selected as the main research topic. Currently, many researchers 

studied the effects of sites (bridge, hollow, top) on elemental adsorption on graphene (see figure 

1.1a). Upon inspecting this matter carefully, it was found that orientation (zigzag and armchair) 

is also important in adsorption (see figure 1.1). Orientation is the position of adatom (adsorbed 

elements) relative to one another and also relative to graphene. Surprisingly, this orientation is 

often overlooked in the previous studies. 

 

 
(a)                                                          (b) 

Figure 1.1 Schematic diagram of elemental adsorption on graphene, grey spheres are carbon, 

red spheres are adatom, B=bridge, H=hollow, T=top, (a) zigzag orientation (subscript z), (b) 

armchair orientation (subscript a).  
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So three objectives are targeted for this thesis, i.e. (1) to report the suitable 

computational methods within DFT for the investigation of the electronic structure of nano-

sized metallic, semiconducting and insulating materials; (2) to report novel insights of the 

geometrical and orientations aspects of elemental adsorption on graphene, which is the primary 

objective of this thesis; and  (3) to give recommendations for the future work on elemental 

adsorption on graphene. Finally, the main goal of this study is to enable us to make better 

predictions of the characteristics of elemental adsorption on graphene. 

This thesis is organised in nine chapters.  Chapter one introduces the background, 

objective and scope of the study. Chapter two discusses the theoretical background, which 

includes two sections: electronic structure and DFT. This chapter answers topics 1.1, 1.4 and 

1.5 and objective 1. Chapter three discusses nano-sized metals, semiconductors and insulators; 

introduces the graphene and reviews the literatures of elemental adsorption on graphene. This 

chapter answers topics 1.2, 1.3 and 2.1 to 2.3. Chapter four explains the computational 

strategies, simulation software and the details of the geometry of the elemental adsorption on 

graphene. This chapter answers topics 1.6 and 1.7. Chapters five to eight summarize the main 

results of this thesis, which include the orientation aspects of adatom-adsorption on graphene. 

The inspected atoms belong to group 3 of the periodic table (Na, Mg, Al, Si, P, S, Cl) and the 

halogens (F, Cl, Br, I). These chapters address objective 2. Finally, chapter nine consolidates 

the overall results in this study, gives conclusions and potential future work, which addresses 

objective 3. 
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CHAPTER TWO 

THEORETICAL BACKGROUND 

 

This chapter highlights two things, i.e. the electronic structure and  the Density 

Functional Theory (DFT). 

 

2.1 Electronic Structure 

Electrons are one of the fundamental particles, which together with protons and 

neutrons form atoms. Due to their small size, electrons are studied using quantum mechanics 

at low velocity and quantum field theory at high velocity[7, p. 2]. This thesis emphasises the 

low velocity realm, therefore quantum mechanics is used. Quantum mechanics has the main 

formula to work with, i.e. Schrödinger equation : 

−
ℏ2

2𝑚
(∇2 + 𝑉(𝒓, 𝑡))𝜓(𝒓, 𝑡) = −𝑖ℏ

𝜕

𝜕𝑡
𝜓(𝒓, 𝑡)     (2.1) 

where ℏ is reduced Planck’s constant (1.05457  10-34 Joule second);  𝑚 is the mass of the 

particle; ∇2 is Laplacian (kinetic energy of the system); 𝑉(𝒓, 𝑡) is the potential energy of the 

system; 𝜓(𝒓, 𝑡) is the wave function of the system; 𝑖 is imaginary number; −𝑖ℏ
𝜕

𝜕𝑡
 is the energy 

operator; 𝒓 is position vector; 𝑡 is time. Equation (2.1) is an eigenvalue problem, with two 

unknowns, 𝜓(𝒓, 𝑡) and its time derivative −𝑖ℏ
𝜕

𝜕𝑡
𝜓(𝒓, 𝑡). These two unknowns must be 

computed to simultaneously satisfy equation (2.1). Planck’s constant is a quantised angular 

momentum. Its appearance in an equation indicates that quantum effect is in use. Unfortunately, 

Schrödinger equation can be solved exactly only for the simplest cases, i.e. hydrogen (H) and 

hydrogen-like atoms (He+, Li2+, Be3+, …). For other cases, approximations or numerical 

calculations must be used. 
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The systems observed in this thesis were time-independent. Equation (2.1) in time-

independent form is 

−
ℏ2

2𝑚
(∇2 + 𝑉(𝒓))𝜓(𝒓) = 𝐸𝜓(𝒓)      (2.2) 

where −𝑖ℏ
𝜕

𝜕𝑡
 becomes a number called the energy of the system (E). Solving equation 

(2.2) results multivalued 𝜓(𝒓) and E, so it is introduced the first three quantum numbers, i.e. n 

(principal), l (orbital), ml (orbital magnetic) to label 𝜓(𝒓) and E. They become  𝜓𝑛,𝑙,𝑚𝑙
(𝒓)  and  

𝐸𝑛,𝑙,𝑚𝑙
. Sometimes, different 𝜓𝑛,𝑙,𝑚𝑙

(𝒓) gives identical 𝐸𝑛,𝑙,𝑚𝑙
, this is called energy level 

degeneracy. 𝜓𝑛,𝑙,𝑚𝑙,𝑚𝑠
(𝒓) determines the electronic structure/configuration of the materials, 

and the  electronic structure of materials determines the materials’  properties. Some of 

materials’ properties are listed in table 2.1. 

 

Table 2.1 Examples of materials’ properties. 

Properties of  

materials 

Examples 

electrical electrical conductivity (superconductor, metal, semiconductor, insulator), 

capacitance, inductance, impedance, permittivity 

optical index of refraction, damping constant, absorbance, reflectivity, 

transmittance, optical spectra, diffraction, polarization, interference, 

penetration depth 

magnetic dia-, para-, ferro-, antiferro-, ferri-magnetism, permeability, magnetic 

moment, hysteresis, spin 

thermal heat capacity, thermal conductivity, melting point, boiling point, thermal 

expansion 

mechanical density, hardness, Young’s/bulk/shear modulus, elasticity, plasticity, 

viscosity, compressibility 

chemical electronegativity, bond type & polarity (ionic, covalent, polar, non-polar, 

hydrogen bond, van der Waals),  ionization, affinity, adsorption,  dipole 

moment 

 

However, to explain spin, one result from the quantum field theory, i.e. Pauli exclusion 

principle must be considered even at low velocity[8, p. 180]. To accommodate this, the last 
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quantum number is introduced, i.e.ms (spin magnetic)[9, p. 1223]. For electron case, Pauli 

exclusion principle states that no two or more electrons, in an atom, can occupy the same four 

quantum numbers (n, l, ml, ms) simultaneously. Spin is also a quantised angular momentum, 

with certain magnitudes (0ℏ, 1

2
ℏ, 1ℏ, 3

2
ℏ, 2ℏ,… ). Electrons have spin of magnitude 1

2
ℏ. 

Electrons have orbital angular momentum as it orbits around the nucleus. This orbital 

angular momentum interacts with spin angular momentum (spin-orbit coupling), suggests a 

useful quantity for spectroscopy, that is total angular momentum (j). This j breaks the 

degeneracy of energy levels with the same n and l quantum numbers, which introduces the 

famous Hund’s rule. The Hund’s rule states that for degenerate orbitals, the lowest energy is 

achieved when the electrons have the same spin. For carbon atom (1s2 2s2 2p2), the degenerate 

2p orbital has 2-spin-up electrons, instead of a pair of spin-up/down electrons. This unbalance 

spin creates spin magnetic dipole moment, with one unpaired spin creates spin magnetic dipole 

moment at about 1B (Bohr magneton or 9.274  10-24  Joule/Tesla). This slight difference from 

1B is explained using theory of quantum electrodynamics (QED). Magnetization is defined as 

the density of spin magnetic dipole moment, e.g. B  per unit cell. So, while the total charge is 

the sum of total spin up and spin down, magnetization is the difference between total spin up 

and spin down. 

For atoms, electronic structure is called atomic orbital. For example, the atomic orbital 

of carbon atom is 1s2 2s2 2p2. When atoms interact with other atoms to form molecules, its 

energy levels split. For molecules, electronic structure is called molecular orbital. The well 

known examples of molecular orbital are sp3 hybridization of methane (CH4) and sp2 

hybridization of graphene. For methane, one carbon atom is connected to four hydrogen atoms, 

so the 2s2 2p2 changes to four identical sp3. For graphene, one carbon atom is connected to three 

other carbon atoms, so the  2s2 2p2 changes to three identical sp2  plus one 2p. 
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When many atoms interact with other atoms to form condensed matter, its energy levels 

split further. This creates a set of macroscopically continuous allowed and forbidden energy 

levels, that is called energy bands. Electrons are only possible to occupy the allowed energy 

bands. An energy band between two allowed energy levels is called band gap.  

For the condensed matter, the concept of density of states (DOS) is very useful to 

describe the electronic structure. DOS (n(E)) is number of states available for electrons (n) as 

a function of energy of the system (E). This concept holds generally for crystallines, 

amorphous, liquids, organic materials, small systems (quantum dots, molecules), strongly 

correlated materials (superconductors, Mott insulators), inhomogeneous materials (local 

defects, impurities, materials’ interfaces). 

At ground state, electrons in a system occupy fully the lower part of the DOS. The 

highest energy level that is occupied by electrons is called Fermi energy. The DOS for the 

energy above the Fermi level is quite important. It controls the flow of electrons upon 

excitations, and explains three categories of materials, i.e. metals (and also semimetals), 

semiconductors and insulators. These three categories are based on the band gap above the 

Fermi level. For the rest of this thesis, band gap is defined as the band gap above the Fermi 

level. Metals have no band gap, semimetals have zero band gap, semiconductors have small 

band gap, and insulators have large band gap. The band gap threshold for semiconductors and 

insulators is set by convention, usually the blue light ( 3.1 eV). This thesis uses eV unit (1 eV 

= 1.602  10-19 Joules). 

Modifying the band gap is desirable to create materials that suit our needs. There are 

many ways to modify the band gap, e.g. adding impurities (doping), changing its crystal 

structure, applying pressure, operating at different temperature, creating defects, interfacing 

two surfaces, and deforming its shape. There is another approach, that is designing materials 
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that suppresses the quantum effects, thus extending a little bit longer the existing 

technology[10]. This might be a cheaper and more useful approach. 

With the rise of nanotechnology, there is one more way to modify the band gap, i.e. 

reducing the material size to nanoscale. Nanoscale is a scale of nanometre length (about the 

size of atoms). 

 

2.2 Density Functional Theory (DFT) 

Nano-sized material research is very vast subject. The demand of this technology is 

growing at ever increasing rate. To achieve the desired properties, unlimited numbers of 

permutation of elements must be inspected. It sounds like daunting tasks, but computational 

simulation offers solutions in an effective way. Some of the computational simulation 

advantages are : 

1. able to suggest only the prospective cases for the experiments 

2. able to verify / confirm the experimental results 

3. able to predict the properties of materials where experiments are impossible to perform 

4. the cost per case might be lower than the experiments 

5. the time per case might be lower than the experiments. 

 

Hartree-Fock method is a natural approach to solve the Schrödinger equation 

numerically. For N-electron system, the ground state wave function is approximated by a Slater 

determinant. 𝜓(𝒓1, 𝒓2, … , 𝒓𝑁) in equation (2.2) is decomposed into combination of 

orthonormal orbitals 𝜙𝑖. Orthonormal means 

∫ 𝜙𝑖𝜙𝑗𝑑𝜏
𝑎𝑙𝑙 𝑠𝑝𝑎𝑐𝑒

= 𝛿𝑖𝑗       (2.3) 

with 𝛿𝑖𝑗 is Kronecker delta : 
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𝛿𝑖𝑗 = {
1 𝑖𝑓 𝑖 = 𝑗
0 𝑖𝑓 𝑖 ≠ 𝑗

        (2.4) 

The decomposition that satisfies antisymmetric (Pauli exclusion principle) of 

𝜓(𝒓1, 𝒓2, … , 𝒓𝑁) is Slater determinant with spin: 

𝜓(𝒓1, 𝒓2, … , 𝒓𝑁)

=
1

√𝑁!
Det

[
 
 
 
𝜙1(𝒓1) ↑1 𝜙1(𝒓1) ↓1 𝜙2(𝒓1) ↑1 𝜙2(𝒓1) ↓1 … 𝜙𝑁/2(𝒓1) ↑1 𝜙𝑁/2(𝑟1) ↓1

𝜙1(𝒓2) ↑2 𝜙1(𝒓2) ↓2 𝜙2(𝒓2) ↑2 𝜙2(𝒓2) ↓2 … 𝜙𝑁/2(𝒓2) ↑2 𝜙𝑁/2(𝒓2) ↓2

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
𝜙1(𝒓𝑁) ↑𝑁 𝜙1(𝒓𝑁) ↓𝑁 𝜙2(𝒓𝑁) ↑𝑁 𝜙2(𝒓𝑁) ↓𝑁 … 𝜙𝑁/2(𝒓𝑁) ↑𝑁 𝜙𝑁/2(𝒓𝑁) ↓𝑁]

 
 
 

 

           (2.5) 

where ↑ is spin up and ↓ is spin down. The transpose of this matrix results the same Slater 

determinant. 

But this Hartree-Fock calculation is rather time consuming. However, DFT has the 

capacity to overcome this problem. DFT replaces the complicated 𝜓(𝒓1, 𝒓2, … , 𝒓𝑁) into simple 

(r), where  is electron density and r is spatial coordinate. 

DFT is a computational method using quantum mechanical theory to investigate the 

electronic structure of materials[2]. It is presently one of the most promising approaches for 

computation of the electronic structure of matter. DFT is not a semi-empirical method but is 

derived from the first principles of quantum mechanics (ab initio method). Semi-empirical 

method is a method that uses adjustable parameters to match the experimental data or ab initio 

results. In contrast, ab initio method uses only fundamental constants, such as Planck constant 

(6.626  10-23 Joule second), speed of light in vacuum (299,792,458 metre/second), electron 

charge magnitude (1.602  10-19 Coulomb), mass of electron (9.109  10-31 kilograms), and 

masses of nuclei. Foresman and Frisch noted that there is still controversy whether DFT is an  

ab initio method or not [18, p. 6], but this philosophical question is not discussed in this thesis. 

DFT rests on Kohn-Hohenberg theorems[2], which state : 
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1. the ground-state energy from Schrödinger equation is a unique functional of the electron 

density , 

2. the electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the Schrödinger equation. 

Thus, DFT uses functional of electron density as the input, and total energy of the system as 

the output. Functional is a function of another function, for example in DFT : 

EXC[(r)]         (2.6) 

where  EXC is exchange-correlation energy,  is electron density, and r is spatial coordinate. 

DFT uses Kohn-Sham equation, that is computed self-consistently : 

𝐸[𝜌(𝒓)] = 𝐸𝐾[𝜌(𝒓)] + 𝐸𝑁−𝑁 + 𝐸𝑁−𝑒[𝜌(𝒓)] + 𝐸𝑒−𝑒[𝜌(𝒓)] + 𝐸𝑋𝐶[𝜌(𝒓)] (2.7) 

where E is total energy of the system, EK is total kinetic energy, EN-N is nuclear-nuclear 

interaction energy,  EN-e is nuclei-electron interaction energy, Ee-e is electron-electron 

interaction energy, EXC is exchange-correlation energy. Only EN-N that doesn’t depend on 

electron density. 

𝐸𝑋𝐶[𝜌(𝒓)] = 𝐸𝑋[𝜌(𝒓)] + 𝐸𝐶[𝜌(𝒓)]      (2.8) 

where EX is exchange energy that comes from the anti-symmetrisation of wave functions, and 

EC  is correlation energy that comes from the dynamic correlation of electrons due to the 

electrons’ constant motion relative to one another. Although EK, EN-e and Ee-e are known exactly, 

EXC is not. Approximations have to be made to calculate EXC. There are some approximation 

methods to calculate EXC : 

1. Local density approximation (LDA)  EXC = EXC[(r)] 

2. Generalized gradient approximation (GGA) EXC = EXC[(r),(r)] 

3. Meta-GGA     EXC = EXC[(r),(r) ,2(r)] 

4. Hybrid exchange functional (hyper-GGA) EXC = EXC[(r),(r), EX
HF] 
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where  is gradient of a function, 2 is Laplacian and EX
HF is Hartree-Fock (HF) exact 

exchange functional. LDA approximates this EXC as homogeneous electron gas. However, as 

the electron density is usually not homogeneous, the GGA, meta-GGA and hyper-GGA 

approximations are developed. By incorporating the derivative of electron density ((r)) or 

its higher derivative (2(r)), mathematically, there is more room to improve the accuracy. 

The main advantage of DFT is the balance between accuracy and cost, so it is very 

desirable for nanomaterial computations. However, DFT has some limitations : 

1. in calculating electronic excited states 

2. exact functional is not known 

3. underestimate the band gap calculations for semiconducting and insulating materials 

4. inaccurate in van der Waals interaction calculations 

5. like all ab initio methods, DFT is not feasible for large cluster of atoms or very long time 

reactions. 

 

For the first limitation, as DFT rests on Kohn-Hohenberg theorems which apply only to 

ground state, it has limited accuracy to calculate excited states. Electronic excitation processes 

happen in three stages: photoemission, inverse-photoemission, and the formation of exciton, as 

illustrated in figure 2.2. Some methods beyond DFT, e.g. Time-dependent DFT (TDDFT), GW 

approximation and Bethe-Salpeter equation try to address this limitation.  

To overcome the second limitation, many approximations within LDA/GGA/meta-

GGA/hyper-GGA are continuously developed. 

The third limitation is probably the most well known, i.e. DFT band gap 

underestimation. HSE06 functional [19] and GW approximation are some of the methods that 

address this limitation. Both methods are computationally expensive. GW approximation is the 

most expensive, but theoretically more accurate than HSE06. 
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Figure 2.1 Electronic excitation process that is not covered in pure DFT. 

 

In the fourth limitation, DFT does not include van der Waals forces [20]. Van der Waals 

forces are two phenomena in the intermolecular electrical attractions between electrically 

neutral molecules, i.e. dispersion forces (caused by instantaneous dipole moment in nonpolar 

molecules) and dipole-dipole attractions (caused by permanent dipole moment in polar 

molecules) [21, p. 428]. A pair of particles separated by distance r exhibits weak short-range 

Van der Waals interaction proportional to r-6 [22, p. 345]. 

Addressing the last limitation of DFT, for the larger clusters and longer time reactions, 

semi-empirical method is more appropriate in both cost and time. Some examples of semi-

empirical methods include AM1, PM3, MNDO and PM6 [18, p. 111] 

Basis set is a set of functions used to create atomic orbitals (see Eq. 2.5). This is a kind 

of signature of atom. There are two approaches in basis set, i.e. all electron and valence 

electron. All electron basis sets use functions of all electron to describe atoms, while valence 

electrons basis sets use functions of only valence electrons to describe atoms. Calculations with 

all electron basis sets are slower than the valence electrons ones, but can describe the core 

electrons. A function that is useful for basis set is Gaussian function, that is 𝐺(𝛼, 𝒓) ∝ 𝑒−𝛼|𝒓|2, 

where 𝛼 is a constant and r is spatial coordinate. An advantage of using Gaussian function is 

that multiplication of two Gaussian functions results another Gaussian function : 

photoemission 

valence band 

vacuum 

inverse-photoemission exciton 

electron 

hole 

conduction band 
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𝑒−𝛼|𝒓−𝑹𝐴|2𝑒−𝛽|𝒓−𝑹𝐵|2 = 𝐾𝑒−𝛾|𝒓−𝑹𝐶|2      (2.9) 

where 𝐾 = 𝑒
−

𝛼𝛽

𝛼+𝛽
|𝑹𝐴−𝑹𝐵|2

; 𝛾 = 𝛼 + 𝛽; 𝑹𝐶 =
𝛼𝑹𝐴+𝛽𝑹𝐵

𝛼+𝛽
. 

In accordance with valence electrons calculation, it is known pseudopotential term. In 

pseudopotential, the details of the electronic wave function 𝜓(𝑟) near the nucleus (inside cut 

off radius rc) is smoothed and matched against all electron wave function at radius greater than 

rc. This strategy reduces the number of the plane-waves, thus speeds up the calculation, but 

introduces new parameter rc that must be tuned to obtain convergence result. The greater rc the 

faster the calculation, but the less the accuracy. It is discussed very briefly two types of 

pseudopotential here, i.e. ultrasoft pseudopotential and projector-augmented wave (PAW). 

These two pseudopotentials do not conserve the norm of the all electron wave function. Norm 

of a wave function 𝜓(𝑟) is defined as 

‖𝜓(𝑟)‖ ≡ √⟨𝜓(𝑟)|𝜓(𝑟)⟩ = √∫ 𝜓∗(𝑟)𝜓(𝑟)𝑑𝑟
∞

−∞
   (2.10) 

So the total energy calculated using these pseudopotentials is different from the one calculated 

using all-electrons potential. This suggests that calculations using these pseudopotentials are 

only meaningful in terms of total energy difference, such as binding energies. Ultrasoft 

pseudopotential uses larger rc than PAW.  

Only time-independent DFT with valence electron basis set that is used in this thesis. 

Nuclei are fixed in space (Born-Oppenheimer approximation). These simplify the calculations 

significantly. However, spin polarization is not ignored in this thesis, as spin is essential to 

obtain the true ground state energy and reveal magnetic properties of the materials. 

Figure 2.2 shows the computational simulation flowchart using DFT. The 

computational simulation is started by defining the atoms and their initial positions. There are 

two types of defining these, i.e. molecular cluster and periodic lattice. Molecular cluster is 

suitable for defining localised clusters of atoms or molecules, while periodic lattice is suitable 
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for defining crystal structures. However, molecular cluster can be defined using periodic lattice, 

and vice versa, but this creates inefficiency in the subsequent calculations. In periodic lattice, 

there are two types of coordinates, i.e. absolute coordinate and relative coordinate. Absolute 

coordinate is the coordinate relative to the absolute space, while relative coordinate is the 

coordinate relative to the lattice parameters in a unit cell. This thesis always uses periodic lattice 

and relative coordinate. Calculations on atomic clusters were done using large periodic lattice. 

The second step is to select the suitable basis sets, based on the desired accuracy and 

cost. Mixing basis set in a calculation is possible, for example in inspecting the interaction of 

two atomic clusters in water solution. Using cheap and less accurate basis sets for the 

background atoms (water solution), and using more expensive and more accurate basis sets for 

the inspected/focused atomic clusters. 

These two initial sets of information (atoms’ positions and basis sets) are inserted into 

DFT, and the results are the energy and atomic forces of the system. In the normal time-

independent systems, calculations are valid if all the atoms are fully relaxed, as this is the most 

probable configuration. An atom is fully relaxed if there is no force working on that atom. 

Force is the derivative of energy against position, or the gradient of energy. So to achieve valid 

calculation, energy and forces must be minimised simultaneously. Note that, this criteria 

doesn’t apply for calculating systems under stress.  

If the energy and forces are not minimum, atomic positions must be modified using 

various molecular dynamics algorithms, and DFT recalculation must be performed. For 

numerical calculations or calculations using approximation, the criteria of minimum are : 

1. the energy difference of two consecutive calculations below a threshold (eV) 

2. the forces of all atoms below a threshold (eV/Å). 
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Figure 2.2 Computational simulation flowchart using DFT. 

 

 

If the minimum energy and forces are achieved, the final step is to calculate the desired 

properties, such as stress, band structure, vibration energies, Fermi energy, density of states 

(DOS), magnetization, binding energy, charge transfer, etc. 
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CHAPTER THREE  

REVIEW OF ELEMENTAL ADSORPTION ON GRAPHENE 

 

Ideally, introducing foreign materials into/onto the graphene should give the desired 

properties without degrading the properties of graphene. In reality, this certainly is a trade off. 

One of the most important goals of a study is its ability to predict, and one key aspect of 

prediction is trend. Related to the predictions on elements, it is natural to know the trends in 

the periodic table of elements. So this chapter presents a literature study that reviews the trends 

in elemental adsorption on graphene in terms of various properties e.g. binding energy/stability,  

the most stable site (bridge, hollow, top), migration (barrier) energy, adatom height, graphene 

distortion, Fermi energy, magnetization, charge transfer and band gap at Fermi energy. Some 

of these trends are compared to our calculation results in chapters 4 to 8 in this thesis. This 

chapter consists of four sections: nano-sized materials, graphene, trends on the elemental 

adsorption on graphene from previous studies, and the summary that can be brought to chapters 

4 to 8. 

 

3.1 Nano-sized Metals, Semiconductors and Insulators 

Nano-sized materials are materials with at least one dimension in the order of up to 100 

nanometre. A nanometre (10-9 metre) is the typical size of atoms/molecules. Materials reduced 

to the nanoscale can show different properties compared to what they exhibit on a macro scale, 

enabling the creation of new and unique applications. This is due to the quantum effects, such 

as quantization of certain physical properties, wave-particle duality, Heisenberg uncertainty 

principle, quantum tunnelling, superposition and entanglement, and significant amount of 

surface energy compared to the bulk energy. The investigations of nano-sized materials are 

inevitable as driven by the needs for faster computations/communications, denser data storages, 
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more efficient energy converters, better flexible display screens, lighter yet stronger and more 

durable materials. However, further reduction of the material size is sometimes not possible or 

not desirable, so other routes are applied, such as doping or modifying its structures. 

The development of this type of material has been stimulated by the availability of:  

1. various nano material synthesis methods e.g. nanolithography, mechanical exfoliation, 

self-assembly, molecular beam epitaxy (MBE), chemical vapour deposition (CVD); 

2. nanoscopy, e.g. scanning tunnelling microscopy, field emission scanning electron 

microscopy and atomic force microscopy; 

3. nanoparticle modelling and simulations, e.g. the Hartree-Fock method and DFT; 

4. faster computers (or supercomputers) for doing the simulations; 

5. rapid flow on research collaboration and research information exchange via internet, as 

this nanotechnology enterprise is highly collaborative and multidiscipline.  

 

There are two approaches in nanofabrication, i.e. top-down and bottom-up. Top-down 

method is to slice down a larger material to form a nanomaterial. While bottom-up method is 

to assemble atom-by-atom to form a nanomaterial. Some examples of top-down method 

include nanolithography and mechanical exfoliation. Nanolithography is carving at nanoscale. 

This method is ideal to extend the current integrated circuit fabrication to the nanoscale. 

Mechanical exfoliation is a well known method to produce graphene from graphite[11]. 

Some examples of bottom-up method include self-assembly, molecular beam epitaxy 

(MBE) and chemical vapour deposition (CVD). Self-assembly is a method to assemble atoms 

by utilising their own mutual interactions, e.g. fabrication of bio-nanomaterials. MBE is a 

method of depositing atoms (in its molecular beams form) onto a surface. MBE is able to 

deposit as low as 1 atomic layer. CVD is a method of depositing atoms (in its vapour state) 

onto a surface, e.g. fabrication of carbon nanotubes. Although CVD is less accurate than MBE, 
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but it is more economical. In regard to Surface Analysis and Materials Engineering Research 

Group (SAMERG), sol-gel dip-coating method is one of the favoured methods in fabricating 

nano-sized materials [12]. This method is facile, environmentally friendly and cost-effective. 

Nanoscopy is a tool for materials characterization at nanoscale, which is the natural 

extension of microscopy. Scanning tunnelling microscope (STM), field emission scanning 

electron microscope (FESEM), atomic force microscope (AFM), transmission electron 

microscope (TEM), high resolution transmission electron microscope (HRTEM) are some of 

modern tools of nanoscopy [13]. STM and FESEM function like microscope at nanometre. 

While AFM is a more advance technology, which is able to probe and also manipulate materials 

at atomic level. Besides nanoscopy, common spectroscopy techniques are also powerful tools 

to characterize nano-materials, e.g. Raman spectroscopy, ultraviolet-visible near infrared (UV-

Vis-NIR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction 

(XRD), wide angle XRD, synchrotron XRD, X-ray photoelectron spectroscopy (XPS), near-

edge absorption fine structure (NEXAFS) spectroscopy, energy dispersive X-ray (EDX) 

spectroscopy [14]. Lastly, to characterize the mechanical properties of the materials, 

nanoindentation test is widely used. This nanoindentation test in the experimental side can be 

with complemented with finite element modelling (FEM) in the theoretical side. The 

characterization techniques above are routinely used in Surface Analysis and Materials 

Engineering Research Group (SAMERG). 

The grouping of materials based on its band gap (metal, semiconductor and insulator) 

is still important at nanoscale. Besides, nanoscale offers richer options, such as topological 

insulators, which two different band gaps coexist in the same material. Based on the 

dimensionality (D), nano materials are categorized into  nanocrystal and nanoparticle (3D), 

nanosheet and nanoribbon (2D), nanotube, nanowire and nanorod (1D), and nanodot (0D). It 

is reported that band gap of nano-sized semiconductors increases with the decrease of 
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dimensionality[15], [16]. Band gap can also change dramatically from metal to insulator by 

simply applying mechanical tension in 1D nanomaterials[17]. 

It is well known that zigzag or armchair termination of graphene nanoribbon determines 

its band gap (see figure 3.1). Zigzag orientation creates metal, while armchair orientation 

(depending on its width) creates metal/semiconductor. This highlights the importance of a 

geometric aspect, i.e. orientation, to the properties of materials. Orientation is an interacting  

many body effect. Thus it does not have any meaning on a single entity, or on non-interacting 

many bodies. 

  
zigzag armchair 

Figure 3.1 Zigzag and armchair terminated graphene nanoribbon. Grey is carbon atom. Black 

circles are added to mark the edges of the nanoribbon. 

 
 

3.2 Graphene 

Graphene is a two-dimensional hexagonal lattice made of carbon atoms with the nearest 

distance between carbon atoms in graphene is about 1.42 Å. The seminal paper of Novoselov 

and Geim and their collaborators in 2004 successfully prepared graphene via mechanical 

exfoliation and highlighted its remarkable electronic, mechanical and optical properties [23]. 

Graphene has ambipolar field effect; very high Young’s modulus (1.0 TPa); exhibits ballistic 

transport; high electron mobility (200,000 cm2/V.s); high thermal conductivity (5 kW/m.K); 

high optical transparency (97.7%); super hydrophobicity; low resistivity (10-6 .cm); chemical 

inertness[24], [25]. With these properties, graphene is very promising in facilitating the 

development of novel applications, which includes solar cells, display screens, high frequency 

transistors, hydrogen storage, chemical and biosensors. 
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Dresselhaus [26] and Geim [27] have elaborated the history of graphene. On the 

theoretical side, as early as 1947, Phil Wallace calculated the band structure of graphene. On 

the experimental side, researchers started studying graphite in 1960s, graphite intercalation 

compounds in 1970s, buckyballs in 1980s and carbon nanotubes in 1990s, before graphene 

took over in 2000s. Graphite intercalation compound is single or a few layers of graphene 

sandwiched with one or a few layers of other compounds called intercalate layer. Graphite is 

weakly interacting graphene layers, which is three-dimensional. Buckyball is carbon atoms that 

form a sphere/ellipsoid, which is quasi-zero-dimensional. Carbon nanotube is carbon atoms 

that form a tube, which is quasi-one-dimensional. Moreover, graphene has a two-dimensional  

carbon structure. The research of graphene that started half a century ago is now at peak and 

will continue to rise. 

Since then, graphene has been synthesized around the world using various methods, 

including mechanical exfoliation, chemical synthesis, unzipping nanotubes, chemical vapour 

deposition (CVD), reducing graphene oxide and epitaxial growth on metals/carbides. As an 

example, in 2012, Sony Corporation produced a 100-m-long by 210-mm-width graphene using 

CVD[28]. Another example is graphene grown epitaxially on silicon carbide (SiC). SiC is a 

wide band gap semiconductor suitable for high temperature, high electric field and high speed 

devices, superior to silicon[29]. The most interested structures are hexagonal 4H and 6H with 

band gap of 3.2 eV and 3.0 eV. Graphene grown epitaxially on SiC is found to be promising 

for commercial wafer-scale production [30], large-scale patterning[31] and also for the 

integration with the current silicon technology in electronic industries[32]. It induces n-type 

doping on graphene naturally[33]. The third example, was presented recently by Lin et al. [34] 

fabricated graphene from commercial polymer films using laser, which offers rapid production 

of graphene. 
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Besides its remarkable properties, graphene is well known as a semimetal (zero band 

gap) material. This makes graphene unattractive for solar energy materials or electronic devices 

applications that require band gap threshold. Adding impurities (doping), introducing defects, 

modifying its geometry/size, applying  external constraints (e.g. electric field, strain, 

temperature), or its combinations are some potential solutions to this problem. These 

functionalizations tailor the properties of graphene and also open wider applications.  

The first strategy is doping. There are two types of doping on graphene, i.e. adsorption 

and substitution. Adsorption is adding adatoms on the graphene surface, while substitution is 

replacing carbon atoms in graphene with substituents. Atomic ratio is the ratio of the number 

of adatom to the number of carbon atoms in a graphene cell/supercell. For substitution case, it 

is recommended that substituents’ size (atomic radius) is comparable to carbon atomic radius, 

so the substituents do not disrupt the graphene sheet. Disrupting graphene sheet reduces the 

mechanical properties and electrical conductivity of graphene significantly. 

The second strategy is introducing defects. Defects can be introduced by: (1) removing 

carbon atoms from the graphene; or (2) modifying hexagonal carbon networks into non-

hexagonal ones (e.g. Stone-Wales defects [35]). 

The third strategy is modifying its geometry/size (e.g. graphene nanoribbons, 

buckyballs, carbon nanotubes/nanorods/nanoscrolls) [36, p. 4]. A well-known example is that 

zigzag termination nanoribbons create metallic materials, while armchair termination 

(depending on its width) creates metallic/semiconductor materials [25, p. 5]. 

To wrap up this overview on graphene and its functionalizations, there have been 

excellent reviews on graphene (e.g. a 214-page review [37], a roadmap of graphene [11], 270-

page book [38], graphene as a super material [39]);  functionalizations on graphene (e.g. 59-

page[40] and a 44-page review [41]); and graphene and family of 2D materials [42]. 
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As doping on graphene is a vast subject, the investigation was limited to elemental 

adsorption only. The main reasons are listed as follows : 

1. The elemental adsorption is relatively simpler to simulate than molecular adsorption 

2. The elemental adsorption gives hints to study more complex structures, however 

there might be some subtleties that are overlooked despite its simplicity. 

 

In chemistry, elements are substances that cannot be decomposed into simpler 

substances[21, p. 7]. These elements are summarized in the periodic table of elements. 

Adsorption is adhesion or binding of atoms, ions or molecules (adsorbates) to a surface[21, p. 

590]. It is a Fermi energy matching between the adsorbates and the surface. There are two types 

of adsorption, i.e. physisorption and chemisorption. Physisorption is a weak adsorption due to 

dispersive force, while chemisorption is a strong adsorption that modifies the electronic 

bonding between the adsorbates and the surface significantly (creates new types of electronic 

bonds). Van der Waals force is weak interactions between two atoms/molecules which is 

proportional to  r -6, where r is the distance between these two atoms/molecules[22, p. 345].  

A well-known example of chemisorption is the change of sp2 into sp3 hybridization in graphane 

(fully hydrogenated graphene)[43]. The binding energy for physisorption can be said up to 100 

meV/adsorbate, while energy of chemisorption is in order of eV/adsorbate. As a comparison, 

room temperature is around 26 meV, which is important for the elements with either low 

adsorption or low barrier (migration) energy. Barrier energy is the energy needed for the adatom 

to move/roam on the graphene surface. A well known method in finding barrier energy is 

nudged elastic band (NEB) method[44]. As NEB method is computationally expensive, this 

thesis uses simpler approach to find barrier energy, which is by comparing two energy minima 

in the adatom-graphene system (explained in detail in section 4.4). 
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3.3 Trends on Elemental Adsorption on Graphene from Previous Studies 

The capability of making predictions on the trends in elemental adsorption on graphene 

is very useful in building our understanding towards the more complex cases in adsorption on 

graphene. It also provides useful guidelines for fabricating graphene-based materials with 

novel properties. The most logical way to provide these trends is by following the periodic 

table of elements. Before seeing the previous journal articles, the results from the general 

chemistry (figures 3.S1 – 3.S5 in the supplementary data) are summarized in figure 3.2 [21].  

 

 

Figure 3.2 Some trends in the periodic table of elements. Properties are written at the corners 

with the largest value. 

 

This section is intended to show : (1) some trends of elemental adsorption on graphene 

following the periodic table of elements, (2) the effects of adsorption atomic ratios, based on 

previous experimental and theoretical studies. However, the effects of adsorption atomic ratios 

will be discussed in brief. 

The collected properties include stability (binding energy), the most stable site (bridge, 

hollow, top), adatom height, migration energy (barrier energy for adatom to roam on graphene), 

Fermi energy shift (from pristine graphene), graphene deformation/distortion, magnetization, 

charge transfer (from adatom to graphene) and electronic energy band gap at Fermi energy (Eg) 

(see table 3.1). Eg classifies materials into metals, semiconductors or insulators. The Eg 
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threshold for semiconductors and insulators is set by convention, usually the blue light ( 3.1 

eV). 

Table 3.1 Overall trends/indicators on elemental adsorption on graphene based on previous 

studies. 
 

Property Figure trend/indicator 

Binding energy 3.3 trend 

Most stable site 3.3 trend 

Adatom height 3.4 trend 

Migration energy 3.5 trend 

Charge transfer 3.6 trend 

Graphene distortion/deformation 3.3 indicator 

Fermi energy shift from pristine graphene 3.8 indicator 

Magnetization 3.9 indicator 

Band gap at Fermi energy 3.10 indicator 

 

The base template used is based on Nakada and Ishii’s work (figures 3.3 – 3.6) [45], 

[46]. Nakada and Ishii calculated adsorption energy, migration (barrier) energy and most stable 

site of the absorbed element on zigzag 3  3 graphene supercell (adatom:C = 1:18) using DFT, 

for all elements in the periodic table from hydrogen (H) to bismuth (Bi), except noble gases 

and lanthanides. Although the calculations were done non-magnetically and without 

corrections (e.g. van der Waals and dipole corrections), but it is still valuable to provide the 

landscape of elemental adsorption on graphene. The thresholds in figures 3.3- 3.6, 3.8, 3.9, 

3.S1, 3.S2 and 3.S4 (e.g. 2.00 Å in figure 3.4, 0.10 and 0.50 eV in figure 3.5, 0.00 and 0.50 

electron in figure 3.6) were set arbitrarily to enhance the visualisation. 
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Figure 3.3 Binding energies (eV) of element-adsorbed on zigzag 3  3 graphene supercell. 

Colours indicate the most stable site, with green, red, yellow are bridge, hollow, top sites[45]. 

 
Figure 3.4 Adatom heights (Å) of element-adsorbed on zigzag 3  3 graphene supercell. Red 

is less than 2.00 Å and yellow is more than 2.00 Å [45]. 
 

 
Figure 3.5 Migration energies (eV) of element-adsorbed on zigzag 3  3 graphene supercell. 

Grey, light green and green are less than 0.10 eV, between 0.10 and 0.50 eV, and more than 

0.50 eV [45]. 
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Figure 3.6 Charge transfer from adatom to graphene (number of electrons) of element-adsorbed 

on zigzag 3  3 graphene supercell. Yellow, light green and green are less than 0.00 electron, 

between 0.00 and 0.50 electron, and more than 0.50 electron [46]. Yellow has negative Fermi 

energy shift from pristine graphene, while light green and green have positive Fermi energy 

shift [33]. Fermi energy trend might be proportional to charge transfer trend. 

 

Binding energies (figure 3.3) are qualitatively inversely proportional to adatom heights 

(figure 3.4), proportional to migration energies (figure 3.5), and proportional to the number of 

unpaired valence electrons (figure 3.S5). Charge transfers (figure 3.6) are qualitatively 

inversely proportional to Pauling’s electronegativities with carbon as the reference atom (figure 

3.S1). Positive charge transfer from adatom to graphene signifies n-type doping, and thus 

increases the Fermi energy from the Fermi energy of pristine graphene (positive Fermi energy 

shift) [33]. Despite of not having quantitative data of Fermi energy shifts, charge transfer trend 

is a good indicator of  Fermi energy shift trend, i.e. charge transfer might be qualitatively 

proportional to Fermi energy shift, or at least they have the same sign (positive/negative). 

Graphene distortion is an indicator of the adatom’s presence, which is the average 

displacement of the carbon atoms in the graphene supercell (in Å/carbon atom). Using an 

argument that the stronger binding energy the larger graphene distortion, it can be stated that 

graphene distortion might be qualitatively proportional to binding energy (figure 3.3). But this 

argument demands further verifications/investigations. 
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Most metals (figure 3.S3) are stable at hollow site, most metalloids and nonmetals are 

stable at bridge site, while H and halogens are stable at top site. Anomaly in most stable site 

for Cu, Ag, Pd and Pt (figure 3.3) might be related to the anomaly of electron configurations 

(figure 3.S5). 

Chan et al.[20] calculated some metals (Li, Na, K, Ca, Al, Ga, In, Sn, Ti, Fe, Pd, Au) 

adsorbed on zigzag 4 × 4 graphene supercell (adatom:C = 1:32) using DFT. They included spin 

polarization, van der Waals and dipole corrections. These more accurate calculations supports 

Nakada and Ishii’s results in terms of most stable site, binding energy, adatom height and 

migration energy; but not quite match for charge transfer (figure 3.7). This suggests that 

calculation with spin polarization is important to give the more correct charge transfer. 

 

 

 
Figure 3.7. Comparison of Chan et al. [20] and Nakada and Ishii’s [45], [46] calculations, 

dotted lines are added as a guidance. 
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 Since there is no single study that covers the last two properties (magnetizations and 

band gaps) comprehensively across the periodic table of elements, these properties were 

collected from many papers, as tabulated in table 3.S1 in the supplementary data. Both 

elemental adsorption (adatom on graphene) and substitution/doping (adatom on graphene with 

C atom vacancy(ies)) cases were included.  

Vienna Ab initio Simulation Package (VASP) [47] was used in about half of the data, 

as seen in table 3.S1. This indicates that VASP is one of the popular simulation software. 

Figures 3.8 and 3.9 summarize the data in table 3.S1. These figures, together with table 3.S1, 

do not reflect to the popularity of elements in accordance with adsorption/substitution on 

graphene. These figures are shown as indicators only (not trends), because of the uniqueness 

of experimental conditions, assumptions or theoretical methods in each paper. The farthest 

values from pristine graphene were selected, and the significant figures were set to two. With 

such a limited data, it is seen in figures 3.8 – 3.9, that there is no pattern on magnetizations and 

band gaps. This might mean nonlinearity of elemental adsorbed/doped on graphene on these 

two properties. To see the trends of these three properties and also graphene distortion reliably, 

unified experiments or simulations across the elements are needed.  

 
Figure 3.8 Magnetizations (B) of elemental adsorbed/doped on graphene from previous 

studies. Light green is positive (at < 50 at.%), light yellow is zero (at < 50 at.%), grey is element 

with no data. 
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Figure 3.9 Band gaps at Fermi energy (eV) of elemental adsorbed/doped on graphene from 

previous studies. Light green is positive (at < 50 at.%), green is positive (at ≥ 50 at.%), light 

yellow is zero (at < 50 at.%), yellow is zero (at ≥ 50 at.%), grey is element with no data. 

 

 Atomic ratio of adatom to carbon adds the third dimension into our trends. This not 

only offers richer applications, but also brings more complexity. Different atomic ratios can : 

(1) cause graphene lattice to expand, (2) modify its properties (e.g. band gap, magnetization, 

Fermi energy shift, charge transfer, graphene distortion, DOS). A well-known example is 

fluorographene (fully fluorinated graphene) expands the graphene cell lattice constant of  0.13 

Å and opens a band gap of  3.00 eV [48]. Adatom size/mass compared to carbon size/mass 

also plays significant role, as it dictates the maximum possible atomic ratio (see figure 3.S4). 

Huang et al. found nonlinearity of the band gap on graphene with adsorbed O at atomic 

ratio of O/C of less than 30 at.% [49]. This nonlinearity appears to be due to the positions of 

the adatoms relative to one another. This suggests that the electronic structure of elemental 

adsorption on graphene is affected not only by side of adsorption (single- or double-sided) and 

site of adsorption  (bridge, hollow or top), but also to the relative orientation of the adsorbed 

sites. 

Furthermore in the dynamics domain, varying the atomic ratio or applying external 

constraints (e.g. voltage bias) may exhibit properties with hysteresis characteristics, especially 

in dealing with magnetization or charge transfer [50]. This definitely opens a wide area of 
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adatom interaction and migration energy. Migration energy has big role in this dynamic 

domain, as it determines the fluidity of the adatoms to arrange themselves to obtain the lowest 

energy. So depositing and removing adatoms may follow different route. This might even lead 

to irreversible process. But this is also a prospect for further investigation. 

In the experimental side, Pi et al. reported that Pt doping on graphene can produce n-

type or weakly p-type doping at high coverage [51]. While at low coverage, it is expected that 

Pt exhibits n-type doping. This shows the complexity of the effects of atomic ratio, where 

dopant-dopant interaction is strong. 

The elemental adsorption on graphene looks like the simplest problem among the 

simulation studies in adsorption on graphene. However, not much data can be collected (see 

greyed elements in figures 3.8 and 3.9). Firstly, this is due to prominent challenge in the 

experimental side, as advance techniques (e.g. scanning tunnelling microscopy (STM)) must 

be used. Secondly, although elemental adsorption can give hints to study more complex 

structures, however, information on elemental adsorption might not reflect the molecular 

counterpart due to some nonlinearities (e.g.adatom-adatom interaction). Thirdly, despite its 

simplicity, there might be some subtleties that are overlooked in the study of elemental 

adsorption on graphene. As mentioned above, during this review, a problem was noticed, i.e. 

adsorption orientation. Adsorption orientation is the position of adatom relative to one another 

and also relative to graphene.  

Finally, adatom-graphene systems likely have more applications, if they attain : 

1. large binding energy (stronger adatom-graphene interaction), 

2. smaller adatom height, as adatom height is inversely proportional to binding energy, 

3. large migration energy (adatom does not roam easily on graphene), 

4. similar/smaller/lighter adatom size/mass compared to C size/mass, as this reduces the 

graphene deformation, 
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5. small graphene deformation, as this may retain the remarkable properties of pristine 

graphene, 

6. non zero band gap at Fermi energy (for semiconductor or insulator applications), 

7. easily tuned properties (e.g. by varying its atomic ratio). 

 

3.4 Summary 

In summary, many studies predominately examine three (high symmetry) sites, i.e. 

bridge, hollow, top. The most used simulation software in this literature review is Vienna Ab 

initio Simulation Package (VASP)[47], as discussed in sections 4.2 and 4.3 in this thesis. 

Adatom height is inversely proportional to binding energy. Pauling’s electronegativity gives 

good indicator for charge transfer. Spin polarization is important for charge transfer calculation. 

Beside adatom’s electron valence, adatom size/mass compared to carbon atom size/mass affect 

the properties of the adsorption. Finally, the trends on elemental adsorption on graphene based 

on previous studies, especially for lower atomic ratios, are summarized in figure 3.10.  

It is clearly seen that there are still many challenges and opportunities to investigate the 

electronic structures of this elemental adsorption on graphene (e.g. increasing the accuracy and 

predictability, adding the trends of some other properties) across the periodic table of elements 

in three dimensions, i.e. by : period, group and atomic ratio. Investigations were started by 

performing spin-polarized calculations, and then quantifying Fermi energy shift, graphene 

distortion, magnetization, and band gap, to convert these indicators into trends. The subsequent 

chapters in this thesis address some of those challenges and opportunities. 
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Figure 3.10 Some trends and indicators on elemental adsorption on graphene in the periodic 

table of elements. Properties are written at the corners with the largest value. Indicators need 

further verifications/investigations. 

 

3.5 Supplementary Data 

 

Table 3.S1 Magnetizations and band gaps of elemental adsorbed/doped on graphene from 

previous studies. Atomic ratios are printed in parenthesis. 
 

 Magnetization (B) Band gap# (eV) 

H 
0 (2:2)~ [52] 

0.48 (1:98)~ [53] 
3.42 (2:2)~ [54] 

Li 
0.00 (1:32)~ [20] 

0.0 (1:72)~ [55] 
0.41 (1:6) [56] 

Be   

B 
0.00 (1:49)~ [57] 

0.00 (1:71) [58] 

0.14 (1:49)~ [57] 

0.14 (1:49) – 0.72 (6:44)~ [59] 

0.54 (14 at.%)* [60] 

C   

N 

0.00 (1:49)~ [57] 

0.00 (1:71) [58] 

0.71 (1:98)~ [53] 

0.14 (1:49)~ [57] 

0.14 (1:49) – 0.72 (6:44)~ [59] 

0.2 (0.4 at.%) [61] 

O 0.00 (1:49)~ [57] 

 3.004 (2:4)~ [49] 

0.52 (1:31) [62] 

0.5 (1:49)~ [57] 

3.39 (1:2) [63] 

F 0.71 (1:49)~ [57] 2.96 (2:2)~ [54] 

Charge transfer from graphene to adatom, 
Fermi energy shift decrease 
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2.93 (2:8) [48] 

Na 
0.27 (1:32)~ [20] 

0.0 (1:72)~ [55] 
 

Mg 0.0 (1:72)~ [55]  

Al 

0.00 (1:32)~ [20] 

0.0 (1:72)~ [55] 

0.00 (1:71) [58] 

metallic (1:31 to 1:127) [64] 

Si 

0.27 (1:8)~ [65] 

1.02 (1:32)~ [65] 

1.74 (1:72)~ [66] 

0 (1:32)~ [67] 

0.00 (1:71) [58] 

0.00 (1:31) [64] 

0.08 (1:71) [64] 

2.02 (1:1) [68] 

2.13 (1:1) [69] 

P 

1 (1:31 to 1:127) [64] 

1 (1:31 to 1:241) [70] 

1.05 (1:71) [58] 

0.20 (1:98)~ [53] 

0.67 (1:31) [64] 

0.14 (1:71) [64] 

0.50 (1:127) [70] 

S 0 (1:31 to 1:241) [70] 

0.57 (1:31) [64] 

0.01 (1:71) [64] 

0.80 (1:31) [70] 

Cl  
1.21 (2:2) bonding~ [54] 

0.00 (2:2) non-bonding~ [71] 

K 
0.17 (1:32)~ [20] 

0.0 (1:72)~ [55] 
 

Ca 

1.04 (1:32)~ [20] 

0.0 (1:72)~ [55] 

1.06 (1:32)~ [72] 

 

Sc 2.35 (1:24) [73]  

Ti 
3.41 (1:32)~ [20] 

3.18 (1:24) [73] 
 

V 
4.5 (1:72)~ [55] 

4.88 (1:24) [73] 
 

Cr 

5.6 (1:72)~ [55] 

6 (1:24) [73] 

2.00 (1:71) [58] 

 

Mn 

5.8 (1:72)~ [55] 

5.62 (1:32) [74] 

5 (1:24) [73] 

3.00 (1:71) [58] 

 

Fe 

2.03 (1:32)~ [20] 

2.0 (1:72)~ [55] 

2.20 (1:32) [74] 

2 (1:24) [73] 

0.54 (1:31) [62] 

Co 

1.0 (1:72)~ [55] 

1.10 (1:32) [74] 

1.44 (1:24) [73] 

 

Ni 
0.0 (1:72)~ [55] 

0 (1:24) [73] 
 

Cu 

1.0 (1:72)~ [55] 

0.89 (1:50)~ [75] 

1 (1:24) [73] 

metallic (1:50)~ [75] 
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Zn 0 (1:24) [73] 0.03 (1:31) [62] 

Ga 0.0 (1:32)~ [20]  

Ge 

0.63 (1:8)~ [65] 

1.51 (1:32)~ [65] 

1.25 (1:32), 0 (1:31)~ [76] 

1.86 (1:1) [69] 

As  0.62 (1:31) [62] 

Se  0.54 (1:31) [62] 

Br  0.00 (2:2) non-bonding~ [71] 

Rb, Sr, Y, Zr, Nb   

Mo 
2 (1:31)~ [77] 

0 (1:24) [73] 
 

Tc, Ru, Rh   

Pd 

0.00 (1:32)~ [20] 

0.0 (1:72)~ [55] 

0 (1:24) [73] 

 

Ag 
1.0 (1:72)~ [55] 

1 (1:24) [73] 
 

Cd  0.11 (1:31) [62] 

In 
0.00 (1:32)~ [20] 

0.0 (1:72)~ [55] 
0.49 (1:31) [62] 

Sn 1.81 (1:32)~ [20] 
0.60 (1:31) [62] 

0.82 (1:1) [69] 

Sb  0.49 (1:31) [62] 

Te   

I  
0.46 (1:31) [62] 

0.00 (2:2) non-bonding~ [71] 

Cs, Ba, La, Hf,  

Ta, W, Re, Os, Ir 
  

Pt 
0.0 (1:72)~ [55] 

0 (1:24) [73] 
 

Au 

0.96 (1:32)~ [20] 

1.0 (1:72)~ [55] 

1 (1:24) [73] 

 

Hg  0.03 (1:31) [62] 

Tl   

Pb 1.8 (1:72)~ [55] 0.30 (1:31) [62] 

Bi, Po, At   
 

# Electronic energy band gap at Fermi energy. 

* Experimental study. 

~ Calculation software used was Vienna Ab initio Simulation Package (VASP). 
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Figure 3.S1 Pauling’s electronegativities. Light blue, green, yellow and pink are less than 1.5, 

between 1.5 and 1.9,  between 2.0 and 2.9, and more than 2.9 [21, p. 299]. 

 
Figure 3.S2 First ionization energies (eV). Light blue, yellow and pink are less than 7.00 eV, 

between 0.70 and 10.00 eV, and more than 10.00 eV [21, p. 261]. 
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Figure 3.S3 Metallic characters. Orange, blue and green are metals, metalloids and nonmetals 

[21, p. 265]. 
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Figure 3.S4 Atomic radii (Å). Pink, yellow and red are less than 1 Å, between 1 and 1.5 Å, and 

more than 1.5 Å [21, p. 255]. 

 
Figure 3.S5. Number of unpaired valence electrons, green is anomalous electron configuration 

[21, p. 236]. 

 

A manuscript based on the major research outcomes of this chapter was 

submitted in : 

 

H. Widjaja, Z.-T. Jiang, and M. Altarawneh, “Trends on elemental adsorption on 

graphene,” Can. J. Phys., vol. 94, no. 5, pp. 437-447, 2016. (This is publication 

[4] in the List of Publications) 
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CHAPTER FOUR 

COMPUTATIONAL METHODS 

 

Computational method is a method of solving problems using computers. Computers 

are general computational machines that are programmed and configured to do algorithmic and 

repetitive tasks. Computers are essential for this thesis, as the numerical problems in this thesis 

are highly algorithmic and repetitive. This chapter discusses about : 

1. The computational strategies of elemental adsorbed on graphene using DFT method,  

2. The description of the simulation software, and 

3. The geometry of elemental adsorption on graphene. 

 

4.1 Computational Strategies 

The computational strategies used in this thesis are to: (1) minimize the number of cases 

to calculate, (2) utilise parallel computation, (3) optimise the calculations within DFT, (4) do 

convergence tests, and (5) conduct calculations in stages. 

The first strategy is to minimize the number of cases to calculate. This is done using 

geometrical analysis of elemental adsorption on graphene, which is elaborated in section 4.3. 

The second strategy is to utilise parallel computation. Researchers in computational 

chemistry favours time efficiency over hardware/infrastructure expenses, so parallel 

computation is highly desirable. Parallel computations transform calculations from time 

domain into space domain. Adding hardware, optimising parallel architecture and 

multithreading are some of the parallel computation strategies. Adding hardware includes 

adding computers, processors/computer, cores/processor, RAM (Random Access Memory), 

solid state drives and networks. Optimising parallel architecture is the strategy to interconnect 
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hardware to deliver the best performances. While multithreading is managing multiple tasks 

running on a single hardware simultaneously.  

The third strategy is to optimise the calculations within DFT itself. This includes the 

selection of the simulation software, basis set, pseudopotential, exchange-correlation potential 

and various corrections (e.g. van der Waals, dipole corrections). This matter is discussed in 

section 4.2. 

The fourth strategy is to do convergence tests. Every calculations that involve 

approximations must have some parameters. These parameters must be tuned against the 

convergence of the results. As an example is the calculation of  single isolated atom in a 

periodic potential. This atom must be put in a relatively large empty cube such that the potential 

at the sides of the cube is very small, thus there is no interaction between atoms in the adjacent 

unit cells. For this case, tuning must be done to obtain the smallest cube sides and the 

convergence of energy simultaneously. This matter is discussed in appendix A.1 (POSCAR and 

KPOINTS) and appendix A.2. 

The fifth strategy is, to increase the productivity and the effectiveness of this research, 

the calculations are conducted in stages. In the initial stage, the least expensive method is used, 

which is fast but less accurate. The result of the initial stage is fed to the next stage, where a 

more expensive and slower, but more accurate method is used. This process is iterated until the 

desired accuracy is reached. This matter is discussed in appendix A.1 (KPOINTS). 

 

4.2 Simulation Software 

There are many computational simulation software that are based on DFT. Some 

examples include Abinit[78], Amsterdam Density Functional (ADF)[79], Gaussian[80] with 

GaussView[81], NWChem[82], Orca[83], Quantum Espresso[84], SIESTA[85] and Vienna Ab 

initio Simulation Package (VASP)[47].  
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Subsequent to comprehensive literature review (see table 3.S1) and trials on these 

simulation software, in relation to the elemental adsorption on graphene, and the availability 

(in the supercomputer), VASP  was selected. VASP supports all features needed in this thesis, 

and is in conjunction with the Surface Analysis and Materials Engineering Research Group 

(SAMERG) direction. 

 Kresse et al. [47, p. 1] defined “VASP is a complex package for performing ab initio 

quantum mechanical molecular dynamics (MD) simulations using pseudopotentials or the 

projector-augmented wave method and a plane wave basis set.” This thesis relies heavily on 

this software at version 5.3.3. The details of files and parameters in VASP are discussed in 

appendix A. In regard to pseudopotential, as VASP development team has stopped maintaining 

ultrasoft pseudopotential [86], and strongly recommends projector-augmented wave (PAW) 

[87], we have used PAW throughout all our calculations. 

 Also in conjunction with the Surface Analysis and Materials Engineering Research 

Group (SAMERG) direction, GGA approximation was selected and successfully tested on the 

materials prepared and characterized by SAMERG: i.e. Si and SiO2 [4], CuxCo3-xO4 (spinel) 

[5], and NixCr1-xN [6], as mentioned in section 1.2.  

 Furthermore, specific to our case (adsorption on graphene), two corrections were 

applied to improve the accuracy, i.e. van der Waals and dipole correction. Grimme D2 method  

[88] has been used for van der Waals correction, as this method is available in VASP version 

5.3.3 and computationally cheap. This helps improving the results of weak adsorption 

(physisorp) cases [58]. For Van der Waals corrections in our calculations, default parameters 

and default atomic parameters are used. The default parameters are pair interaction cut off 

radius (30 Å), global scaling factor S6 (0.75 Å) and damping length (20 Å). While the default 

atomic parameters are C6 (Joule.nanometer6/mol) and R0 (Å) from Grimme. This method 

covers elements from hydrogen to iodine only. 
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The second correction is dipole correction along the Z-direction. Adatom-graphene 

systems create dipole along the z-direction, and these dipoles interact with one another in the 

repeating unit cells (which is also in z-direction). As this is unwanted interaction, so dipole 

correction is applied. 

The last strategy that is used in this thesis is smearing. Smearing is  needed to simplify 

the difficulty (inefficiency) in integrating discontinuous function numerically. There is 

discontinuity at Fermi energy in typical DOS curve of metals (figure 4.1a). Smearing 

smoothens this abrupt change in the DOS curve (figure 4.2b). Gaussian smearing with the 

default broadening of 0.2 eV is used in this thesis. 

 
  (a)          (b) 

Figure 4.1 Typical density of states (DOS) curve of (a) metals, (b) semiconductors/insulators. 

EF is Fermi energy. Yellow is filled states. 

 
  (a)          (b) 

Figure 4.2 (a) Original density of states (DOS), difficult to integrate numerically, (b) smearing 

is applied at EF, easy to integrate numerically. EF is Fermi energy. Yellow is filled states. 

 

4.3 The Geometry of Elemental Adsorption on Graphene 

  Chapters 5 to 8 share common geometrical analysis that is unified in this section. 
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stable adatom position correctly. To find the most stable configuration, it is necessary to 

examine all possible positions. But unfortunately, this is not practical to do, as the number of 

cases will be unlimited. In this regard, two factors appear to play an important role, namely, 

atomic percent (at.%) and atomic ratio, e.g. a 50 at.% has multiple atomic ratios (1:2, 2:4, 3:6, 

4:8, …). A famous example is fluorinated (F-adsorbed) graphene at 25 at.% cannot be 

explained using the simplest atomic ratio (1:4), but rather 2:8 (see Figure 4.4) [48]. In this 

thesis, adatoms are assumed to be uniformly distributed throughout the graphene.  

  We are interested in zigzag 2 × 2 and armchair 2 × 3 supercells (Figure 4.5), as they 

give identical atomic ratio, but with totally different adsorption configuration. Many studies 

predominately examine three sites, i.e., bridge, hollow and top (see figure 4.5a). Actually, the 

orientation (i.e. zigzag or armchair) of the absorbed element needs to be considered as well, as 

the combination of sites and orientations gives distinct structural information. We define 

orientation as the position of adatom relative to one another and also relative to graphene. This 

aspect is surprisingly overlooked (or very marginally discussed) by many previous studies and, 

as such, it is vital that this facet should be explored to cover the remaining knowledge gaps 

pertaining to adatom-adsorbed graphene systems. 

 

Figure 4.3 Graphene cell/supercells (number of C atoms in a unit cell, maximum adatom 

radius):(a) zigzag 1 × 1 (2,  1.23 Å), (b) zigzag 2 × 1 (4, 1.23 Å), (c) zigzag 3 × 3 (6, 

2.13 Å), (d) zigzag 3 × 1 (6, 1.23 Å),(e) zigzag 2 × 2 (8, 2.46 Å), (f) armchair 2 × 3 (8, 

2.13 Å), (g) zigzag 4 × 1 (8, 1.23 Å). 

 1 

                      (a)       (b)            (c)               (d) 2 

 3 

 4 

         (e)                 (f)                                     (g) 5 
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Figure 4.4 Most stable configuration of single-sided fluorinated graphene of 25 at.%, red 

spheres are F atoms, grey spheres are C atoms, and big red circles are added to guide the 

eyes[48].  

 

  It’s understood that any non-zigzag graphene supercells  (armchairs/slants) can be 

represented by larger zigzag graphene supercells with the origin O(0,0) translated/rotated (see 

figure 4.6) and vice versa. However, in this study, we use armchair graphene supercell, as it is 

the simplest case to track the effects of the orientation. This section highlights two things, i.e. 

bridge cases and adatom-adatom interaction. 

 

(a)                                                                   (b) 

Figure 4.5 Schematic diagrams of adsorption on the graphene supercells for 1:8 atomic ratio, 

(a) zigzag 2 × 2  and (b) armchair 2 × 3. O(0,0) is origin. B, H, T, z, a are bridge, hollow, top, 

zigzag and armchair. 
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       (a)      (b) 

Figure 4.6 Equivalency of graphene supercells, (a) armchair 1 × 3 (red) is equivalent to zigzag 

2 × 2 (blue), (b) slant 3 × 7 (red) is equivalent to zigzag 9 × 9 (blue).  

 

4.3.1 Bridge Cases 

In accordance with this orientation aspect, on the purely geometrical analysis, bridge 

cases in graphene adsorption are interesting. Changing the orientation from zigzag 2 × 2 to 

armchair 2 × 3, breaks the one bridge case (Bz) into three bridge cases (Ba1,  Ba2 and Ba3) (see 

figure 4.5). However,  positions Ba1 and Ba3 are mirror images of each other (see figure 4.7), so 

the calculation results for positions Ba1 and Ba3 are expected to be identical. 

Figure 4.7 Ba1 and Ba3 adsorption position on graphene are mirror images of each other. Shading 

is to guide the eyes. 

 

Further examination on larger supercells, changing orientation from zigzag 3 × 3 to 

slant 3 × 7, breaks the one bridge case (Bz) into three bridge cases (Bs1, Bs2 and Bs3) (see figure 

4.8). Changing the orientation from zigzag 4 × 4 to slant 4 × 13, also breaks the one bridge 

case (Bz) into three bridge cases (Bs1, Bs2 and Bs3) (see figure 4.9). In general, changing from 

zigzag to armchair orientation, breaks one bridge case (Bz) into two bridge cases (Ba1 and Ba2), 

and changing from zigzag to slant orientation, breaks one bridge case (Bz) into three bridge 
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cases (Bs1, Bs2 and Bs3). So the number of adsorption cases on bridge site depends on the adatom 

orientation, and this does not happen in top or hollow cases. 

Although it’s expected that the orientation effects for elements are very minimal for 

graphene supercells larger than zigzag  3 × 3, but for completeness, the supercell angles and 

the angle differences between supercells are displayed in figures 4.8 to 4.11. These larger 

supercells are expected to have effects on molecules or compounds. 

 

   Bz                       Ba1, Ba2 

Figure 4.8 Bridge cases on zigzag 2 × 2 (Bz) and armchair 2 × 3 (Ba1, Ba2) (3 unique positions). 

 

 

        Bz         Bs1, Bs2, Bs3 

Figure 4.9 Bridge cases on zigzag 3 × 3  (Bz), slant 3 × 7 (Bs1, Bs2, Bs3) and mirror of slant 3 

× 7 (4 unique positions). 

 

   Bz              Bs1, Bs2, Bs3                 Ba1, Ba2 

Figure 4.10 Bridge cases on zigzag 4 × 4 (Bz), slant 4 × 13 (Bs1, Bs2, Bs3) and armchair 4 × 

23 (Ba1, Ba2) (6 unique positions). 
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  Bz     Bs1-1, Bs1-2, Bs1-3  Bs2-1, Bs2-2, Bs2-3 

Figure 4.11 Bridge cases on zigzag 5 × 5 (Bz), slant1 5 × 21 (Bs1-1, Bs1-2, Bs1-3), slant2 5 × 19 

(Bs2-1, Bs2-2, Bs2-3) and mirror of slant2 (7 unique positions). 
 

4.3.2 Adatom-adatom Interaction 

Orientation aspect becomes important if the adatom-adatom interaction is not small. 

This interaction is represented by its binding energy, as if the graphene were removed from the 

adatom-adsorbed graphene system. It is expected that the interaction is quite strong at small 

supercells, but diminishes at larger supercells. At larger supercells, the adatom is unaware of 

the presence of other adatoms.  

As an example, there is interaction difference between zigzag 2 × 2 and armchair 2 × 

3, due to the different adatom’s nearest neighbours (see figure 4.12). On zigzag 2 × 2, there 

are 6 nearest neighbours of r in distance; while on armchair 2 × 3, there are 2 nearest 

neighbours of r in distance, 2 of √3𝑟 2⁄  and 4 of √7𝑟 2⁄ . 

 

(a)                                                                          (b) 

Figure 4.12. Adatom’s nearest neighbours, (a) zigzag 2 × 2 and (b) armchair 2 × 3, r = 4.936 

Å. 
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In conclusion, the effects of adsorption site and orientation begin at small graphene 

cell/supercells and end when the adatom-adatom interaction is very small. Secondly, the 

number of adsorption cases on bridge site depends on the adatom orientation.  

Armed with the trends of elemental adsorption on graphene (see figure 3.10 in Chapter 

3), we studied the effects of the orientation as presented in subsequent chapters. Figure 4.13 

shows the scope of work for this thesis. The general trends of the elemental adsorption on 

graphene have been recalculated, and are shown in section 4.4 (supplementary data). In 

particular, we would like to see the orientation effects in three dimensions across the periodic 

table of elements : (1) one period (period 3 elements which are Na, Mg, Al, Si, P, S, Cl), (2) 

one group (halogens which are F, Cl, Br, I), and (3) low to high at.% (F, Cl). 

 

Figure 4.13 Elements-adsorbed graphene inspected in this thesis. Light blue is at 5.6 at.% 

(single-sided adsorption, no orientation), green is between 5.6 and 16.7 at.% (single-sided 

adsorption, with orientation), and pink is between 11.1 and 100 at.% (double-sided adsorption, 

with orientation). 

 

 

4.4 Supplementary Data 

Calculations were performed using the plane-wave DFT code of VASP (Vienna Ab 

initio Simulation Package)[47]. Calculation methodology consists of spin-polarized PAW-

GGA functional [89], van der Waals correction by Grimme (D2) [88] method (for elements H 

to I), dipole corrections, and a Gaussian smearing. To ensure convergence results, we set the 

plane wave cut off energy of 500 eV, a tolerance of 0.1 meV for energy and less than 0.05 eV/ 
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Å for forces on each atoms. Zigzag 3  3 graphene supercell was selected because of this 

supercell is relatively small, however it still accommodates the largest element in our 

calculations, i.e. Cs atom. 

The binding energy, adatom height, band gap, Fermi energy, charge transfer, 

magnetization and density of states (DOS) were calculated for all the cases. Binding energy E 

is calculated using equation: 

 

E = Egraphene + Eadatoms – Eadatoms-graphene system     (4.S1) 

 

where Egraphene denotes the energy of the pristine graphene, Eadatoms signifies the energy of the 

adatoms and Eadatoms-graphene system is the total energy of the adatoms and graphene after the 

adatom is attached to the graphene. For each element, three binding energies based on the 

adsorption site were computed, i.e. Ebridge, Ehollow and Etop. These three energies were sorted in 

descending order into Ehigh, Emiddle and Elow. Migration energy is the difference between the 

highest (Ehigh) and the second highest (Emiddle) binding energy. In this analysis, the band gap is 

determined from the DOS [90, p. 214] analysis, i.e. zero DOS at Fermi energy. Zero DOS at 

Fermi energy signifies that the material is a semiconductor or insulator. Adatom height (Å) is 

the difference between adatom’s z-coordinate and the average of z-coordinates of C atoms. The 

graphene distortion is an indicator of the adatom’s presence, which is the total displacement 

(in Å) of the C atoms in the graphene supercells.  

While total charge is the sum of total spin-up and spin-down, magnetization (in Bohr 

magneton or B) is defined as the difference between total spin up and total spin down of the 

DOS at the Fermi energy level. Charge transfer is expressed as the scalar quantity charge 

transferred from adatom to graphene. Positive charge transfer indicates that charge is 

transferred from adatom to graphene and vice versa. Charge transfer has been estimated via the 

Bader methodology [91]. Calculation results are shown in Figs. 4.S1 – 4.S8. Furthermore, the 

thresholds in all figures (e.g. 2.00 Å in figure 4.S2, 0.10 and 0.50 eV in figure 4.S3, 0.00 and 
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0.50 electron in figure 4.S4) were set arbitrarily to enhance the visualisation. There is no band 

gap opening for all recalculation results as indicated by DOS. Figure 4.S8 shows DOS for some 

elements. 

 

 
Figure 4.S1 Binding energies (eV) of element-adsorbed on zigzag 3  3 graphene supercell. 

Colours indicate the most stable site, with green, red, yellow are bridge, hollow, top sites. Cyan 

is site-independent adsorption. Blue elements are unstable adsorption. 

 
Figure 4.S2 Adatom heights (Å) of element-adsorbed on zigzag 3  3 graphene supercell. Red 

is less than 2.00 Å and yellow is more than 2.00 Å. Blue elements are unstable adsorption. 
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Figure 4.S3 Migration energies (eV) of element-adsorbed on zigzag 3  3 graphene supercell. 

Grey, light green and green are less than 0.10 eV, between 0.10 and 0.50 eV, and more than 

0.50 eV. Blue elements are unstable adsorption. 

 

Figure 4.S4 Charge transfer from adatom to graphene (number of electrons) of element-

adsorbed on zigzag 3  3 graphene supercell. Yellow, light green and green are less than 0.00 

electron, between 0.00 and 0.50 electron, and more than 0.50 electron. Blue elements are 

unstable adsorption. 

 

Figure 4.S5 Graphene distortions (Å). Light green is less than 0.40 Å and green is more than 

0.40 Å. Blue elements are unstable adsorption. 
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Figure 4.S6 Fermi energy shifts from pristine graphene (eV). Yellow, light green and green are 

less than 0.00 eV, between 0.00 and 0.50 eV, and more than 0.50 eV. Blue elements are unstable 

adsorption. 

 

 
Figure 4.S7 Magnetizations (B) of elemental adsorbed/doped on graphene. Light green is 

positive (at < 50 at.%), light yellow is zero (at < 50 at.%). Blue elements are unstable 

adsorption. 
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Figure 4.S8. Our calculation on density of states (DOS) (total spin) from H- to Cl-adsorbed 

graphene. 0.0 eV is Fermi energy. The blue area denotes zero DOS. 

 

 
Figure 4.S9 Some trends on elemental adsorption on graphene in the periodic table of elements. 

Properties are written at the corners with the largest value. 
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CHAPTER FIVE 

ALUMINIUM AND SILICON ADSORPTION ON GRAPHENE 

 

5.1 Introduction 

  The calculation procedure developed in chapters 1 to 4 was firstly applied to two 

elements, i.e. aluminium and silicon at 1:8 atomic ratio, as a case of metal (Al) and metalloid 

(Si). 

  There are many studies conducted on elemental adsorption on graphene, such as H[43], 

[92]; Be[93]; O[49], [63], [94]–[96]; F[92], [97]; Si[65]–[67]; Na[98]; Mg[99], [100]; Cl[54], 

[92]; noble gases[101]; Ca[72]; Ni[102]; Ge[76]; and other metallic elements [20], [103]–

[105]. Nakada and Ishii calculated adsorption energy, migration (barrier) energy and most 

stable site of the adsorbed atom on graphene nonmagnetically, for elements ranging from 

hydrogen (H) to bismuth (Bi), except the noble gases and lanthanides[45], [46]. Before 

calculating the electronic properties of graphene with adsorbed elements, it is essential to 

determine the most stable adatom position correctly. Adatoms are assumed to be adsorbed on 

one side of the graphene and uniformly distributed throughout the graphene. Many studies 

predominately examine three sites, i.e., bridge, hollow and top. This is only correct for 

adatom/graphene atomic ratio of 50% or more. For lower atomic ratio, the orientation (i.e. 

zigzag or armchair) of the adsorbed element needs to be considered as well, as the combination 

of sites and orientations gives distinct structural information. We define orientation as the 

position of adatom relative to one another and also relative to graphene. This aspect is 

surprisingly overlooked (or very marginally discussed) by many previous studies and, as such, 

it is vital that this facet should be explored to cover the remaining knowledge gaps pertaining 

to metal-adsorbed graphene systems.  
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To enhance our understanding of the effects of the orientation of elements adsorbed on 

graphene, a calculation procedure was developed in the present study to investigate the binding 

energy, Fermi energy, band gap, magnetization, density of states (DOS) and charge transfer in 

terms of site and orientation. Two elements, Al and Si, were selected for this study due to their 

contrasting properties. Firstly, Al is a metallic element with an odd number of electrons, while 

Si is a metalloid element and has an even number of electrons. Secondly, referring to Nakada 

and Ishii’s work[45], Al and Si, with atomic ratio < 50% adsorption, are stable at different sites 

and are adsorbed relatively weakly (physisorbed) on graphene, thus they do not disrupt the 

graphene structure significantly. Furthermore, the study of Al adsorbed on graphene can serve 

as a case for graphene-metal contact which is essential for applying graphene in 

electronic/mechanical devices [106]–[108]. Whilst the study of Si adsorbed on graphene can 

loosely be related to the study of graphene growth on SiC[29]. Graphene grown on SiC shows 

promise for wafer-scale production commercially[30], large-scale patterning[31] and 

integration with current silicon technology in electronics industry[32]. These aspects make 

adsorbed Al or Si on graphene an ideal system to study by first-principles electronic structure 

calculation using density functional theory (DFT) simulation.  

This study shows that low atomic adsorption of adatom (Al/Si:C = 1:8) on graphene at 

specified site and orientation does affect the binding energy, DOS and magnetization properties 

of the doped graphene. High density micro-scale circuits/devices based on doped graphene 

sheets may have their overall electronic properties altered even for low adsorbed adatom atomic 

ratio. 

 

5.2 Methods 

The calculations were performed using the DFT framework[2], plane-wave method 

with spin polarization, Perdew-Burke-Wang generalized gradient approximation (GGA) 
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exchange-correlation functional [89] and projector augmented wave (PAW) 

pseudopotential[87]. Version 5.3.3 of the VASP set of programs was used for the DFT 

calculations[109]. The effects of adsorption site and orientation begin when atomic ratios are 

below 50 % and end when the adatom-adatom interaction is very small. In this study, only 2 × 

2 and 2 × 3 graphene supercells (figures 5.1e and 5.1f) were used to observe the effect of 

orientation. In fact, there are three graphene supercells that create atomic ratio of one adatom 

for every eight carbon atoms (12.5%), i.e. 2 × 2, 2 × 3 and 4 × 1 (figures 5.1e, 5.1f and 5.1g). 

However, the 4 × 1 graphene supercell is too narrow in size thus creating very strong adatom-

adatom interaction. 

 

 

Figure 5.1 Graphene cell/supercells (adsorption atomic ratio, maximum adatom radius): 

(a) zigzag 1 × 1 (50%,  1.23 Å), (b) zigzag 2 × 1 (25%, 1.23 Å),  

(c) zigzag 3 × 3 (16.7%, 2.13 Å), (d) zigzag 3 × 1 (16.7%, 1.23 Å), 

(e) zigzag 2 × 2 (12.5%, 2.46 Å), (f) armchair 2 × 3 (12.5%, 2.13 Å), 

(g) zigzag 4 × 1 (12.5%, 1.23 Å). 
 

One adatom (Al or Si) was placed on these supercells. The calculations include (i) 3 

adatom sites: bridge (B), hollow (H) and top (T); and (ii) 2 orientation directions: zigzag (z) 

and armchair (a), with an initial adatom height of 2 Å. These sites and orientations are 

summarized in table 5.1. All the H  and T cases can be represented by one position for zigzag 

 1 

                      (a)       (b)            (c)               (d) 2 

 3 

 4 

         (e)                 (f)                                     (g) 5 
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orientation (Hz and Tz) and one position for armchair orientation (Ha and Ta), while all the B 

cases can be represented by one position for zigzag orientation (Bz) and three positions for 

armchair orientation (Ba1, Ba2, Ba3). The lattice parameters were fixed at 4.936 Å  4.936 Å for 

the zigzag 2 × 2 graphene supercell and 4.936 Å  4.275 Å for the armchair 2 × 3 graphene 

supercell, as shown in figure 5.2. At this low adsorption atomic ratio, graphene lattice 

parameters do not change significantly. The distance between two graphene sheets was also 

fixed to 15 Å. 

 

Table 5.1 Sites and orientations for elemental adsorbed graphene for 2 × 2 and 2 × 3 

supercells. 

 

Site B B B B H H T T 

Orientation z a1 a2 a3 z a z a 

Site/orientation 

(position) 
Bz Ba1 Ba2 Ba3 Hz Ha Tz Ta 

Graphene 

supercell  

zigzag 

2 × 2 

armchair 

2 × 3 

armchair 

2 × 3 

armchair 

2 × 3 

zigzag 

2 × 2 

armchair 

2 × 3 

zigzag 

2 × 2 

armchair 

2 × 3 

 

Huang et al. [49] found nonlinearity of the band gap with O-adsorbed on graphene at 

atomic ratio of O of less than 30%. This nonlinearity appears to be due to the positions of the 

adatoms relative to one another. For this O case (1:8 ratio) the most stable position is Ba2. 

Symmetry suggests that there are 8 distinct adsorption positions (Bz, Ba1, Ba2, Ba3, Hz, Ha, Tz, 

Ta) for the 2 × 2 and 2 × 3 graphene supercells. The 8 distinct adsorption positions are 

summarized in the schematic diagrams of figure 5.3. The origin in the real space is set at the 

bottom left corner of each supercell, marked with O (0, 0). These schematic diagrams and the 

origin in real space are not unique, but chosen for the simulation. The initial atomic positions 

are translated from figure 5.3 into table 5.S1 in the supplementary data. However, positions Ba1 

and Ba3 are mirror images of each other and are shown in figure 4.7. The calculation results for 
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these positions are expected to be identical, so only 7 unique adatom positions were considered 

in this study (Bz, Ba1, Ba2, Hz, Ha, Tz, Ta). 

 

Figure 5.2 The 2  2 and 2 × 3 graphene supercells, with 3 sites (8 adatom positions, see table 

5.1): bridge (Bz, Ba1, Ba2, Ba3), hollow (Hz, Ha) and top (Tz, Ta). 
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Figure 5.3 Schematic diagrams of adsorption on the graphene supercells for 1:8 atomic ratio, 

(a) zigzag 2 × 2  and (b) armchair 2 × 3. O(0,0) is origin. 4 × 1 graphene supercell is excluded. 

 

As the supercells in this study are relatively small, adatom-adatom interaction is 

present. The calculations were carried out in four stages: (1) adatom and pristine graphene 

energy, (2) adatom-adatom interaction, (3) graphene-adatom internal structure optimisation, 

and (4) adatom-graphene density of states (DOS). Adatom-adatom interaction calculations 

were done for several supercells to compare the interaction strength against the supercell size. 

To ensure convergence results, all stages used plane wave cut off energy of 600 eV. Completion 

of  iterations entailed tolerances of less than 1 eV for energy and less than 10 meV/Å for 

atomic forces. Calculation details (k-points and supercell sizes) at each stage are shown in table 

5.S2 in the supplementary data. 

Two types of binding energy, Ebinding1 and Ebinding2, are explored in the present study and 

they can be determined by using the following equations: 

Ebinding1 = Egraphene + Eadatom – Eadatom-graphene system     (5.1) 

and 

Ebinding2 = Egraphene + Eadatom-adatom – Eadatom-graphene system    (5.2) 

where Egraphene is the energy of the pristine graphene, Eadatom is the energy of the adatom, Eadatom-

adatom is the energy of adatom-adatom interaction and Eadatom-graphene system is the total energy of 
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the adatom and graphene after the adatom is attached to the graphene. Adatom-adatom 

interaction was calculated on the initial condition of adatom-adsorbed graphene as if the 

graphene sheet were removed from the system. Positive or negative binding energy indicates 

stability or instability, respectively. 

The band gap, adatom height, graphene distortion, DOS, Fermi energy, magnetization 

and charge transfer for all 7 different adatom positions were calculated. The band gap is the 

difference between the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO), or Fermi energy. In this analysis, the band gap is determined from 

the DOS[90, p. 214]. Adatom height (Å) is the difference between adatom’s z-coordinate and 

the average of z-coordinates of C atoms. The graphene distortion is an indicator of the adatom’s 

presence, which is the total displacement (in Å) of the 8 C atoms in the graphene supercells. 

Magnetization (in Bohr magneton or B) is defined as the difference between total spin up and 

total spin down of the DOS at Fermi energy. Charge transfer is defined as how much charge is 

transferred from adatom to graphene. Positive charge transfer indicates that charge is 

transferred from adatom to graphene while negative charge transfer indicates charge is 

transferred from graphene to adatom. Bader analysis was used for the charge transfer 

calculations [91]. The charge density difference was calculated for the most stable position of 

the Al and Si case. Charge density difference is defined as:  

△ 𝜌 = 𝜌𝑎𝑑𝑎𝑡𝑜𝑚−𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 − (𝜌𝑎𝑑𝑎𝑡𝑜𝑚 + 𝜌𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒)   (5.3) 

where 𝜌𝑎𝑑𝑎𝑡𝑜𝑚−𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 is the charge density of adatom-graphene system, 𝜌𝑎𝑑𝑎𝑡𝑜𝑚 is 

the charge density of adatom as if the graphene sheet is removed from the system, and 

𝜌𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 is the charge density of graphene as if the adatom is removed from the system. 

Charge density difference shows the interactions between adatom and graphene in terms of 

changes in the spatial distribution of charge density. Version 3.2.1 of Vesta software was used 

to draw these charge density differences [110]. 
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In our procedure, the adatoms are placed on one side of the graphene with only one 

adatom added per graphene supercell and all adatoms are uniformly distributed throughout the 

graphene. Lattice vibrations (in infrared region) were not considered and GW approximation 

was not applied. In general it is expected that the calculated band gaps are lower than the 

experimental values. However, these calculations provide indication of band gap presence in 

elemental adsorption on graphene. 

 

5.3 Results and Discussion 

The discussion highlights three things, i.e. adatom-adatom interaction, Al- / Si- 

adsorbed graphene, and electronic analysis. Results, using 2 × 2 and 2 × 3 supercells, indicate 

that the graphene with adsorbed Al or Si does not open band gap as is the case for pristine 

graphene. However, the Fermi energy of Al- or Si-adsorbed graphene increases from that of 

pristine graphene. Our result indicates that pristine graphene has a binding energy of  7.97 

eV/atom, which is in the deep UV region, and is similar to 7.91 eV/atom calculated by 

Bhattacharya et al. [111]. 

 

5.3.1 Adatom-adatom Interaction 

Orientation effect becomes important if the adatom-adatom interaction is not small. 

This interaction is represented by its binding energy, which is Eadatom – Eadatom-adatom (see figure 

5.4). As expected, the interaction is quite strong at small supercells, but diminishes at larger 

supercells. The binding energy of Si drops more quickly than Al, and the interactions are 

negligible at zigzag 3 × 3 or larger supercells. At these larger supercells, adatom is unaware of 

the presence of other adatoms. However, there is interaction difference between zigzag 2 × 2 

and armchair 2 × 3, due to the different adatom’s nearest neighbours (see figure 4.12). On 

zigzag 2 × 2, there are 6 nearest neighbours at a distance r. On armchair 2 × 3, there are 2 
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nearest neighbours at a distance r, 2 at √3𝑟 2⁄ , and 4 at √7𝑟 2⁄ . For supercells greater than 1 × 

1, Al-Al interaction is about twice the Si-Si counterpart. 

 

 

 
(a) 

 
(b) 

Figure 5.4 Adatom-adatom binding energies for : (a) n × n zigzag supercells, (b) 2 × 3 

armchair and 2 × 2 zigzag supercells. 

 

5.3.2 Al- and Si-adsorbed Graphene 

Tables 5.2 and 5.3 are the results for all distinct positions of Al- and Si-adsorbed on 

graphene. In the following discussion, the Ta positions for both Al and Si cases were ignored 

because the adatoms move away from the “top” position after iteration. The most stable 

position for Al is Hz and for Si is Ba2. Binding energy 1 is the binding energy of adatom-

graphene system relative to free adatom. Binding energy 2 is the binding energy of adatom-

graphene system relative to adatom-adatom system. For our Al and Si cases, binding energy 1 

is greater than binding energy 2, because the adatom-adatom interaction is not small. Results 

in tables 5.2 and 5.3, indicate that Si distorts the graphene sheet more than Al. 

Binding energy 1 and 2 indicate that Hz is the most stable position for Al while Ba2 is 

the most stable position for Si. Al-Al interaction is greater than Al-graphene interaction, while 

Si-Si interaction is comparable to Si-graphene interaction. Comparing binding energy 2 at its 

most stable position, Si (0.42 eV) binds more strongly than Al (0.33 eV). 
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Table 5.2 Calculation results for Al-adsorbed graphene (Al:C = 1:8). Spin up and spin down 

are degenerate. Literature results (at zigzag orientation) are included for 4 × 4 graphene 

supercell[20] and 3 × 3 graphene supercell[45]. 

 

 Bz Ba1 Ba2 Ba3 Hz 
a Ha Tz Ta b 

Binding energy 1 (eV) 0.83 0.89 0.92 0.89 0.93 0.92 0.80 - 

Binding energy 2 (eV) 0.24 0.22 0.25 0.22 0.33 0.25 0.21 - 

Binding energy (eV) 0.927[20] - - - 1.042[20] 

1.62[45] 

- 0.911[20] - 

 

Adatom height (Å) 2.18 

2.22[20] 

2.28 2.25 2.28 2.11 

2.13[20] 

2.04[45] 

2.10 2.19 

2.22[20] 

- 

Fermi energy shift (eV) c  1.70 1.68 1.61 1.68 1.70 1.73 1.70 - 

Graphene distortion  (Å) 0.07 0.13 0.11 0.13 0.06 0.10 0.12 - 

Magnetization (B) - - - - - - - - 

Migration energy (eV)    
 0.115[20] 

0.05[45] 
   

Charge transfer 

(electrons) d 
1.08 0.97 1.01 0.97 1.24 1.24 1.05 - 

Charge transfer (%) e 36.0 32.2 33.8 32.2 41.3 41.2 34.9 - 

a most stable position   
b adatom moves towards Ba2 and the calculation results are close to Ba2 
c Fermi energy shift from pristine graphene 
d Charge transfer from Al to graphene, initial Al charge is 3 
e Charge transfer from Al to graphene (% of initial valence electron) 
 

Migration energy or barrier energy is the energy needed for the adatom to move on the 

graphene surface. To carry out this calculation, the B, H, T sites are assumed  to be near the 

true saddle points. For Al adsorption, it is assumed that adatoms move from one H site to 

another H site via a B site. While for Si, it is assumed that adatoms move from one B site to 

another B site via either an H or T site. As an example, for Al migration energy of Hz  Bz  

Hz is 0.33 – 0.24 eV = 0.09 eV. While for Si case, migration energy of Bz  Hz  Bz or Bz  

Tz  Bz is 0.39 – 0.26 eV = 0.13 eV. The example calculations, using binding energy 2, show 

that the migration energy of Si is greater than Al. Having stronger binding energy and greater 

migration energy, the Si-graphene system is more stable than the Al-graphene system. 
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Table 5.3 Calculation results for Si-adsorbed on graphene (Si:C = 1:8). Spin up and spin down 

are not degenerate. Literature results (at bridge site) are included: armchair orientation on 4 × 

4 graphene supercell[67] and zigzag orientation on 3 × 3 graphene supercell[45]. 

 

 Bz Ba1 Ba2 a Ba3 Hz Ha Tz Ta b Literature 

Binding energy 1 (eV) 0.67 0.60 0.81 0.60 0.53 0.24 0.53 - 1.86[45] 

0.84[67] 

Binding energy 2 (eV) 0.40 0.21 0.42 0.21 0.26 -0.14 0.26 - - 

Adatom height (Å) 2.06 2.06 2.09 2.06 2.00 2.11 1.86 - 2.03[45] 

2.05[67] 

Fermi energy shift (eV) c 1.07 1.18 0.98 1.18 1.33 1.31 1.23 - - 

Graphene distortion (Å) 0.34 0.52 0.48 0.52 0.19 0.12 0.31 - - 

Magnetization (B) 0.62 0.38 0.56 0.38 0.00 0.00 0.00 - 0.27[65] 

Migration energy (eV) - - - - - - - - 0.05[45] 

Charge transfer 

(electrons) d 
1.38 1.36 1.48 1.36 0.49 0.42 1.49 - - 

Charge transfer (%) e 34.5 34.0 36.9 34.0 12.3 10.4 37.1 - - 

a most stable position   
b adatom moves towards Ba2 and the calculation results are close to Ba2 
c Fermi energy shift from pristine graphene 
d Charge transfer from Si to graphene, initial Si charge is 4 
e Charge transfer from Si to graphene (% of initial valence electron) 

 

The calculated adatom heights, shown in tables 5.2 and 5.3, are in agreement with 

results of previous studies[20], [45], [67]. The calculated binding energies are also in agreement 

with findings of previous investigations[20], [67]. However, the calculated binding energies 

and migration energies are not in agreement with the results of Nakada et al. [45], as these 

authors did not consider spin polarization. Calculation with spin polarization is essential to 

obtain true ground state energy and reveal magnetic properties of the materials. Tables 5.2 and 

5.3 also show that changes of Fermi energy depend on the site and orientation. 

Comparison of columns Bz with Ba and Hz with Ha in tables 5.2 and 5.3, for Al-adsorbed 

graphene, indicates that different orientation marginally affects the electronic structure. Similar 

comparison for Si-adsorbed graphene indicates greater effects on the electronic structure due 

to different orientations. To the best of our knowledge, there is no direct experimental data to 
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support these results. However, Tao et al. [112] demonstrated distinct electronic properties 

arising from zigzag and armchair graphene nanoribbons. Full experimental verification may be 

done in the future by utilizing advanced techniques such as scanning tunnelling microscopy 

(STM). 

 

5.3.3 Electronic Analysis 

Figure 5.5 are plots of DOS at the most stable positions of Hz for Al-adsorbed and Ba2 

for Si-adsorbed graphene. The calculated results agree with results by Chan et al. [20] and 

Sison et al. [67]. However, Chan et al. DOS values are greater, than those of figure 5.5, as they 

used larger graphene supercells for their simulations. The Fermi energy of pristine graphene is 

increased by Al and Si adsorption by 1.70 eV and 0.98 eV respectively. For all Al and Si cases, 

at the 1:8 (12.5%) adsorption atomic ratio, there is no band gap created at Fermi energy. 

 

 
(a) 

 
(b) 

Figure 5.5 DOS and Fermi energy (0 eV) of (a) Al-adsorbed graphene at its most stable position 

(Hz), spin up and spin down are degenerate, (b) Si-adsorbed graphene at its most stable position 

(Ba2). 
 

For each adatom position, in general, Al-adsorbed graphene creates identical DOS for 

both spin up and spin down cases (degenerate and zero magnetization), and in agreement with 

Liu et al.’s calculations [55]. Whilst for Si-adsorbed graphene the DOS are different for spin 

up and spin down cases with creation of magnetization. This is in qualitative agreement with 

calculations by Aktürk et al.[65], Hu et al.[66] and Sison et al. [67]. However, Aktürk et al. 
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[65] reported low magnetization of 0.27 B at 12.5% atomic ratio and high magnetization of 

1.02 B at 1:32 (3.1%) atomic ratio. Hu et al. [66] reported high magnetization of 1.74 B at 

1:72 (1.4%) atomic ratio. The calculated magnetization at the Bz position of Si-adsorbed 

graphene from this study is equal to 0.62 B (Bz case) which is more than twice that reported 

by Aktürk et al. 

In figure 5.5(a) the DOS near the Dirac point ( -1.2 eV) has the same profile and 

similar values as that of pristine graphene. In figure 5.5(b) the DOS below the Dirac point ( -

2.5 to -1.2 eV) has the same profile as that of pristine graphene, but is significantly altered 

above the Dirac point. 

Pauling’s electronegativity scale was used as the first attempt to see the charge transfer 

between Al, Si and graphene[21, p. 299]. The electronegativity values used for Al, Si and C are 

1.5, 1.8 and 2.5 respectively. It is expected that Al will donate more electrons to the graphene 

sheet than the Si case. Al donates more electrons to graphene than Si. There is no charge transfer 

among carbon atoms in graphene.  

Bader analysis was used for charge transfer calculations with initial valence electrons 

of 3 and 4 for Al and Si respectively. After adsorbed to graphene, Al (Hz case) gives almost half 

of its valence electrons (41.3% or 1.24 electrons) to graphene, while Si (Ba2 case) gives more 

than a third of its valence electrons (36.9% or 1.48 electrons) to graphene. The largest charge 

transfers for Al cases are Al-Hz and Al-Ha, with Al-Hz being the most stable configuration. The 

largest charge transfers for Si cases are Si-Ba2 and Si-Tz, with Si-Ba2 being the most stable 

configuration. This indicates that the most stable configuration is related to the largest charge 

transfer. Figures 5.6 and 5.7 provide isosurface plots of charge density difference for the most 

stable positions. The plots show that spatial charge distribution correlates with the symmetry 

of the adsorption site (where adsorption orientation is implied) regardless of the number of 

valence electrons. Carbon atoms with the same C-adatom distance have identical spatial charge 
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distribution oriented to the adatom. Finally, orientation effect, noticeable at atomic ratio below 

50%, is expected to disappear when the adatom-adatom distance increases resulting in 

negligible interaction.  

 

Figure 5.6 Charge density difference of Al-adsorbed graphene, Hz case, (a) is isometric view, 

(b) is front view. Brown spheres are C, grey spheres are Al. Yellow surfaces enclose the charge 

density greater than 0.015 electron/Å3 (electron surplus), while cyan surfaces enclose the 

charge density less than -0.015 electron/ Å3 (electron deficit).  

 

 

                                   (b)

 

(a)                                                    (c) 

Figure 5.7 Charge density difference of Si-adsorbed graphene, Ba2 case, (a) is isometric view, 

(b) is side 1 view, (c) is side 2 view. Brown spheres are C, blue spheres are Si. Yellow surfaces 

enclose the charge density greater than 0.015 electron/Å3 (electron surplus), while cyan 

surfaces enclose the charge density less than -0.015 electron/ Å3 (electron deficit).  

 

5.4 Conclusions 

This contribution deployed the density functional theory (DFT) to investigate the 

electronic structures and physical properties of a graphene sheet with adsorbed elemental Al 

and Si. The results indicate that, for adatom/graphene atomic ratio (Al/Si:C = 1:8), the changes 

in the electronic structure are due to the adsorption site (i.e. bridge, hollow or top) and also to 

Side 1 Side 2 
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the relative orientation of the adsorbed sites (i.e. zigzag or armchair). Furthermore, the number 

of distinct adsorption positions on bridge site relies on the adatom orientation. The orientation 

effects of Si-adsorbed graphene were found to be greater than the Al counterpart. Al is most 

stable at the Hz and Si is at Ba2 positions. Neither Al nor Si create a band gap at the Fermi 

energy level. However, the Fermi energy of Al- or Si-adsorbed graphene increased from that 

of pristine graphene. Magnetization of pristine graphene is altered by Si, but not by Al 

adsorption. The degree of charge transfer is related to the most stable configuration of the 

adatom on graphene. The spatial charge distribution correlates with the symmetry of the 

adsorption site regardless of the number of valence electrons. The Si-graphene system incurs 

more stability when compared with its Al-counterpart.  

 

5.5 Supplementary Data 

Table 5.S1 Initial atomic positions for each case in figure 5.3 (in fractional coordinate). 

 

Atom Zigzag Armchair 

C (1/6, 1/3, 0) (0, 1/6, 0) 

C (1/3, 1/6, 0) (1/4, 1/3, 0) 

C (2/3, 1/3, 0) (1/2, 1/6, 0) 

C (5/6, 1/6, 0) (3/4, 1/3, 0) 

C (1/6, 5/6, 0) (0, 5/6, 0) 

C (1/3, 2/3, 0) (1/4, 2/3, 0) 

C (2/3, 5/6, 0) (1/2, 5/6, 0) 

C (5/6, 2/3, 0) (3/4, 2/3, 0) 

adatom (Bz) (1/4, 1/4, 2/15) - 

adatom (Ba1) - (3/8, 1/4, 2/15) 

adatom (Ba2) - (1/4, 1/2, 2/15) 

adatom (Ba3) 
a - (3/8, 3/4, 2/15) 

adatom (Hz) (1/2, 1/2, 2/15) - 

adatom (Ha) - (1/2, 1/2, 2/15) 

adatom (Tz) (1/6, 1/3, 2/15) - 

adatom (Ta) - (1/4, 1/3, 2/15) 

a Ba3 is mirror image of Ba1 
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Table 5.S2 Converged k-points and supercell sizes used in each stage. 

 

Stage Description of calculation k-points Cell/Supercell Supercell size (Å) 

1 Adatom energy  1  1  1 cubic 15  15  15 

Pristine graphene energy  24  24  1 zigzag 2 × 2 4.936 × 4.936 × 15 

2 Adatom-adatom interaction  48  48  1 zigzag 1 × 1 2.468 × 2.468 × 15 

28  28  1 zigzag 3 × 3 4.275 × 4.275 × 15 

24  28  1 armchair 2 × 3 4.936 × 4.275 × 15 

24  24  1 zigzag 2 × 2 4.936 × 4.936 × 15 

16  16  1 zigzag 3 × 3 7.404 × 7.404 × 15 

12  12  1 zigzag 4 × 4 9.872 × 9.872 × 15 

3 Graphene-adatom internal 

structure optimisation 
6  6  1 zigzag 2 × 2 4.936 × 4.936 × 15 

6  7  1 armchair 2 × 3 4.936 × 4.275 × 15 

4 Graphene-adatom DOS  24  24  1 zigzag 2 × 2 4.936 × 4.936 × 15 

24  28  1 armchair 2 × 3 4.936 × 4.275 × 15 

 

A manuscript based on the major research outcomes of this chapter was 

published in : 

 

H. Widjaja, M. Altarawneh, Z.-T. Jiang, C.-Y. Yin, B.-M. M. Goh, N. Mondinos, 

and B. Z. Dlugogorski, “Geometrical and orientational investigations on the 

electronic structure of graphene with adsorbed aluminium or silicon,” Mater. 

Des., vol. 89, pp. 27–35, 2016. (This is publication [1] in the List of 

Publications) 
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CHAPTER SIX 

HALOGENS (F-I) ADSORPTION ON GRAPHENE 

 

6.1 Introduction 

The calculation procedure developed in chapters 1 to 4 was secondly applied to 

halogens (F, Cl, Br, I) at lower concentration spanning 1:6, 1:8 and 1:18 atomic ratios, in order 

to elucidate effects of adsorption trends in a group in periodic table of elements. The electronic 

structure of elemental adsorption on graphene is affected by side of adsorption (single- or 

double-sided), site of adsorption (i.e. bridge, hollow or top), and the relative orientation of the 

adsorbed sites (i.e. zigzag or armchair). 

Numerous experimental and theoretical studies have addressed adsorption of halogen 

on graphene. Karlicky et al.[113] reported in their review that fully and partially fluorinated 

graphene have been synthesized, but only partial coverage for Cl, Br and I have been produced 

so far. Band gap of fully fluorinated graphene (fluorographene) has been measured to be around 

3.0 eV. This makes fluorographene to be one of the thinnest wide-band-gap-

semiconductors/insulators, beside graphane (fully hydrogenated graphene) and graphene 

oxide. 

In this regard, two factors appear to play an important role, namely, atomic percent 

(at.%) and atomic ratio, e.g. a 50 at.% has multiple atomic ratios (1:2, 2:4, 3:6, 4:8, …). 

Robinson et al.[48] synthesized and simulated single-sided fluorinated graphene of 25 at.%. 

This 25 at.% constitutes the most stable configuration for single-sided case after 

fluorographene. This configuration cannot be explained using the simplest atomic ratio (1:4), 

but rather 2:8 (see figure 6.1). The “flower”-like pattern appears out of this configuration. This 

system opens a band gap of 2.93 eV. 
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Figure 6.1 Most stable configuration of single-sided fluorinated graphene of 25 at.%, red 

spheres are F atoms, grey spheres are C atoms, and big red circles are added to guide the 

eyes[48]. This figure was adopted from figure 4.4. 

 

Wu et al. [92] investigated the Cl plasma reaction with graphene and graphene 

nanoribbon, and contrasted it with the H and F plasma reactions. H and F plasma destroy the 

network of graphene faster than the Cl plasma. Ab initio calculations have indicated that the 

binding energy of Cl is lower than F and H. It follows that Cl atoms are less reactive toward 

graphene if compared with F and H. Br has been successfully used as an assisting agent to glue 

graphene nanoribbons with different widths, due to its weak bond with C[114]. Br atoms are 

deployed during the gluing process, and then removed from the end products. 

On the simulation side, Nakada and Ishii[45], [46] reported in their non-magnetic ab 

initio calculations at 1:18 atomic ratio, that binding energies decreases, adatom heights 

increases, migration energies decreases, charge transfers (from graphene to adatom) decreases 

from F to I. However only F shows stability at top site. Although applying non-magnetic 

calculations appear to be a shortcoming of Nakada and Ishii[45], [46] calculation formalism, 

their work provide valuable information with regard to the landscape of elemental adsorption 

on graphene. Analogously, Karki and Adhikari[115] reported in their ab initio calculations for 

halogens adsorbed on C96H26 (1:96 atomic ratio), that binding energies decreases, adatom 

heights increases, from F to Br. However, charge transfers and band gaps do not follow any 

trend. Medeiros et al.[71] found that fluorographene creates direct band gap of 3.16 eV, while 

fully chlorinated graphene (chlorographene) opens a direct band gap of 1.53 eV. Br and I do 
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not open the band gap. Fully halogen-adsorbed graphene systems expand the graphene lattice 

constant significantly and also crumple the graphene sheet. Binding energies decrease and 

graphene lattice constants increase from F to I. 

Besides site of adsorption (bridge, hollow, top), orientational effects in molecules 

adsorbed on graphene is obvious (e.g. parallel or perpendicular to graphene [116], [117]), 

however to see orientational effects in single atom adsorbed on graphene requires careful 

examinations. To this end, the current study deploys density functional theory (DFT) 

calculations to assess the influence of the orientational effect when the interaction between the 

adatoms is relatively significant. In estimation of atomic sizes and adatom-adatom interactions, 

we consider atomic ratio of adatom:C at 1:8. We elucidate the effects of different concentrations 

using atomic ratios of 1:6 and 1:18. We carry out a thorough geometrical investigation on the 

orientational effect encountered during the adsorption of the four halogens on graphene. 

Overall, we highlight some prominent effects of the orientational (i.e. zigzag or armchair) and 

site (i.e. bridge, hollow or top) aspects on various properties such as binding energy, Fermi 

energy, band gap, magnetization, density of states (DOS) and charge transfer.  

 

6.2 Methods 

We perform all structural optimisations and energy calculations using the plane-wave 

DFT code of VASP. Calculation methodology comprises spin-polarized PAW-GGA functional 

[89], van der Waals correction by Grimme (D2) [88] method, dipole corrections along the Z-

direction, and a Gaussian smearing. 

To investigate the most stable configuration, it is necessary to examine all possible 

positions. But unfortunately, this is not practical to do, as the number of cases will be unlimited. 

As such, this study is limited to one adatom per graphene supercells. The adatoms are uniformly 

distributed throughout the graphene. Only 2 × 2 and 2 × 3 graphene supercells (figures 6.2a 
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and 6.2b) were used to observe the effect of orientation. We have not utilized a 4 × 1 graphene 

supercell (figure 6.2c) due to its too narrow size which may induce artificial very strong 

adatom-adatom interaction, and may not be capable of holding neighbouring Br atoms at their 

optimum adsorption positions.  

It is understood that any non-zigzag graphene supercells  (armchairs/slants) can be 

represented by larger zigzag graphene supercells with the origin O(0,0) translated/rotated (see 

figure 6.S1 in the supplementary data) and vice versa. However, in this study, we use armchair 

graphene supercell, as it is the simplest case to track the effects of the orientation. Finally, the 

effects of orientation end when the adatom-adatom interaction is very small. 

 

 

                             (a)                       (b)                                         (c) 

Figure 6.2 Graphene supercells, (a) zigzag 2 × 2, (b) armchair 2 × 3, (c) zigzag 4 × 1. 

 

For 1:8 atomic ratio, the calculations include (i) 3 adatom sites: bridge (B), hollow (H) 

and top (T); and (ii) 2 orientation directions: zigzag (z) and armchair (a), with initial adatom 

height of 1.5 Å. Figures 6.3b and 6.3c summarize these sites and orientations. All the H  and T 

cases can be represented by one position for zigzag orientation (Hz and Tz) and one position for 

armchair orientation (Ha and Ta), while all the B cases can be represented by one position for 

zigzag orientation (Bz) and two positions for armchair orientation (Ba1, Ba2). Thus we only 

consider 7 unique adatom positions in this study (Bz, Ba1, Ba2, Hz, Ha, Tz, Ta). We fix the lattice 

parameters at 4.936 Å  4.936 Å for the zigzag 2 × 2 graphene supercell and 4.936 Å  4.275 

Å for the armchair 2 × 3 graphene supercell. At this low adsorption atomic ratio, graphene 

lattice parameters do not change significantly. We also fix the distance between the two 
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graphene sheets to 15 Å. We carry out additional calculations for 1:6 and 1:18 atomic ratios 

and these calculations consider only adsorption sites (B, H, T), as shown in figures 6.3a and 

6.3d. 

 

  

       (a)                            (b)                        (c)                            (d) 

Figure 6.3 Schematic diagrams of adsorption on the graphene supercells for (a) 1:6, (b) 1:8 

zigzag 2 × 2, (c) 1:8 armchair 2 × 3 and (d) 1:18 atomic ratios. 

 
 

We conduct the calculations in four stages: (1) adatom and pristine graphene energy, 

(2) adatom-adatom interaction, (3) graphene-adatom internal structure optimisation, and (4) 

adatom-graphene density of states (DOS) calculation. We do two sets of calculations, with and 

without van der Waals and dipole corrections, to see the effects of these corrections. We 

calculate the adatom-adatom interaction for several supercells to compare the interaction 

strength against the supercell size. To ensure convergence results, all stages used plane wave 

cut off energy of 600 eV. Completion of iterations entailed tolerances of less than 1 eV for 

energy and less than 0.02 eV/Å for atomic forces. Table 6.S1 in the supplementary data shows 

the calculation details (k-points and supercell sizes) at each stage. 

We explore two types of binding energy, E1 and E2, in the present study as expressed in 

the following two equations: 

E1 = Egraphene + Eadatom – Eadatom-graphene system       (6.1) 

and 

E2 = Egraphene + Eadatom-adatom – Eadatom-graphene system      (6.2) 
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where Egraphene denotes the energy of the pristine graphene, Eadatom signifies the energy of the 

adatom, Eadatom-adatom stands for the energy of adatom-adatom interaction and Eadatom-graphene system 

is the total energy of the adatom and graphene after the adatom is attached to the graphene. We 

calculate adatom-adatom interaction on the initial condition of adatom-adsorbed graphene as 

if the graphene sheet were removed from the system. Positive or negative binding energy 

indicates stability or instability, respectively. 

The band gap, adatom height, graphene distortion, DOS, Fermi energy, magnetization, 

charge transfer are calculated for all cases. In this analysis, the band gap is determined from 

the DOS[90, p. 214] analysis, i.e. zero DOS at Fermi energy. Zero DOS at Fermi energy 

signifies that the material is a semiconductor or insulator. Adatom height (Å) is the difference 

between adatom’s z-coordinate and the average of z-coordinates of C atoms. The graphene 

distortion is an indicator of the adatom’s presence, which is the total displacement (in Å) of the 

C atoms in the graphene supercells.  

While total charge is the sum of total spin up and spin down, magnetization (in Bohr 

magneton or B) is defined as the difference between total spin up and total spin down of the 

DOS at the Fermi energy level. Charge transfer is expressed as the scalar quantity charge 

transferred from graphene to adatom. Positive charge transfer indicates that charge is 

transferred from graphene to adatom and negative charge transfer is vice versa. We estimate 

charge transfer via the Bader methodology[91]. We also calculate charge density difference to 

show the interactions between adatom and graphene in terms of its spatial distribution. Charge 

density difference is computed as:  

 Δρ = ρadatom-graphene system – ( ρadatom + ρgraphene )    (6.3) 

where ρadatom-graphene system is the charge density of adatom-graphene system, ρadatom is the 

charge density of adatom as if the graphene sheet is removed from the system, and ρgraphene is 
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the charge density of graphene as if the adatom is removed from the system. The version 3.2.1 

of Vesta software facilitates the calculations of charge densities[110]. 

 

6.3 Results and Discussion 

The discussion will focus on adatom-adatom interaction, adatom-adsorbed graphene 

and electronic analysis. The basic information of graphene and the atoms are shown in table 

6.S2 and 6.S3 and figure 6.S2 in the supplementary data. Table 6.S2 shows the atomic/ionic 

radius and its Pauling’s electronegativity[21, pp. 255–257]. Table 6.S3 shows the calculated 

magnetization and Fermi energy of graphene and the elements. While figure 6.S2 displays the 

DOS of graphene and the elements. 

In general, determining the most stable configuration in elemental adsorption on 

graphene at arbitrary atomic ratio is very challenging, as the plausible numbers of combination 

are unlimited. A well-known example is F-adsorbed graphene at 25 at.%, that creates “flower”-

like pattern (see again figure 6.1). To verify this problem, advanced techniques to manipulate 

atoms at precise locations must be used (e.g. scanning tunnelling microscopy (STM)). This 

probably would not be an effective and efficient approach.  

Our last verification is that this calculation method has been verified for fluorographene 

case with excellent agreement with previous studies in terms of DOS and band gap[48], [118] 

(figure 6.S3 in supplementary data). Subsequently, we apply this method to address the lower 

atomic ratios. A well-known example of orientation effect is graphene nanoribbon, where 

zigzag or armchair termination of graphene nanoribbon determines its band gap[25, p. 5]. 

Zigzag orientation creates metallic materials, while armchair orientation (depending on its 

width) creates metallic/semiconductor materials. This highlights the importance of a geometric 

aspect, i.e. orientation, on the properties of materials. Xu and Xue[119] carried out a simulation 

study and reported that oxidation can introduce line defects in graphene, thus unzipping the 
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pattern of graphene. In relation with this, a potential application for our study is to assist this 

process, and ultimately to create richer and more controllable patterns, e.g. zigzag and armchair 

graphene nanoribbons.  

 

6.3.1 Adatom-adatom Interaction 

Elemental adsorption on graphene can be seen as a competition between two parallel 

surface networks, with the network of C atoms as adsorbent and the network of adatoms as 

adsorbate. Adatom-adatom interaction in the network of adatoms is represented by its binding 

energy. As expected, the interaction is quite strong at small supercells, but diminishes at larger 

supercells. Larger Br and I atoms do not fit when considering a zigzag 1 × 1 graphene cell. 

Also, the trend of the interaction strengths follows the atomic radius for a zigzag 3 × 3 or 

larger graphene supercells. This indicates that the larger atomic radius, the stronger adatom-

adatom interaction, for the same graphene supercell. In general, armchair 2 × 3 gives greater 

adatom-adatom interaction than zigzag 2 × 2 (see figure 6.4b). 

But this trend does not hold true for 1  1 graphene cell for adsorption of F and Cl 

atoms. This is due to the adatom-adatom repulsion at shorter distance for Cl. The optimised 

lattice parameter for F-F and Cl-Cl interactions amounts to 2.21 Å and 3.11 Å, respectively. 

Thus for our 1  1 graphene cell (2.468 Å), F interacts strongly with neighbouring F atoms 

whilst neighbouring Cl atoms experience repulsion from each other. 

For all adatoms, the adatom-adatom interactions are small for 3  3 or larger graphene 

supercells. So it is expected that orientation effects of these adatoms on the adatom-adsorbed 

graphene systems are rather minimal for 3  3 or larger graphene supercells. However, there 

will be no orientation effect for F adsorbate configurations.  
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       (a)         (b) 

Figure 6.4 Adatom-adatom binding energies for (a) various zigzag n  n supercells, (b) 2 × 3 

and 2 × 2 supercells. 

 

6.3.2 Adatom-adsorbed Graphene 

For F cases at all atomic ratios, calculation results on all aspects (E1, E2, adatom height, 

Fermi energy shift, graphene distortion, magnetization and charge transfer) suggest that Bz = 

Ba, Hz = Ha and Tz = Ta. For the Cl/Br/I counterparts, calculation results suggest that Bz = Hz 

= Tz and Ba = Ha = Ta. So we group the calculation results of F cases into B, H and T, while 

Cl/Br/I cases into Z and A (see table 6.1). For these low atomic ratios, calculation with fixed 

lattice parameter is adequate. For all calculations results at position Ta, the adatom shifts 

slightly from its optimum top adsorption site, as indicated by the change of space group 

between initial and optimised geometries.  

Table 6.1 enlists main finding for all systems of adatom-adsorbed graphene. Clearly 

seen in table 6.1, F is site-dependent, but not orientation-dependent; while Cl, Br and I are 

orientation-dependent, but not site-dependent. The most stable adsorption site for F atoms is 

the top site. For F cases, the results from zigzag and armchair orientation are the same, as the 

F-F interaction is very small. The site-independence for Cl, Br and I is in agreement with 

previous calculations[120]. However, the orientation-dependence for Cl/Br/I is minimal, as the 

maximum difference of E1 is 0.66 – 0.56 = 0.10 eV (I case at 1:8 atomic ratio). Thus, Cl/Br/I 

can be placed anywhere on the graphene sheet without considering sites as high symmetry 
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adsorption points. This implies that Cl/Br/I can occupy multiple sites simultaneously. The value 

which most likely resides within the accuracy limit of the calculations. 

E1 values for Cl/Br/I cases at 1:6 and 1:8 atomic ratio (see table 6.1) do not reflect the 

highest values, because of the domination of adatom-adatom interactions. To obtain the highest 

E1, further adatom-adatom interaction optimisation with constant cell surface area must be 

performed. The adatom cell surface area must match to the graphene cell/supercell surface area 

to maintain the adsorption concentration (at.%). To calculate the adsorption of these adatom 

cell and graphene cell/supercell, a larger adatom-graphene supercell is required. This in turn 

creates A : C atomic ratio where A > 1. 

We conclude the general trends from table 6.1 from F to I for each atomic ratio: (1) E2 

decrease; (2) adatom heights increase; (3) charge transfers decrease. The adatom height 

increase is expected as the atomic/ionic radii increases. Due to stronger interaction, adsorption 

of F atoms distort the graphene sheet more significantly when compared to adsorptions of the 

other three halogen atoms. The binding energies of F configurations are around three times 

stronger compared to Cl/Br/I structures. The trend of charge transfer is in agreement with the 

Pauling’s electronegativity, with F, Cl, Br, I absorb charge from graphene. F has the highest 

Pauling’s electronegativity among all elements. Cl has less binding energies than F, i.e. is in 

agreement with the experimental measurements and theoretical predictions by Wu et al. [92]  
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Table 6.1 Halogen-adsorbed graphene. All cases were calculated using van der Waals and 

dipole corrections. Bold numbers are the values at the most stable position for F cases. Value 

in brackets are calculation results from previous studies, with its reference number in the square 

bracket. B, H, T, Z, A are bridge, hollow, top, zigzag and armchair. All cases do not open the 

band gap at Fermi energy. 
 

 F  Cl  Br  I 

 B H T  Z A  Z A  Z A 

1:6 atomic ratio             

E1 (eV) ~ 1.41 1.02 1.78  0.58^ -  0.64^ -  0.84^ - 

E2 (eV) ~~ 1.38 1.00 1.76  0.40 -  0.32 -  0.26 - 

Adatom height (Å) 1.92 2.28 1.81  3.10 -  3.32 -  3.53 - 

Fermi energy shift (eV) # -1.98 -2.66 -1.43  -1.52 -  -1.14 -  -0.15 - 

Graphene distortion (Å) 0.19 0.01 0.57  0.00 -  0.00 -  0.01 - 

Magnetization (B) 0.00 0.68 0.00  0.79 -  0.83 -  0.56 - 

Charge transfer (e) 0.45 0.37 0.55  0.20 -  0.15 -  0.10 - 

1:8 atomic ratio             

E1 (eV) ~ 1.50 1.16 
1.86 

(2.00[48]) 
 0.57^ 0.59^  0.51^ 0.57^  0.56^ 0.66^ 

E2 (eV) ~~ 1.49 1.15 1.86  0.51 0.49  0.40 0.39  0.31 0.31 

Adatom height (Å) 1.97 2.28 1.82  2.97 3.00  3.24 3.26  3.50 3.48 

Fermi energy shift (eV) # -1.88 -2.44 -1.23  -1.60 -1.61  -1.30 -1.30  -0.50 -0.51 

Graphene distortion (Å) 0.21 0.02 0.58  0.02 0.04  0.01 0.03  0.01 0.04 

Magnetization (B) 0.15 0.61 0.12  0.75 0.74  0.80 0.79  0.84 0.61 

Charge transfer (e) 0.48 0.42 0.55  0.25 0.25  0.19 0.19  0.13 0.13 

1:18 atomic ratio             

E1 (eV) ~ 1.66 1.45 
1.97 

(2.90[45]) 
 

0.77 

(1.27[45]) 
-  

0.60 

(0.98[45]) 
-  

0.47 

(0.75[45]) 
- 

E2 (eV) ~~ 1.66 1.45 1.96  0.77 -  0.60 -  0.47 - 

Adatom height (Å) 2.13 2.41 
1.90 

(1.87[45]) 
 

2.98 

(2.56[45]) 
-  

3.19 

(2.78[45]) 
-  

3.42 

(3.26[45]) 
- 

Fermi energy shift (eV) # -1.51 -1.78 -0.93  -1.50 -  -1.34 -  -0.92 - 

Graphene distortion (Å) 0.19 0.05 0.91  0.06 -  0.06 -  0.07 - 

Magnetization (B) 0.43 0.49 0.00  0.59 -  0.65 -  0.72 - 

Charge transfer (e) 0.54 0.51 
0.57 

(0.59[46]) 
 

0.39 

(0.41[46]) 
-  

0.32 

(0.34[46]) 
-  

0.24 

(0.28[46]) 
- 

~ Binding energy with respect to adatom. 

~~ Binding energy with respect to adatom-adatom interaction. 

# Fermi energy shift from pristine graphene. 

^ This value is our calculation result only and does not reflect the highest value. 
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The trend from Cl to I sees the decrease in Fermi energy shifts. Thus for Cl to I, the 

stronger interaction with graphene, the wider the shift in Fermi energy shift. But the site 

dependence of F cases derive nonlinearity in Fermi energy shifts trends. However, 

magnetizations do not exhibit any trends. Via examining the group 14 in the periodic table of 

elements, Akturk et al. [65] found that: (1) binding energy of Si-adsorbed graphene is higher 

than Ge counterpart; (2) adatom height of Si-adsorbed is shorter than Ge counterpart. These 

two trends are similar to the trends of our results on Cl- and Br-adsorbed graphene. The main 

difference for Cl, Br and I cases is the E1, which is solely caused by the adatom-adatom 

interaction. This finding highlights the importance of orientation. However, there is a 

noticeable difference in magnetization for zigzag (0.84B) and armchair (0.61B) orientation 

for I case at 1:8 atomic ratio.  

Following the trends of atomic ratios, as the atomic ratios decrease: (1) the E2 increase; 

(2) F adatom heights slightly increase; (3) Cl/Br/I adatom heights slightly decrease; (4) Cl/Br/I 

charge transfers increase. The increase in binding energies and charge transfers are due to more 

C atoms pull the adatoms. The trends of adatom heights are not so obvious, as their maximum 

difference is less than 0.13 Å. The site-independence of Cl, Br, I is probably due to the adatoms’ 

size or mass compared to carbon’s atomic size or mass. F has comparable atomic radius to C, 

but Cl, Br and I are 29%, 48% and 73% larger than C in radius. F is slightly heavier than C, 

but Cl, Br and I are 3, 7 and 11 times heavier than C. 

In table 6.2, we show the difference between the results with and without van der Waals 

and dipole corrections. These two corrections have relatively small impacts for F cases, but 

have significant impacts for Cl/Br/I cases. The corrections alter E2 for F cases for  4.6%, but 

from 6.9% to 52.0% for Cl/Br/I cases. This signifies the importance of these corrections. Based 

on E2  in table 6.2, we can derive an additional trend that van der Waals and dipole corrections 

are increasing (1) from F to I at each atomic ratio and (2) from low to high atomic ratio. 
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Based on the analysis above, we can summarize the trends accompanying halogen 

adsorption on graphene in figure 6.5. These trends may provide guidelines for future 

experimental studies. 

 

 

Figure 6.5 Some trends for halogen adsorption on graphene at 1:6, 1:8 and 1:18 atomic ratios.  
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Table 6.2 Difference between calculations with and without van der Waals and dipole 

corrections in halogen-adsorbed graphene. All values are in %. B, H, T, Z, A are bridge, hollow, 

top, zigzag and armchair. 
 

Atomic 

ratio 

 F  Cl  Br  I 

 B H T  Z A  Z A  Z A 

1:6 

E1  ~ 3.4 0.3 4.8  13.1 -  22.6 -  30.6 - 

E2  ~~ 3.2 0.6 4.7  14.0 -  29.5 -  52.0 - 

Adatom height 0.1 2.0 0.2  7.0 -  10.9 -  14.3 - 

Fermi energy shift # 0.2 1.1 0.6  1.1 -  0.2 -  3.7 - 

Graphene distortion 0.5 4.3 0.1  28.4 -  67.1 -  69.4 - 

Magnetization - 1.3 -  1.9 -  2.7 -  5.3 - 

Charge transfer  0.0 2.3 0.5  6.7 -  7.6 -  4.3 - 

1:8 

E1  ~ 3.0 0.5 4.6  13.8 11.9  24.7 21.6  35.0 30.2 

E2  ~~ 3.0 0.6 4.5  13.7 12.4  26.4 25.3  45.6 44.7 

Adatom height 0.1 2.3 0.2  6.5 5.7  8.9 9.1  10.3 11.8 

Fermi energy shift # 0.2 1.4 0.8  2.5 2.0  1.5 1.2  2.4 2.3 

Graphene distortion 0.4 24.8 0.5  45.8 9.0  47.9 16.8  62.1 14.5 

Magnetization 0.5 2.3 5.4  1.2 1.7  1.4 2.3  1.0 1.4 

Charge transfer  0.1 2.7 0.6  6.1 5.3  5.6 5.6  3.6 3.4 

1:18 

E1  ~ 2.8 1.3 4.5  6.9 -  16.2 -  32.5 - 

E2  ~~ 2.8 1.3 4.5  6.9 -  16.3 -  33.1 - 

Adatom height 0.6 0.1 0.4  5.3 -  7.9 -  8.1 - 

Fermi energy shift # 0.8 0.1 1.0  2.0 -  1.8 -  1.8 - 

Graphene distortion 4.7 40.9 2.8  42.2 -  50.8 -  42.7 - 

Magnetization 1.2 0.1 -  2.2 -  2.6 -  1.6 - 

Charge transfer  1.3 0.0 0.3  3.5 -  3.4 -  2.4 - 

~ Binding energy with respect to adatom. 

~~ Binding energy with respect to adatom-adatom interaction. 

# Fermi energy shift from pristine graphene. 

 

6.3.3 Electronic analysis 

Figure 6.6 displays plotted DOS curves for all considered cases. The most striking 

feature in this figure is that  all cases do not open the band gap at Fermi energy, thus all cases 

exhibit metallic character. It is seen that F cases are different from Cl/Br/I cases. Graphene 

DOS is altered significantly by F atoms. This indicates that there is strong bond between F and 

graphene. On the contrary, Cl/Br/I-graphene DOS are nearly algebraic addition of graphene 
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DOS and the element’s DOS (see figures 6.S2 in the supplementary data). This indicates that 

the bonds between Cl/Br/I and graphene are relatively weak (physisorption). For Cl, Br, I cases, 

the peaks near Fermi energy belong to 2p5, 3p5 and 4p5 electronic occupation with 3 spin up 

and 2 spin down.  

 

 

 

Figure 6.6 DOS (total spin) and Fermi energy (0 eV) of halogen-adsorbed graphene at 3 

different atomic ratios (1:6, 1:8 and 1:18). F is top (T) cases, Cl/Br/I are the average values of 

zigzag (Z) and armchair (A) cases. 

 

To illustrate how the charges are distributed in the system, charge density differences 

were calculated for two typical cases, F and Br at 1:8 atomic ratio, Tz case (see figures 6.7 and 
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6.8). All other F cases are expected to exhibit very similar charge distribution to the one shown 

in figure 6.7. Similarly, other Cl/Br/I  are anticipated to be similar to charge distribution in 

figure 6.8. These two figures clearly show: (1) that electron charges are transferred from 

graphene to the adatoms, and (2) interaction of F-graphene is stronger than Cl/Br/I-graphene. 

 

 

 

(a) (b) 

Figure 6.7 Charge density difference of F-adsorbed graphene at 1:8 atomic ratio, Tz case, (a) is 

isometric view, (b) is side view. Brown spheres are C, grey spheres are F. Yellow surfaces 

enclose the charge density greater than 0.01 electron/Å3 (electron surplus), while cyan surfaces 

enclose the charge density less than -0.01 electron/ Å3 (electron deficit). 
 

 

 

(a) (b) 

Figure 6.8 Charge density difference of Br-adsorbed graphene at 1:8 atomic ratio, Tz case, (a) 

is isometric view, (b) is side view. Brown spheres are C, blue spheres are Br. Yellow surfaces 

enclose the charge density greater than 0.01 electron/Å3 (electron surplus), while cyan surfaces 

enclose the charge density less than -0.01 electron/ Å3 (electron deficit). 

 

6.4 Conclusions 

The electronic structure of elemental adsorption on graphene is affected by both site of 

adsorption  (i.e. bridge, hollow or top), and also the relative orientation of the adsorbed sites 

(i.e. zigzag or armchair). Overall, we have shown that geometry and orientation are important 

in elemental adsorption on graphene. It is found that adsorption of F is merely site-dependent 

(top), but adsorption of Cl, Br and I has merely small orientation-dependent. F is adsorbed to 

graphene at about three times stronger than Cl/Br/I. Cl/Br/I-adsorbed graphene carries similar 
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properties, as confirmed by the density of states (DOS) and charge density distribution. General 

trends from F at low concentration to I at high concentration are binding energies with respect 

to adatom-adatom interaction, charge transfers from graphene to adatom, site domination 

decrease; while van der Waals and dipole corrections, adatom-adatom interactions, orientation 

domination increase. All cases do not open the band gap at Fermi energy.  

 

6.5 Supplementary Data 

 
Table 6.S1 Converged k-points and supercell sizes used in each stage. 

 

Stage Description of calculation k-points Atomic ratio Cell/Supercell Supercell size (Å) 

1 Adatom energy  1  1  1 - cubic 15  15  15 

Pristine graphene energy  24  24  1 - zigzag 2 × 2 4.936 × 4.936 × 15 

2 Adatom-adatom interaction  48  48  1 - zigzag 1 × 1 2.468 × 2.468 × 15 

28  28  1 - zigzag 3 × 3 4.275 × 4.275 × 15 

24  28  1 - armchair 2 × 3 4.936 × 4.275 × 15 

24  24  1 - zigzag 2 × 2 4.936 × 4.936 × 15 

16  16  1 - zigzag 3 × 3 7.404 × 7.404 × 15 

12  12  1 - zigzag 4 × 4 9.872 × 9.872 × 15 

3 Graphene-adatom internal 

structure optimisation 
7  7  1 1:6 zigzag 3 × 3 4.275 × 4.275 × 15 

6  6  1 1:8 zigzag 2 × 2 4.936 × 4.936 × 15 

6  7  1 1:8 armchair 2 × 3 4.936 × 4.275 × 15 

4  4  1 1:18 zigzag 3 × 3 7.404 × 7.404 × 15 

4 Graphene-adatom DOS  28  28  1 1:6 zigzag 3 × 3 4.275 × 4.275 × 15 

24  24  1 1:8 zigzag 2 × 2 4.936 × 4.936 × 15 

24  28  1 1:8 armchair 2 × 3 4.936 × 4.275 × 15 

16  16  1 1:18 zigzag 3 × 3 7.404 × 7.404 × 15 

 

Table 6.S2 Atomic/ionic radius and Pauling’s electronegativity[21, pp. 255–257]. 

Atom Radius (Å) Pauling’s electronegativity Ion Radius (Å) 

C 0.77 2.5 - - 

F 0.71 4.0 F - 1.19 

Cl 0.99 3.0 Cl - 1.67 

Br # 1.14 2.8 Br - 1.82 

I # 1.33 2.5 I - 2.06 

# Relatively big atom 
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Table 6.S3 Calculation results of graphene and the elements. 

 

 No. of valence electrons Magnetization (B) Fermi energy (eV) 

Graphene 24, 32, 72^ 0 -2.29 

C 4 2 -6.03 

F 7 1 -10.26 

Cl 7 1 -8.08 

Br 7 1 -7.41 

I 7 1 -6.67 

^ for 1:6, 1:8, 1:18 atomic ratios 

 

 

       (a)      (b) 

Figure 6.S1 Equivalency of graphene supercells, (a) armchair 1 × 3 (red) is equivalent to 

zigzag 2 × 2 (blue), (b) slant 3 × 7 (red) is equivalent to zigzag 9 × 9 (blue). This figure was 

adopted from figure 4.6. 
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Figure 6.S2 DOS (total spin) and Fermi energy (0 eV) of graphene and the elements at 3 atomic 

ratios. Average values of zigzag (Z) and armchair (A) cases are used. 

 

 

Figure 6.S3 DOS (total spin) and Fermi energy (0 eV) of fluorographene, band gap  2.99 eV. 
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A manuscript based on the major research outcomes of this chapter was 

published in : 

 

H. Widjaja, Z.-T. Jiang, M. Altarawneh, C.-Y. Yin, B.-M. Goh, N. Mondinos, 

and B. Z. Dlugogorski, “Towards a better understanding of the geometrical and 

orientational aspects of the electronic structure of halogens (F–I) adsorption on 

graphene,” Appl. Surf. Sci., vol. 356, pp. 370–377, 2015. (This is publication [2] 

in the List of Publications) 
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CHAPTER SEVEN 

DOUBLE-SIDED FLUORINE AND CHLORINE ADSORPTION 

ON GRAPHENE 

 

7.1 Introduction 

The calculation procedure developed in chapters 1 to 4 was thirdly applied to F and Cl  

at various atomic ratios, spanning from very low atomic ratio (C: F/Cl = 18:2) to full adsorption 

(C:F/Cl = 2:2), in order to elucidate effects of adsorption trends in a wide range of atomic 

ratios. Properties of elemental adsorption on graphene have been calculated in terms of site 

(bridge, hollow, top), e.g. metal adatoms [20], H – Bi (except noble gases and lanthanides) 

adatoms [45]. However, graphene with adsorbed O at atomic ratio of O/C of less than 30% was 

found to have a nonlinear band gap [49]. This nonlinearity appears to be due to the positions 

of the adatoms relative to one another. This suggests that the electronic structure of elemental 

adsorption on graphene is affected not only by side of adsorption (single- or double-sided) and 

site of adsorption  (bridge, hollow or top), but also to the relative orientation of the adsorbed 

sites (zigzag or armchair) (figure 7.1) [121]. 

Numerous syntheses, progress reports, simulations, experimental and theoretical 

studies have addressed adsorption of halogens on graphene[48], [54], [71], [92], [113], [115], 

[122], [123]. There are two well-known results for fluorinated graphene. Fully fluorinated 

graphene (fluorographene/CF) is the most stable configuration for double-sided case, while 

CF0.250 (figure 7.2) is the counterpart for single-sided case. In regards to figure 7.2, two factors 

appear to play an important role, namely, atomic percent/concentration (at.%) and atomic ratio, 

e.g. a 25 at.% has multiple C:F atomic ratios (4:1, 8:2, 12:3, 16:4, …). CF0.250 cannot be 

explained using the simplest 4:1 atomic ratio, but rather 8:2 atomic ratio with certain adatom 

configuration. CF expands the graphene cell lattice constant of  0.13 Å and opens a band gap 
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of  3.00 eV, while CF0.250 opens a band gap of  2.93 eV[48]. Liu et al. calculated fluorinated 

graphene from 3.1 at.% (C:F = 32:1) to 100 at.% (C:F = 2:2) with zigzag graphene 

cell/supercells  [122]. There are some concerns on Liu et al.’s work, in relation to drawing 

trends on CFa (a = atomic concentration). Firstly, the cases are mixed between single- and 

double-sided. Secondly, one-side-adatom-addition/removal might be less stable than two-side-

adatom-addition/removal.  

 

 

Figure 7.1 Side, site and orientation in elemental adsorption on graphene. 

 

 

Figure 7.2 Most stable configuration of single-sided fluorinated graphene of 25 at.%, red 

spheres are F atoms, grey spheres are C atoms [48]. This figure was adopted from figure 6.1. 
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In this contribution, density functional theory (DFT) calculations were applied to 

perform investigation on the electronic structures of F and Cl adsorption on graphene in terms 

of adsorption orientation, at various atomic ratios, spanning from very low atomic ratio (C:F/Cl 

= 18:2) to full adsorption (C:F/Cl = 2:2). The side is fixed to double-sided, to give consistent 

trends on the results and can account for high atomic concentrations. The site is fixed to top, 

as it is adequate for the calculations. The most stable site for F is top, while Cl is site-

independent, so any site for Cl can be picked. Overall, it is highlighted some prominent effects 

of orientation aspects on various properties such as binding energy, graphene cell lattice 

constant expansion, adatom height, band gap, Fermi energy, charge transfer, magnetization and 

density of states (DOS). 

 

7.2 Methods 

To investigate the most stable configuration, it is necessary to examine all possible 

positions. Unfortunately, this is not practical, as the number of cases will be infinite. As such, 

this study is limited to the cases with same number of  adatom addition/removal on both sides 

of graphene supercells.  So the calculations for F/Cl-adsorbed to graphene were set to the 

following atomic ratios (X=F/Cl) : CX0.500 (8:4), CX (2:2), and pairs {adatom addition and 

removal}of {CX0.111 (18:2) and CX0.889 (18:16)}; {CX0.250 (8:2) and CX0.750 (8:6)}; {CX0.333 

(6:2) and CX0.667 (6:4)}. Five graphene cells/supercells were used (figures 7.3a – 7.3e). 

However, slant 3 × 7 was not used, because the adatoms (F/Cl) are too far to interact with one 

another. As such, the results for 3 × 3 are expected to be the same as 3 × 7. 

 

(a) 1 × 1 (b) 3 × 3   (c) 2 × 2       (d) 2 × 3           (e) 3 × 3            (f) 3 × 7 (not used) 

Figure 7.3 Graphene cells/supercells, all are zigzag orientation, except 2 × 3 is armchair and 

3 × 7 is slant. 
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All structural optimisations and energy calculations were performed using the plane-

wave DFT code of VASP. Calculation methodology comprises spin-polarized PAW-GGA 

functional [89], HSE06 functional [19], van der Waals correction by Grimme (D2) [88] method, 

and a Gaussian smearing. For our cases, dipole correction to z direction is not needed, as the 

number of adatom is the same on both sides of the graphene. 

The calculations were conducted four stages: (1) adatom and pristine graphene energy, 

(2) geometrical analysis for positioning the adatoms using GGA, (3) graphene-adatom lattice 

expansion with internal structure optimisation using GGA, and (4) adatom-graphene density of 

states (DOS) calculation using both GGA and HSE06. In the third stage, the calculations were 

performed using symmetrical lattice expansion (lattice parameters a and b are at constant 

proportion, c = 15 Å,  =  = 90,  = 120). We set the plane wave cut off energy of 500 eV. 

In all structures, we deployed a tolerance of less than 0.1 meV for energy and less than 0.05 

eV/Å for forces on each atoms. 

The binding energy, lattice constant expansion, adatom height, band gap, Fermi energy, 

charge transfer,  magnetization and DOS were calculated for all the cases. Binding energy E is 

calculated using equation : 

 

E = (Egraphene + Eupper adatoms + Elower adatoms – Eadatoms-graphene ) / number of adatoms   

(7.1) 

 

where Egraphene denotes the energy of the pristine graphene, Eupper adatoms signifies the energy of 

the relaxed adatoms above the graphene (without graphene sheet),  Elower adatoms signifies the 

energy of the relaxed adatoms below the graphene (without graphene sheet) and Eadatoms-graphene 

system is the total energy of the adatoms and graphene after the adatom is attached to the 

graphene. At a lattice constant of e.g. a0, all four energy terms were relaxed at a0. 
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Herein, we compute the band gap based on the DOS [90, p. 214] analysis in which a 

zero DOS  value marks the Fermi energy. Adatom height (Å) signifies the difference in z-

coordinate between adatom’s and the average of z-coordinates of carbon atoms. Total charge 

is estimated as the sum of total spin-up and spin-down values whereas magnetisation is 

expressed as the variation between total spin up and total spin down at the Fermi energy level.  

We calculate charge transfer (as a scalar quantity) based on the Bader’s [91] formalism. A 

positive value of charge transfer indicates that charge is shifted from graphene to adsorbates. 

 

7.3 Results and Discussion 

At high atomic ratio, it is well known that chair structure of CF and CCl [113] is the 

most stable configuration. At low atomic ratio, Yuan and co-researchers concluded that F atoms 

tend to form in pairs during fluorination [124]. Whilst at low atomic ratio for Cl case, Şahin  

and co-researchers stated that single Cl vacancy on one side of the graphene imposes another 

single Cl vacancy on the other side of the graphene  [54]. Armed with these aforementioned 

findings, we did extensive tests on many geometrical configurations using GGA functional, 

and  table 7.1 summarizes the most important test results. 
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Table 7.1 Configurations and binding energies for F- and Cl-adsorbed graphene. 

Configurationa F case Cl case  

 
Lattice 

constant (Å) 

Binding energy 

(eV/adatom) 

Lattice constant 

(Å) 

Binding energy 

(eV/adatom) 

 

7.40 2.06 7.40 1.01 

 

7.40 2.55b 7.40 1.08b 

 

7.40 1.88 7.40 1.00 

 

7.40 2.31 7.40 0.83 

 

7.40 1.86 7.40 0.72 

 

7.40 0.92 7.40 0.10 

 

7.40 0.53 7.40 0.10 

 

7.40 1.06 7.40 0.10 

 

7.40 1.77 7.40 0.61 

 

7.74 2.18c 
7.61 (non-bonding) 

8.51 (bonding) 

0.12 (non-bonding) 

0.31c (bonding) 

 
 

7.74 2.02 

7.61 (non-bonding) 

8.51 (bonding) 

 

0.14 (non-bonding) 

0.20 (bonding) 
 

a The bigger red circle is the adatom above the graphene while the smaller red circle is the 

adatom below the graphene. 
b The most stable configuration (adatom addition). 
c The most stable configuration (adatom removal). 
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Based on table 7.1, we can verify that for F/Cl-adsorbed graphene (CX, X=F/Cl) : (1) 

at the same atomic concentration, double-sided is more stable than single-sided adsorption; (2) 

C2X2 cluster configuration of figure 7.4 gives stability for both addition and removal. This 

finding facilitates the positioning of adatoms on both side of the graphene in a more 

manageable manner. For clarity in the subsequent figures, configuration shown in figure 7.4 is 

represented using a triangle (figure 7.5). Unfortunately for CX0.500, further simplification for 

cluster with four adatoms cannot be verified from our cases. As a result, there are more than 

ten combinations appear for CX0.500. So all possible initial configurations can now be 

determined as shown in figure 7.6. 

 

  

Figure 7.4 Most stable C2X2 cluster (X=F/Cl), grey is C, red is F/Cl. 

 

 

 (a)   (b) 

Figure 7.5 Two-adatom adsorbed on graphene, big red circle is adatom at the upper side of 

graphene, small red circle is adatom at the lower side of graphene (a) is represented using a 

triangle (b). 
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CX0,500 (8:4) 

 
CX (2:2) 

 
CX0.111 (18:2) 

 
CX0.889 (18:16) 

 
CX0.250 (8:2) 

 
CX0.750 (8:6) 

 
CX0.333 (6:2) 

 
CX0.667 (6:4) 

Figure 7.6 All possible initial configurations for F/Cl-adsorbed graphene based on the used 

atomic ratios, red triangle is a pair of F/Cl adsorbed on the upper and lower side of the graphene 

(X=F/Cl). 

 

Figures 7.7 – 7.9 show the calculation results. The most stable orientation for CX0.250 

and CX0.750 is armchair, CF0,500 is zigzag and CCl0,500 is armchair. This shows that orientation 

does affect the stability of CXa. Although F and Cl are in a group (halogens) in periodic table 

of elements, their adsorption trends on graphene are very dissimilar (figure 7.9). This indicates  

that having similar electronic configuration (s2p5 or one unpaired valence electron) does not 

give similar trends when adsorbed to graphene. Adatom’s size and mass compared to carbon’s 

size and mass seem to have greater influence. F has comparable atomic radius to C, but Cl is 

29% larger than C in radius. F is slightly heavier than C, but Cl is three times heavier than C. 

Van den Broek and co-researchers [125] showed in their calculations, that fully adsorbed F on 

silicene (SiF) and germanene (GeF) exhibit some similarities to CF, e.g. most stable at top site 
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with CF-like structure. So, our surmise is within the same group in the periodic table of 

elements, applying smaller/lighter adsorbate atom (or bigger/heavier adsorbent atom) may 

show similarities. On comparing atomic size and mass, F-adsorbed graphene might be 

analogous to Cl-adsorbed on silicene, but this needs further examinations in future research. 

 

 

Figure 7.7 Initial configurations that produce the most stable configurations for F/Cl-adsorbed 

graphene based on the used atomic ratios, red triangle is a pair of identical adatoms adsorbed 

on upper and lower side of the graphene, from left to right (X=F/Cl) : CX0.111 (18:2), CX0.250 

(8:2), CX0.333 (6:2), CX0,500 (8:4), CX0.667 (6:4), CX0.750 (8:6), CX0.889 (18:16), CX (2:2). 

 

DOS landscapes (figure 7.8) were created by scaling the original DOS to our largest 

supercell (zigzag 3 × 3) to give consistent picture across the atomic concentrations. Band gaps 

(blue areas in figure 7.8) were extracted from the scaled DOS. The numerical results on band 

gaps at Fermi energy are shown in figure 7.9d. With this threshold, our result for CF ( 2.61 

eV) is somewhat lower than the experiment (3 eV[126], 3.8 eV[127], 5 eV[128]) or calculations 

by others (3.1 eV (PBE)[129], 8.3 eV (GW)[130], 3.09 eV (PBE) and 4.88 eV (HSE06)[131], 

6.3 eV (GW)[124]). The band gap difference between ours ( 2.61 eV) and other DFT 

calculations (e.g. 3.1 eV[130]) is mainly because of the DOS threshold selection. Picking up 

different DOS threshold results different band gap. This lower band gap result is also due to 

the nature of the pure DFT calculations that underestimate the band gap. To achieve more 

accurate results, we have performed calculations based on the GGA optimised structures with 

HSE06 functional (figures 7.8b, 7.8d, 7.9d, 7.9e and 7.9f). 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 7.8 DOS (total spin) and Fermi energy (0.0 eV) of  (a) CFa - GGA, (b) CFa - HSE06, 

(c) CCla - GGA, (d) CCla – HSE06. The blue areas denote zero DOS. 
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For F cases, binding energies, graphene cell lattice constants and adatom heights are 

relatively linear at high atomic concentration. However, band gaps and Fermi energy shifts 

show nonlinearity. Binding energies are inversely proportional to adatom heights. Graphene 

cell lattice constants start increasing significantly when the adsorption is more than 50 at.%.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

 

Figure 7.9 Calculated trends for CFa and CCla. None creates magnetization. Dotted lines are 

added as guides and do not imply continuity. 
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Binding energies (normalized to the CF binding energy) are higher for double-sided 

addition/removal (our results) than single-sided addition/removal results of Liu et al. [122]. 

This double-sided adsorption results in huge difference on band gaps. This also delays our 

graphene cell lattice expansion at around 50 at.%. Figures 7.10 are plots of the calculated trends 

for CFa compared with results from Liu et al. [122]. 

 

 
(a) 

 
(b) 

 
(c) 

 

 

Figure 7.10 Calculated trends for CFa compared to Liu et al.’s work [122]. Dotted lines are 

added as guides and do not imply continuity. 

 

Medeiros and co-researchers [71] calculated two different CCl configurations, i.e. non-

bonding and bonding. Non-bonding configuration has lower total energy. Although having 

lower total energy, Şahin  and co-researchers  [54] calculated that non-bonding is dynamically 

unstable, because Cl atom can roam on the graphene surface without barrier energy. This is 

supported by Nakada and Ishii’s calculation [46], which stated that migration energy for Cl-
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adsorbed graphene is minimal (0.02 eV). Our previous study [121] also supports this and we 

concluded that non-bonding Cl-adsorbed graphene is basically site-independent.  Furthermore, 

Şahin  and co-researchers also reported that bonding configuration is dynamically stable at 0 

K and possibly at room temperature, but with graphene lattice expansion of more than 15%. 

Using the binding energy formula (equation 7.1), our results show that there is competition 

between bonding and non-bonding configuration, which non-bonding wins at 50% to 75% 

atomic ratios. At these atomic ratios, the adsorption becomes weak (physisorbed), as indicated 

by the decreasing binding energies, large adatom heights are approximately 3.50 Å, zero band 

gaps at Fermi energy and miniscule charge transfers (figure 7.9).  

F is adsorbed to graphene at least two times stronger than Cl (figure 7.9a). CFa is most 

stable at full and 25% coverage, while CCla is most stable at 25% coverage. Adatom heights 

for F are inversely proportional to atomic concentrations, but adatom heights exhibit 

discreteness for Cl (figure 7.9c). For both F and Cl cases, open band gap (at Fermi energy) at 

certain atomic concentration coverage (figure 7.9d). However, magnetization is not created due 

to the adatom addition/removal that is done in pairs. 

 

7.4 Conclusions 

The electronic structures of F and Cl adsorption (double-sided, top site) on graphene 

were investigated and analysed geometrically in terms of adsorption orientation, at a wide 

range of atomic ratios. At the same atomic concentration, double-sided adsorption is more 

stable single-sided. Despite of being in the halogens group, F- and Cl-adsorbed graphene cases 

show contrasting trends. Their electronic structures are affected by the relative orientation of 

the adsorbed sites (zigzag or armchair) and possibly the relative size/mass of the adatoms and 

carbon. This calls for careful consideration of the orientation effect in element-graphene 

systems. F is adsorbed to graphene more strongly than Cl. F favours full and 25% adsorption 
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coverage, while Cl favours 25% coverage. Finally, taking adsorption orientation into account, 

both F and Cl cases open band gap (at Fermi energy) at certain atomic concentration coverage, 

but none creates magnetization.  

 

A manuscript based on the major research outcomes of this chapter was 

published in : 

 

H. Widjaja, Z.-T. Jiang, M. Altarawneh, C.-Y. Yin, B.-M. Goh, N. Mondinos, A. 

Amri, and B. Z. Dlugogorski, “Double-sided F and Cl adsorptions on graphene 

at various atomic ratios: Geometric, orientation and electronic structure aspects,” 

Appl. Surf. Sci., vol. 373, pp. 65-72, 2016. (This is publication [3] in the List of 

Publications) 
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CHAPTER EIGHT 

PERIOD 3 ELEMENTS (Na – Cl) ADSORPTION ON GRAPHENE 

 

8.1 Introduction 

The calculation procedure developed in chapters 1 to 4 was lastly applied to period 3 

elements (Na, Mg, Al, Si, P, S, Cl) at lower concentration spanning 1:6, 1:8 and 1:18 atomic 

ratios, in order to elucidate effects of adsorption trends in a period in periodic table of elements. 

The electronic structure of elemental adsorption on graphene is affected by side of adsorption 

(single- or double-sided), site of adsorption (i.e. bridge, hollow or top), and the relative 

orientation of the adsorbed sites (i.e. zigzag or armchair). 

Numerous experimental and theoretical studies have addressed adsorption/substitution 

of period 3 elements on graphene, which is shown in table 8.1. Table 8.1 is only an indicator, 

because of the uniqueness of experimental conditions and assumptions in theoretical methods 

in each paper. Nakada and Ishii’s work provide most of the data in table 8.1, but their 

calculations were performed nonmagnetically[45], [46]. To see the trends of these properties, 

unified experiments or simulations across period 3 elements are needed.  

To this end, the current study deploys density functional theory (DFT) calculations to 

assess the influence of the orientational effect when the interaction between the adatoms is 

relatively significant. Considering the atomic sizes and adatom-adatom interactions, we set the 

atomic ratio to adatom:C at 1:8. We also included the effects of different concentrations using 

atomic ratios of 1:6 and 1:18 and conducted a thorough geometrical investigation on the 

orientational effect encountered during the adsorption of the seven period 3 elements on 

graphene - aspects which has been overlooked in previous studies. Overall, we highlight some 

prominent effects of the orientational (zigzag or armchair) and site (bridge, hollow or top) 
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aspects on various properties such as binding energy, adatom height, Fermi energy shift, 

graphene distortion, magnetization, charge transfer and band gap.  

 

Table 8.1 Adatom-adsorbed/doped graphene results from previous studies, atomic ratios are 

printed in parenthesis. 
 

 Na Mg Al Si P S Cl 
Most stable site 

(1:18)[45] 
Hollow Hollow Hollow Bridge Bridge Bridge Top 

Binding energy (eV) 
0.72(1:18)[45] 

0.462(1:32)[20] 
0.03(1:18)[45] 1.62(1:18)[45] 1.86(1:18)[45] 2.30(1:18)[45] 2.34(1:18)[45] 1.27(1:18)[45] 

Adatom height (Å) 
2.22(1:18)[45] 
2.28(1:32)[20] 

3.21(1:18)[45] 2.04(1:18)[45] 2.3(1:18)[45] 2.09(1:18)[45] 2.8(1:18)[45] 2.56(1:18)[45] 

Fermi energy shift# 

(eV) 
0.86(1:32)[20] - 

0.94(1:32)[20] 

0.49(graphene-

metal)[103] 

0.57(graphene-

metal)[105] 
0.8(1:31)[64] 

- - - - 

Magnetization (B) 
0.27(1:32)[20] 

0.0(1:72)[55] 
0.0(1:72)[55] 

0.00(1:32)[20] 

0.0(1:72)[55] 

0.27(1:8)[65] 
1.02(1:32)[65] 

1.74(1:72)[66] 

0(1:32)[67] 

1(1:31-1:127)[64] 

1(1:31-1:241)[70] 
0(1:31-1:241)[70] - 

Charge transfer^ (e) 0.62(1:18)[46] 0.10(1:18)[46] 0.81(1:18)[46] 0.72(1:18)[46] 0.38(1:18)[46] -0.04(1:18)[46] -0.41(1:18)[46] 

Migration energy 

(eV) 

0.13(1:18)[45] 

0.069(1:32)[20] 
0.02(1:18)[45] 0.05(1:18)[45] 0.05(1:18)[45] 0.45(1:18)[45] 0.46(1:18)[45] 0.02(1:18)[45] 

Band gap~ (eV) - - 
metallic(1:31-

1:127)[64] 

0.00(1:31)[64] 

0.08(1:71)[64] 

2.02(1:1)[68] 
2.13(1:1)[69] 

0.67(1:31)[64] 
0.14(1:71)[64] 

0.50(1:127)[70] 

0.57(1:31)[64] 
0.01(1:71)[64] 

0.80(1:31)[70] 

1.21(2:2) bonding [54] 
0.00(2:2) non-bonding 

[71] 

# Charge transfer from adatom to graphene 

^ Fermi energy shift from pristine graphene 

~ Band gap at Fermi energy 

 

8.2 Methods 

We perform all structural optimisations and energy calculations using the plane-wave 

DFT code of VASP. Calculation methodology comprises spin-polarized PAW-GGA functional 

[89], van der Waals correction by Grimme (2) [88] method, dipole corrections along the Z-

direction, and a Gaussian smearing.  

For 1:8 atomic ratio, the calculations include (i) 3 adatom sites: bridge (B), hollow (H) 

and top (T); and (ii) 2 orientation directions: zigzag (z) and armchair (a), with initial adatom 

height of 1.5 Å. Figures 8.1b and 8.1c summarize these sites and orientations. All the H  and T 

cases can be represented by one position for zigzag orientation (Hz and Tz) and one position for 

armchair orientation (Ha and Ta), while all the B cases can be represented by one position for 
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zigzag orientation (Bz) and two positions for armchair orientation (Ba1, Ba2). Thus, we only 

considered 7 unique adatom positions in this study (Bz, Ba1, Ba2, Hz, Ha, Tz, Ta). We fixed the 

lattice parameters at 4.936 Å  4.936 Å for the zigzag 2 × 2 graphene supercell and 4.936 Å  

4.275 Å for the armchair 2 × 3 graphene supercell. At this low adsorption atomic ratio, 

graphene lattice parameters do not change significantly. We also fixed the distance between the 

two graphene sheets to 15 Å. Additional calculations for 1:6 and 1:18 atomic ratios and these 

calculations consider only adsorption sites (B, H, T) has also been performed, as shown in 

figures 8.1a and 8.1d. However, we did not use slant 3 × 7, because the adatoms are too far to 

interact with one another. As such, the results for 3 × 3 are expected to be the same as 3 × 7. 

 

 

       (a)                   (b)                   (c)                            (d)                   (e) not used 

Figure 8.1 Schematic diagrams of adsorption on the graphene supercells for (a) 1:6 zigzag 3  

× 3, (a) 1:8 zigzag 2 × 2, (c) 1:8 armchair 2 × 3, (d) 1:18 zigzag 3 × 3, and (e) 1:18 slant 3 × 

7. (e) is not used. 

 

We conducted the calculations in four stages: (1) adatom and pristine graphene energy, 

(2) adatom-adatom interaction, (3) graphene-adatom internal structure optimisation, and (4) 

adatom-graphene density of states (DOS) calculation. We calculated the adatom-adatom 

interaction for several supercells to compare the interaction strength against the supercell size. 

To ensure convergence results, all stages used plane wave cut off energy of 600 eV. Completion 

of iterations entailed tolerances of less than 1 eV for energy and less than 0.02 eV/Å for atomic 

forces.  

We explored two types of binding energy, E1 and E2, in the present study as expressed 

in the following two equations: 
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E1 = Egraphene + Eadatom – Eadatom-graphene system       (8.1) 

and 

E2 = Egraphene + Eadatom-adatom – Eadatom-graphene system      (8.2) 

where Egraphene denotes the energy of the pristine graphene, Eadatom signifies the energy of the 

adatom, Eadatom-adatom stands for the energy of adatom-adatom interaction and Eadatom-graphene system 

is the total energy of the adatom and graphene after the adatom is attached to the graphene. We 

calculated adatom-adatom interaction on the initial condition of adatom-adsorbed graphene as 

if the graphene sheet were removed from the system. Positive or negative binding energy 

indicates stability or instability, respectively. 

The adatom height, Fermi energy shift, graphene distortion, magnetization, charge 

transfer, band gap and DOS were calculated for all cases. In this analysis, the band gap is 

determined from the DOS [90, p. 214] analysis, i.e. zero DOS at Fermi energy. Zero DOS at 

Fermi energy signifies that the material is a semiconductor or insulator. Adatom height (Å) is 

the difference between adatom’s z-coordinate and the average of z-coordinates of C atoms. The 

graphene distortion is an indicator of the adatom’s presence, which is the average displacement 

(in picometer/carbon atom) of the C atoms in the graphene supercells.  

While total charge is the sum of total spin-up and spin-down, magnetization (in Bohr 

magneton or B) is defined as the difference between total spin up and total spin down of the 

DOS at the Fermi energy level. Charge transfer is expressed as the scalar quantity charge 

transferred from adatom to graphene (electrons/adatom). Positive charge transfer indicates that 

charge is transferred from adatom to graphene and vice versa. Charge transfer estimation has 

been calculated via the Bader methodology [91].  

 



 

109 

 

8.3 Results and Discussion 

The discussion focuses on adatom-adatom interaction and adatom-adsorbed graphene. 

The basic information of graphene and the atoms are shown in Table 8.S1 and 8.S2 in the 

supplementary data. Table 8.S1 shows the atomic/ionic radius and its Pauling’s 

electronegativity [21, pp. 255–257]. Table 8.S2 shows the calculated magnetization and Fermi 

energy of graphene and the elements. 

 

8.3.1 Adatom-adatom Interaction 

Adatom-adatom interaction in the network of adatoms is represented by its binding 

energy, which is Eadatom – Eadatom-adatom. As expected, the interaction is quite strong at small 

supercells, but diminishes at larger supercells. Larger Na and Mg atoms do not fit when 

considering a zigzag 1 × 1 graphene cell. Also, the trend of the interaction strengths follows 

the atomic radius for a zigzag 3 × 3 or larger graphene supercells. This indicates that the 

larger atomic radius, the stronger adatom-adatom interaction, for the same graphene supercell. 

In general, armchair 2 × 3 gives greater adatom-adatom interaction than zigzag 2 × 2, except 

Na and P (figure 8.2b). 

However, this trend does not hold true for 1  1 graphene cell for adsorption of Al and 

Si atoms. This is due to the adatom-adatom repulsion at shorter distance for Si. The optimised 

lattice parameter for Al-Al and Si-Si interactions amounts to 2.79 Å (120 rhombus lattice) and 

2.49 Å (square lattice), respectively. Thus for our 1  1 graphene cell (2.468 Å), Si interacts 

strongly with its neighbouring atoms whilst neighbouring Al atoms experience repulsion from 

each other. While P has very low P-P interaction starting at 3 × 3 graphene supercells.  

For all adatoms, the adatom-adatom interactions are small for 3  3 or larger graphene 

supercells. So it is expected that orientation effects of these adatoms on the adatom-adsorbed 

graphene systems are rather minimal for 3  3 or larger graphene supercells. 
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(a) 

 
(b) 

Figure 8.2 Adatom-adatom binding energies for (a) various zigzag n  n supercells, (b) 2 × 3 

and 2 × 2 supercells. Connecting lines have been added as guidance. 

 

8.3.2 Adatom-adsorbed Graphene 

Calculation results are summarized in table 8.2 and figures 8.3 and 8.4, with the 

numerical details are in table 8.S3 in supplementary data. Na, Mg, Al are metals; Si is 

metalloid; P, S, Cl are nonmetals. At these low atomic concentrations, Na shows site-only 

dependence (H), Mg and Cl show orientation-only dependence, and Al, Si, P, S show site-and-

orientation dependence. Orientation was inspected at 1:8 atomic ratio, which gives extra 

information in addition to the most stable site (Al is zigzag, while Si, P, S are armchair). All 

adatoms are larger in size than C. Mg and P exhibit weak adsorption to graphene, while Al and 

S exhibit strong adsorption (figures 8.3a). As expected, binding energies are qualitatively 

inversely proportional to adatom heights (figures  8.3a and 8.3c). Fermi energy shifts trend 

(figure  8.3d) is similar to Pauling’s electronegativities trend. There is no clear trend for 
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graphene distortions across the adatoms (figure  8.3e), but in general, the lower adatom 

concentration, the lower distortion. Mg, Al and S do not create magnetization, while Na, Si, P 

and Cl do (figure  8.3f). This is in agreement with previous studies shown in table 8.1. The very 

weak bonding in P 1:18 case causes the magnetization of P atom is preserved (3 B) after 

adsorbed to graphene. There is also no clear trend for charge transfers across the adatoms 

(figure  3g), but we can at least predict the direction of the charge transfer based on Pauling’s 

electronegativity (Na – P are positive, while S and Cl are negative). Strong bonding to graphene 

creates an opportunity to open the band gap, as in S 1:8 case (figure  8.3h). The DOS details 

for extracting the band gaps are shown in figure  8.S1 in the supplementary data. 

 

Table 8.2 Results for period 3-elements adsorbed graphene at three atomic ratios. B, H, T, Z, A, 

+,  are bridge, hollow, top, zigzag, armchair, positive and negative. Atomic ratios printed in 

parenthesis override the atomic ratio column. 

 

 atomic ratio(s) Na Mg Al Si P S Cl 

 1:6 H Z Z B B B Z 

Most stable position 1:8 H A Hz Ba2 Ba2 Ba2 Z 

 1:18 H Z H B H B Z 

Magnetization 1:6-1:18 Yes No No Yes Yes No Yes 

Fermi energy shift # 1:6-1:18 + + + + + +  

Charge transfer ^  1:6-1:18 + + + + +   

Band gap ~ 1:6-1:18 No No No No No Yes(1:8) No 

# Fermi energy shift from pristine graphene 

^ Charge transfer from adatom to graphene 

~ Band gap at Fermi energy 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 8.3 Calculation results for period-3 elements adsorbed on graphene, lines are added as 

a guidance. E1 is binding energy with respect to adatom, E2 is binding energy with respect to 

adatom-adatom interaction. 
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For all adatoms except P, the difference between E1 and E2 decreases as the atomic ratio 

decreases, and becomes miniscule at 1:18 atomic ratio (figure 8.4).  

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 8.4 Binding energies for period-3 elements adsorbed on graphene, lines are added as a 

guidance. E1 is binding energy with respect to adatom, E2 is binding energy with respect to 

adatom-adatom interaction. 

 

8.4 Conclusions 

We have performed geometrical analysis and first principles calculations using DFT to 

investigate the electronic structures of period 3 elements (Na, Mg, Al, Si, P, S, Cl) adsorbed on 

graphene at lower concentrations spanning 1:6, 1:8 and 1:18 atomic ratios, in terms of site of 

adsorption (bridge, hollow or top), and the relative orientation of the adsorbed sites (zigzag or 

armchair). In these atomic ratios, we found that some elements are site-dependent (Na), 

orientation-dependent (Mg, Cl), and site-and-orientation-dependent (Al, Si, P, S). None shows 

both site-and-orientation-independency. Mg and P show weak adsorption, while Al and S show 

stronger adsorption. Pauling’s electronegativity has been useful in predicting the Fermi energy 
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shifts and charge transfers trends. Mg, Al and S cases do not create magnetization. Only S 

opens a band gap at 1:8 atomic ratio. 

 

8.5 Supplementary Data 

 

Table 8.S1 Atomic/ionic radius and Pauling’s electronegativity[21, pp. 255–257]. 

Atom Radius (Å) Pauling’s electronegativity Ion Radius (Å) 

C 0.77 2.5 - - 

Na # 1.54 0.9 Na + 1.16 

Mg # 1.30 1.2 Mg 2+ 0.86 

Al 1.18 1.5 Al 3+ 0.68 

Si 1.11 1.8 - - 

P 1.06 2.1 - - 

S 1.02 2.5 S 2- 1.70 

Cl 0.99 3.0 Cl - 1.67 

# Relatively big atom 

 

Table 8.S2 Calculation results of graphene and the elements. 

 No. of valence electrons Magnetization (B) Fermi energy (eV) 

Graphene 24, 32, 72^ 0 -2.29 

C 4 2 -6.03 

Na 1 1 -2.21 

Mg 2 0 -3.76 

Al 3 1 -3.01 

Si 4 2 -4.50 

P 5 3 -5.25 

S 6 2 -6.12 

Cl 7 1 -8.08 

^ for 1:6, 1:8, 1:18 atomic ratios 
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Table 8.S3 Period 3-elements adsorbed graphene. Bold numbers are the values at the most stable 

position. B, H, T, Z, A are bridge, hollow, top, zigzag and armchair.  
 

1:6 atomic ratio  Na  Mg Al  Si   P   S  Cl 

 B H T Z Z B H T B H T B H T Z 

E1 (eV) ~ 1.04 1.11 1.04 0.43 1.44 1.13 0.93 1.04 0.30 0.10 0.07 1.19 0.53 0.93 0.58 

E2 (eV) ~~ 0.32 0.38 0.32 0.13 0.29 0.36 0.16 0.27 0.31 0.11 0.08 0.82 0.15 0.56 0.40 

Adatom height 
(Å) 2.63 2.44 2.65 3.10 2.85 2.14 3.08 2.29 2.00 3.31 2.11 1.94 3.18 2.07 3.10 

Fermi energy 

shift (eV) # 1.69 1.70 1.71 1.39 1.80 1.14 1.09 1.14 0.56 0.46 0.60 0.43 

-

0.39 0.36 

-

1.52 
Graphene 

distortion * 2.89 6.08 2.90 3.57 0.50 6.24 0.01 3.50 12.47 6.29 10.76 13.38 4.39 11.34 0.05 

Magnetization 

(B) 0.00 0.00 0.00 0.00 0.00 0.38 0.57 0.00 0.89 2.98 0.94 0.00 1.93 0.00 0.79 

Charge transfer 

(e) 0.32 0.38 0.32 0.16 0.19 1.32 0.05 0.86 0.37 

-

0.01 0.26 -0.04 

-

0.08 -0.05 

-

0.20 

Band gap (eV) ^ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 

 

1:8 atomic ratio  Na  Mg  

 B H T Z A 

E1 (eV) ~ 0.89 0.97 0.89 0.22 0.27 

E2 (eV) ~~ 0.41 0.49 0.41 0.09 0.12 

Adatom height (Å) 2.57 2.40 2.58 3.20 3.08 

Fermi energy shift (eV) # 1.63 1.66 1.64 0.91 1.11 

Graphene distortion * 3.44 3.29 4.50 11.58 9.46 

Magnetization (B) 0.00 0.00 0.00 0.00 0.00 

Charge transfer  (e) 0.39 0.45 0.39 0.13 0.17 

Band gap (eV) ^ 0.00 0.00 0.00 0.00 0.00 

 

1:8 atomic ratio    Al      Si   

 Bz Ba1 Ba2 Hz Ha Tz Bz Ba1 Ba2 Hz Ha Tz 

E1 (eV) ~ 1.14 1.21 1.24 1.21 1.20 1.13 0.95 0.86 1.08 0.81 0.72 0.82 

E2 (eV) ~~ 0.48 0.47 0.50 0.55 0.46 0.47 0.62 0.41 0.63 0.48 0.27 0.48 

Adatom height (Å) 2.20 2.32 2.28 2.11 2.09 2.18 2.05 3.06 2.08 1.98 1.91 1.95 

Fermi energy shift (eV) # 1.69 1.67 1.60 1.70 1.72 1.68 1.08 1.16 0.98 1.48 1.19 1.19 

Graphene distortion * 0.71 1.49 1.46 0.46 0.87 1.38 4.04 0.15 6.02 2.20 15.41 2.93 

Magnetization (B) 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.48 0.48 0.00 0.00 0.00 

Charge transfer  (e) 1.06 0.92 0.98 1.22 1.24 1.05 1.39 1.34 1.48 0.51 2.07 1.32 

Band gap (eV) ^ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

1:8 atomic ratio    P      S   Cl  

 Bz Ba1 Ba2 Hz Ha Tz Bz Ba1 Ba2 Hz Ha Tz Z A 

E1 (eV) ~ 0.12 0.10 0.49 0.13 0.12 -0.15 0.96 0.97 1.39 0.36 0.40 0.73 0.57 0.59 

E2 (eV) ~~ 0.10 0.08 0.48 0.11 0.11 -0.17 0.80 0.74 1.16 0.19 0.17 0.57 0.51 0.49 

Adatom height (Å) 1.97 1.99 2.02 3.27 3.30 2.10 1.96 1.97 1.98 3.09 3.12 2.10 2.97 3.01 

Fermi energy shift 

(eV) # 0.45 0.50 0.34 0.44 0.38 0.56 0.20 0.14 0.11 -0.54 -0.55 -0.11 -1.60 -1.61 
Graphene distortion 

* 6.60 8.52 10.44 12.90 13.42 3.98 7.84 8.29 10.71 10.85 11.38 5.29 0.20 0.16 

Magnetization (B) 0.51 0.85 0.98 3.00 2.99 0.99 0.00 0.00 0.00 1.92 1.91 0.00 0.75 0.74 

Charge transfer  (e) 0.36 0.37 0.41 0.00 0.00 0.24 -0.07 -0.05 -0.05 -0.10 -0.10 -0.12 -0.25 -0.24 

Band gap (eV) ^ 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 
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1:18 atomic ratio  Na  Mg 

 B H T Z 

E1 (eV) ~ 0.63 0.76 0.62 0.11 

E2 (eV) ~~ 0.63 0.76 0.62 0.10 

Adatom height (Å) 2.43 2.31 2.42 3.22 

Fermi energy shift (eV) # 1.63 1.73 1.63 0.34 

Graphene distortion * 1.17 1.19 1.28 5.58 

Magnetization (B) 0.43 0.26 0.42 0.00 

Charge transfer  (e) 0.59 0.64 0.59 0.11 

Band gap (eV) ^ 0.00 0.00 0.00 0.00 

 

1:18 atomic ratio  Al   Si   P   S  Cl 

 B H T B H T B H T B H T Z 

E1 (eV) ~ 1.08 1.19 1.08 0.72 0.06 0.69 0.05 0.13 -0.41 1.02 0.30 0.62 0.77 

E2 (eV) ~~ 1.04 1.15 1.03 0.71 0.04 0.68 0.04 0.13 -0.41 0.99 0.27 0.60 0.77 

Adatom height (Å) 2.22 2.09 2.18 2.19 1.88 2.23 2.09 3.23 2.19 2.07 3.09 2.20 2.98 

Fermi energy shift (eV) # 1.38 1.44 1.37 0.69 1.31 0.70 0.07 0.20 0.35 0.05 -0.71 -0.32 -1.50 

Graphene distortion * 0.56 0.60 1.03 3.46 1.10 1.97 7.45 6.05 3.44 7.42 5.28 4.71 0.32 

Magnetization (B) 0.00 0.00 0.00 1.52 0.00 1.67 0.94 3.00 1.10 0.00 1.85 0.00 0.59 

Charge transfer  (e) 1.09 1.27 1.09 1.00 0.75 0.68 0.42 0.00 0.13 -0.09 -0.17 -0.27 -0.39 

Band gap (eV) ^ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

~ Binding energy with respect to adatom. 

~~ Binding energy with respect to adatom-adatom interaction. 

# Fermi energy shift from pristine graphene. 

* in picometer/carbon atom. 

^ Band gap at Fermi energy. 
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Figure 8.S1 DOS (total spin) and Fermi energy (0 eV) of element-adsorbed graphene at 3 

atomic ratios, z is zigzag, a is armchair. 
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CHAPTER NINE 

CONCLUDING REMARKS 

 

9.1 Consolidated Results 

This section is intended to consolidate all the results before concluding this study. Based 

on the scope of this thesis for ten adatoms (figure 4.13), this section shows : (1) the summary 

the overall trends from previous studies in section 3.3 (see table 9.1) and our results in chapters 

5 – 8 (see table 9.2), (2) the comparison of tables 9.1 and 9.2.  

 

Table 9.1 Results from previous studies for period 3-elements and halogens adsorbed/doped 

graphene. B, H, T, +,  are bridge, hollow, top, positive and negative. Grey is cell with no data. 

Atomic ratios printed in parenthesis override the atomic ratio column. 

 

(a) period 3-elements 

 atomic ratio(s) Na Mg Al Si P S Cl 

Most stable positions 1:18 H H* H B B B T* 

Magnetization < 50 at.% Yes No No Yes Yes No  

Charge transfer ^  1:18 + + + + +   

Band gap ~ > 50 at.%   No(<50at%) Yes Yes(<50at%) Yes Yes 

 

(b) halogens 

 atomic ratio(s) F Cl Br I 

Most stable positions 1:18 T T* T* T* 

Magnetization < 50 at.% Yes    

Charge transfer ^  1:18     

Band gap ~ > 50 at.% Yes Yes No Yes(<50at%) 

^ Charge transfer from adatom to graphene 

~ Band gap at Fermi energy 

* with very tiny migration energy 
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Table 9.2 Results from our calculations for period 3-elements and halogens adsorbed graphene. 

B, H, T, Z, A, +,  are bridge, hollow, top, zigzag, armchair, positive and negative. Atomic ratios 

printed in parenthesis override the atomic ratio column. 

(a) period 3-elements 

 atomic ratio(s) Na Mg Al Si P S Cl 

 1:6 H Z Z B B B Z 

Most stable position 1:8 H A Hz Ba2 Ba2 Ba2 Z 

 1:18 H Z H B H B Z 

Magnetization 1:6-1:18 Yes No No Yes Yes No Yes 

Fermi energy shift #  1:6-1:18 + + + + + +  

Charge transfer ^ 1:6-1:18 + + + + +   

Band gap ~ 1:6-1:18 No No No No No Yes(1:8) Yes(25 and >80 at.%) * 

 

(b) halogens 

 atomic ratio(s) F Cl Br I 

 1:6 T Z Z Z 

Most stable position 1:8 T Z A A 

 1:18 T Z Z Z 

Magnetization 1:6-1:18 No Yes Yes Yes 

Fermi energy shift #  1:6-1:18     

Charge transfer ^  1:6-1:18     

Band gap ~ 1:6-1:18 Yes(25 and >50at%) * Yes(25 and >80 at.%) * No No 

# Fermi energy shift from pristine graphene 

^ Charge transfer from adatom to graphene 

~ Band gap at Fermi energy 

* Based on double-sided adsorption 

 

Orientation information has been added in this elemental adsorption on graphene study. 

Adatoms that have tiny migration energy in the previous study (Mg, Cl, Br, I) becomes 

orientation-only-dependent in this thesis. Magnetizations are in agreement between previous 

studies and this thesis, except for F. However, the F case from the previous study is a doping 

case, and not adsorption. In the literature review (figure 3.6), it is surmised that charge transfer 

and Fermi energy shift trends might at least have the same sign (positive/negative). In our case, 

it is generally correct, except for S case. This is because S and C have very close Pauling’s 

electronegativity (figure 3.S1). Finally, for band gaps are also in agreement between previous 

results and this thesis, except for P, I and Cl. However, the P and I cases from the previous 

study are also doping cases, and not adsorption. For Cl case, the previous studies use bonding 
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state of CCl, while this thesis uses bonding or non-bonding state, depending on the atomic 

ratio. 

 

9.2 Conclusions 

Nano-sized materials are promising to serve human kind now and in the future, as it has 

richer properties than normal-sized materials. It is natural because quantum physics that 

governs nano-sized materials is the superset of classical physics that governs normal-sized 

materials. Many quantum effects do not have classical analog, but not in reverse. To harvest 

these opportunities, extensive studies must be done experimentally and theoretically. 

DFT as a quantum mechanical computational method has been successfully applied to 

investigate the electronic properties nano-sized materials in this thesis, within reasonable time 

and cost. Many simulation software (Gaussian 09W, NWChem, Quantum Espresso, Abinit and 

VASP) have been tried, but finally VASP was picked to execute all the calculations. 

In this thesis, it is studied and examined the elemental adsorption on graphene. 

Extensive trends based on previous studies have been elucidated, in terms of binding energy 

(stability), the most stable site (bridge, hollow or top), migration (barrier) energy, adatom 

height, graphene distortion, Fermi energy, magnetization, charge transfer, and band gap at 

Fermi energy.  

For non-magnetic calculations, the trends are visible. Number of adatom unpaired 

valence electrons are qualitatively proportional to binding energies. Knowing the trend of 

binding energies, adatom heights and migration energies trends can be loosely predicted, with 

adatoms heights are inversely proportional, while migration energies are proportional to the 

binding energies. Pauling’s electronegativity gives good indicator for charge transfer and Fermi 

energy shift. Most metals are stable at hollow site, most metalloids and nonmetals are stable at 

bridge site, while H and halogens are stable at top site. Some adatoms create magnetization or 
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open the band gap. While for magnetic calculations, the trends are not simple. This indicates 

that spin-polarization modifies significantly the calculation results. 

Furthermore, it is shown that geometry and orientation are important in elemental 

adsorption on graphene. To proof this idea, it was created a calculation procedure using DFT 

to investigate the electronic structures of elemental adsorption on graphene in terms of side 

(single-, double-sided), site (bridge, hollow, top) and orientation (zigzag, armchair), and 

applied it to 10 elements : Na, Mg, Al, Si, P, S, F, Cl, Br, and I. 

The results are summarized as follows. Geometrically, the number of adsorption cases 

on bridge site relies on the adatom orientation, one bridge case for zigzag orientation, two 

bridge cases for armchair orientation, and three bridge cases for slant orientation. At lower 

atomic ratios (adatom:C), some elements are site-dependent (Na, F); orientation-dependent 

(Mg, Cl, Br, I); both site-and-orientation-dependent (Al, Si, P, S); but none shows both site-

and-orientation-independency. 

In one group (halogens), there are two contrast characteristics, F in one side, and Cl/Br/I 

in the other side. F is adsorbed to graphene at about three times stronger than Cl/Br/I. Cl/Br/I 

share similar properties in this adsorption. Our calculations on F and Cl adsorbed at a wide 

range of atomic ratios (11 – 100 at.%) also support these contrast characteristics. F favours full 

and 25% adsorption coverage, while Cl favours 25% coverage. This suggests that adatoms 

size/mass compared to carbon atom size/mass has prominent effect, beside its valence electron. 

F opens band gap at both low and high atomic ratios (25 at.% and greater than 50 at.%), while 

Cl open small band gap at around 25 at.% and greater than 80 at.%.  

In a period (period 3 elements), Mg and P exhibit weak adsorption to graphene, while 

Al and S exhibit strong adsorption. Some trends are not simple. However, Pauling’s 

electronegativity is still useful in predicting the Fermi energy shifts and charge transfers trends. 
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Mg, Al and S cases do not create magnetization. Only S opens a band gap at 1:8 atomic ratio. 

To have better understandings, it is strongly suggested to inspect elements in other periods. 

Finally, the trends have been improved with extra information, i.e. orientation. This 

orientation aspect adds one degree of freedom in elemental adsorption on graphene, and thus 

improves the accuracy and correctness to predict. This demands many of previous studies by 

others to be re-examined in terms of orientation, and also the inclusion of orientation as a 

routine procedure in the future studies. 

 

9.3 Future Work 

The method developed in this thesis could be applied to the other elements, molecules 

or compounds. It is also applicable to the other emerging 2D materials (e.g. silicene, 

germanene, stanene, phosphorene, boron nitride). These results can be used to assist, accelerate 

and direct the experiments. Further approximations can be done, e.g. utilising time-dependent 

DFT, taking strongly correlated materials into account, applying GW approximation and 

considering lattice vibrations. GW approximation is a well-known method to overcome band 

gap underestimation in DFT. 

More features can be calculated, e.g. work function, vibration energies, mechanical 

stress and band structure. Experimenting elemental adsorption on graphene is quite 

challenging, as manipulation at atomic level is required. 
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APPENDIX A 

FILES AND PARAMETERS IN VASP 

 

This appendix: (1) explains VASP input and output files (appendix A.1); and (2) 

provides all non-default VASP parameters that were used during this research (appendix A.2). 

However, for comprehensive explanations, the VASP documentation[47] is the ultimate source 

to consult. 

 

A.1 Input and Output Files 

 Each job in VASP is bundled in a folder. There are minimum of five input files : 

1. job file 

This file interfaces the VASP, the machine/supercomputer and the users. It defines the 

estimated computing time and resources allocations (e.g. number of processors, memory 

size, storage size). It sends notifications to the users about the status of the job (e.g. e-mail). 

It also can perform some algorithmic tasks, e.g. to run multi-stage jobs, to run jobs with a 

range of parameters. 

2. INCAR 

This file stores all VASP parameters and tasks. All undefined parameters are set to default. 

Section 4.4 and chapter 5 to 9 share common VASP parameters that are described later in 

appendix A.2. 

3. POSCAR 

This file defines the unit cell and the initial atomic configuration. In this thesis, upon 

convergence test, vacuum in z-direction is fixed to 15 Å. However, dipole correction is still 

applied to increase the accuracy of the calculations (see item 11 in appendix A.2). 
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4. KPOINTS 

This file determines the number of sampling points in the reciprocal coordinate. This thesis 

uses Monkhorst-Pack scheme, automatic k-mesh generation and gamma centred grid. Lower 

k-points is cheaper. There are two convergence tests against these k-points : 

4.1a k-points for geometry optimisations 

Rule of thumb in this thesis, k-points  29.5 / lattice constant (Å) for x and y directions 

and k-point =1 for z-direction. 

4.1b k-points for DOS calculations 

Rule of thumb in this thesis, k-points   4 × 29.5 / lattice constant (Å) for x and y 

directions and k-point =1 for z-direction. 

However, actual calculations were done in 3 stages : 

4.2a geometry optimisation against the initial atomic positions at k-points  29.5 / lattice 

constant (Å) for x and y directions and k-point =1 for z-direction. 

4.2b geometry optimisation against the first optimised atomic positions (4.2a) at k-points  

2 × 29.5 / lattice constant (Å) for x and y directions and k-point =1 for z-direction. 

4.2c geometry optimisation against the second optimised atomic positions (4.2b) at k-points 

 4 × 29.5 / lattice constant (Å) for x and y directions and k-point =1 for z-direction. 

5. POTCAR 

This file stores the potential of each atoms in the job. This thesis uses spin-polarized Perdew-

Burke-Wang generalized gradient approximation (GGA) exchange-correlation functional 

[89] with projector augmented wave (PAW) pseudopotential[87]. 
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Subsequent to running a job in supercomputer, output files are created, some of them 

are: 

1. OUTCAR 

This file stores the calculation outputs. 

2. vasprun.xml 

This file stores the calculation outputs in XML (Extensible Markup Language) format. XML 

is a text format that is interoperable across the internet. 

3. DOSCAR 

This file stores the density of states (DOS). 

4. CONTCAR 

This file stores the optimised unit cell and final atomic configuration. This file can be 

converted into the next POSCAR in the multi-stage calculation. 

5. CHGCAR 

This file stores the charge density, which can be used for multi-stage calculation or 

visualisation. This thesis uses the version 3.2.1 of Vesta software to visualise charge 

density[110]. 

 

A.2 INCAR Parameters 

 This section explains the common non-default INCAR parameters that are used 

throughout this thesis : 

1. ENCUT=500.0 or higher 

Cut off energy for the plane wave basis set (eV). Lower cut off energy is cheaper. This 

parameter must be tuned as low as possible but still gives convergence calculation results.  

2. NSW=300 

Maximum number of steps in geometry optimisation. 
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3. EDIFF=1E-4 or smaller 

This parameter sets the energy threshold (eV) to break the iteration in the DFT self-

consistent calculation. If two consecutive iterations have energy change smaller than this 

parameter, the  calculation ends.  

4. IBRION=2  

This parameter sets the conjugate-gradient algorithm to perform the geometry optimisation. 

This algorithm is recommended by VASP as the most reliable geometry optimisation routine 

and can handle most difficult situations. 

5. ISTART=0 

This parameter tells VASP to calculate the job from scratch. 

6. IALGO=48 and ALGO=FAST 

These combined parameters are suggested to be the most reliable and relatively economical 

algorithm by VASP. This is VASP’s algorithm called residual minimization scheme, direct 

inversion in the iterative subspace (RMM-DIIS). 

7. ISPIN=2 

This parameter turns on the calculation with spin polarization. Spin polarization is important 

to obtain the true ground state energy and also to reveal the magnetic properties of the 

materials. 

8. ISIF=2 

This parameter tells VASP to optimise the atomic configuration inside a static unit cell. 

However, to optimise the unit cell, another approach is used, i.e. to calculate a range of 

lattice parameters and select the lowest energy. 

9. ISMEAR=0 

This parameter turns on the Gaussian smearing with the default broadening of 0.2 eV. This 

is to ensure convergence results in all calculations, especially for metallic elements. 
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10. IVDW=1 

This parameter switches on the calculation with van der Waals correction using Grimme 

D2 method[88].  

11. IDIPOL=3 

This parameter turns on the dipole correction along the z-direction. 

12. ALGO=DAMPED, LHFCALC=.TRUE., HFSCREEN=0.2 and PRECFOCK=F 

These combined parameters select HSE06 functional for obtaining the electronic structures 

(e.g. density of states and energy band gap) more accurately. 
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