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ABSTRACT

EXPLORING THE ELECTRONIC AND MAGNETIC
CHARACTERISTICS OF LITHIATED HOLEY MogS;2: A STUDY IN
INORGANIC CHEMISTRY

Since graphene, the ultra-thin carbon compound, gained popularity with its remark-
able electrical capabilities, various two-dimensional (2D) van der Waals-type materials
have come into focus. Investigation of the electrical and optical properties of materials
at atomic scale is required to understand the unique electronic behavior brought on by
quantum size effects. The development of optoelectronic devices with novel features is
facilitated by an increased understanding of the properties of matter within the context of
theoretical techniques. This thesis includes the investigation of the lithiated holey MogS12
structure through calculations based on density functional theory (DFT).

Motivated by the recent experimental realization of holey structure of transition
metal dichalcogenides (TMDs), in this thesis, the holey structure of MogS15 is investigated
by means of DFT-based calculations. The geometry optimization and phonon band
dispersion calculations show the structural and dynamical stability of free-standing holey
single-layer MogS1». In addition, electronic band dispersions reveal the direct band gap
semiconducting nature of the structure. In order to investigate the lithiation capacity
of single-layer MogS14, effect of Li doping on the properties of MogS1, is analyzed by
considering both one- and double-sided lithiation. As one surface of single-layer MogS;»
is fully saturated with Li atoms, a dynamically stable half-metallic structure is formed.
The corresponding electronic band structures reveals the metallic behavior of the two-side
lithiated single-layer. Overall, tunable electronic properties of single-layer holey MogS;2
via lithiation makes it suitable candidate for various nanoelectronic applications, such
as memories, capacitors, gate insulators, energy storage, high-frequency modulation in

communication devices.
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OZET

LITYUMLANMIS DELIKLI MogS;»’NIN ELEKTRONIK VE
MANYETIK OZELLIKLERININ ARASTIRILMASI: ANORGANIK
KIMYA CALISMASI

En kiiciik karbon bilesigi olan grafen, essiz elektriksel ozellikleriyle popiilerlik
kazandigindan beri, ¢esitli iki boyutlu (2B) van der Waals tipi malzemeler ilgi odagi
haline geldi. Malzemelerin elektriksel ve optik ozelliklerinin atomik 6lgekte arastirilmast,
kuantum boyutu etkilerinin getirdigi benzersiz elektronik davranisi anlamak icin gereklidir.
Yeni ozelliklere sahip optoelektronik cihazlarin gelistirilmesi, teorik teknikler baglaminda
maddenin bu 6zelliklerinin daha iyi anlagilmasini kolaylagtirmistir. Bu tez, yogunluk
fonksiyonel teorisine (DFT) dayali hesaplamalar yoluyla lityumlanmis delikli MogS;2
yapisinin incelenmesini icerir.

Gecis metali dikalkojenitlerin (TMDs) delikli yapisinin yakin zamanda deneysel
olarak gerceklestirilmesinden motive edilen bu tezde, MogS;2 nin delikli yapist yogun-
luk fonksiyonel teorisine dayali olarak arastirllmaktadir. Geometri optimizasyonu ve
fonon band1 dagilim hesaplamalari, serbest duran delikli tek katmanli MogS;2’nin yapisal
ve dinamik kararliligim gostermektedir. Ek olarak, elektronik bant dagilimlari, yapinin
dogrudan bant aralig1 yari iletken dogasini ortaya koymaktadir. Tek katmanli MogS15 nin
litiasyon kapasitesini arastirmak icin, Li katkisinin MogS;5 nin 6zellikleri tizerindeki etkisi,
hem tek hem de cift tarafl1 litiasyon dikkate alinarak analiz edilir. Tek katmanli MogS15 nin
bir yiizeyi tamamen Li atomlar1 ile doyuruldugundan, dinamik olarak kararl bir yar1
metalik yap1 olusur. Karsilik gelen elektronika bant yapilari, iki tarafli taglanmis tek kat-
manin metalik davranisini ortaya koyuyor. Genel olarak, tek katmanli delikli MogS;2 nin
lityumlama yoluyla ayarlanabilir elektronik 6zellikleri, onu bellekler, kapasitorler, kapi
(gate) izolatorleri, enerji depolama, iletisim cihazlarinda yiiksek frekansli modiilasyon gibi

cesitli nanoelektronik uygulamalar i¢in uygun aday yapar.
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CHAPTER 1

INTRODUCTION

The rapid development of nanotechnology in the last years makes the need for
new materials irreplaceable. Ultra-thin materials are important for this and 2D materials
have drawn great interest owing to their potential for various applications such as sensors®,
supercapacitors®, lithium-ion batteries (LIBs)® and separation membranes . In order to
meet the demand for LIBs, 2D materials have been widely studied owing to their cyclic

stability, high-rate capability, and safety. Both theoretical and experimental studies have

104,108,107,126 27,113,103,114

revealed the potential for LIBs applications of graphene , silicene
and recently TMDs 1174012,

TMDs are promising options for optoelectronic devices as well as inexpensive
catalysts for energy production'!'*?. TMDs are defined by the formula MX,, where M
represents a transition metal and X denotes chalcogen, and in the crystal structures of
TMDs, there exist three-layered covalent bonds of X-M-X'®. The majority of atomically
thin TMDs show unusual characteristics compared to their bulk counterparts due to
the anisotropic nature of bonding'719° Exfoliation techniques, both mechanical and
chemical, have been developed and are often used in laboratories to exfoliate bulk structures
into their individual layers®®. However, it is essential to develop synthesis techniques that
provide accurate morphological control for applications as well as uniform, scalable 2D
films®. There have been investigations on vertically grown 2D TMDs, which have high
surface energy, metastable edge sites, and potential for catalysis and hydrogen evolution
reactions 50:38:109.119

Among TMDs, molybdenum disulfide (MoS,) stands out as the most extensively
studied 2D layered material, characterized by its graphene-like structure. In the S-Mo-S
layer, while the bonds between the Mo and S atoms are strong, the forces between the
layers are limited to van der Waals (vdW), leading to strong intralayer and weak interlayer
interactions. Thus, providing ease in exfoliation procedures. MoS, possesses a thickness-
dependent band gap, varying from an indirect band gap of approximately 1.29 eV in the
bulk form of the structure to a direct band gap of about 1.89 eV in single-layer form %6123,
MoS, demonstrates intense photoluminescence (PL), high in-plane carrier mobility, and

robust mechanical properties. Additionally, few-layer MoSs-based materials have gained

significant prominence in practical applications due to their strong interaction with light and



the quantum confinement-induced transition from an indirect to a direct band gap. Field-
effect transistors, photodetectors, light-emitting diodes, solar cells, spintronics, and many
environmental technologies are among the areas of use of MoS, 28:10:8.66.122.78,129.116,123
The 2H and 3R phases of MoS, are the most stable and frequently found in nature.
Both of these phases have trigonal prismatic coordination of molybdenum atoms, differing
primarily in their stacking order*+?%1249Conversely, the 1T phase represents a metastable
state, featuring octahedral coordination of molybdenum atoms and a different stacking
order compared to the other two phases?!. Previously reported methods for the synthesis
of metastable phases of MoS, include chemical exfoliation. This method utilizes lithium
atoms to intercalate between material layers with the use of various surfactants such as
n-butyllithium (n-BuLi)®!'. Also, liquid phase exfoliation (LPE) stands out as a promising
technique for large-scale production of 2D-MoS; nanosheets due to its versatility and
straightforward operation. The basic principle of LPE is based on deactivating the weak
vdW interactions between nanosheets with ultrasonic sound waves. Both theoretical studies
and experiments have confirmed the significant role of selecting a suitable solvent in LPE
to ensure successful and sufficient exfoliation, considering the hydrophobic nature of

layered materials***2

. However, the solvents typically used for LPE are usually toxic,
have high boiling points, are hard to remove, reduce performance in applications, and
cause significant environmental risks****. Mechanical exfoliation, another method used to
separate bulk MoS, layer by layer, is one of the top-down methods that is very convenient
and simple compared to any epitaxial synthesis. This method is reliable enough to represent
the characteristics of the added material. Bulk MoS, is reduced to the nanoscale through a
process involving adhesive tape>’°. The exfoliation procedure is repeated approximately
60-70 times, or for ten minutes per sample. Afterwards, mechanically exfoliated MoS,
is affixed to a quartz substrate, with this process repeated up to ten times?. Additionally,
chemical vapor deposition (CVD) is another common method utilized to produce MoS,
monolayers of different phases’?>. CVD is used to synthesize the MoS; layer on Si/SiO,
substrates by utilizing MoOs and S powders as reactants®’.

The mechanical properties of MoS, nanotubes and the impacts of strain on MoS,
band structure and carrier effective masses were investigated by Li et al.®>. The band
gap and carrier effective masses are sensitive to the strain and thus modifiable under
uniaxial strain. Due to their tunable direct band gap, zigzag nanotubes have the potential
to be utilized in optoelectronics. However, despite having an indirect band gap, armchair
nanotubes can undergo a semiconductor-to-metal transition at a critical tensile strain of

8%, which has the potential to be used in nanodevices like electronic switches and strain
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Figure 1.1. Structure and classification of different 2D materials.

sensors. Holes consistently have larger effective masses than electrons in MoS, nanotubes
in both armchair and zigzag configurations and are more susceptible to external strain.
Piezoelectric nanogenerators (PNGs) based on 2D MoS; shells were reported by Han et al.,
and the authors were successfully able to control particle sizes by varying the size of the
polystyrene (PS) used?*. The polarity and piezoelectricity of the PNGs based on the MoS,
shells were validated as PNG features. About 0.3 kPa of pressure was required to generate
the output voltage. Additionally, the output voltage of 1.2 V was obtained at 4.2 kPa of
pressure. The increase and decline were non-linear with respect to the magnitude of force
in the case of 1 ym MoS, shell film, and a hysteresis characteristic was noticed below 4
kPa of pressure. For the shells with widths of 1 pm, in particular, high-power production
characteristics and non-linear hysteresis behavior were noted. The production of 2D MoS,
flakes with various number of layers using a pulsed Ar-flow aided CVD technique, using
Mo foil and S powder as precursors, has been verified by Chen et al.'*. On the basis of
variations in Mo/S concentration under various pulsed Ar-flow on-times, a potential growth
mechanism for the thickness evolution of MoS; flakes is presented. Apart from these,
changes in electronic, optical, and magnetic properties as a result of strain applied to 2D
MoS, have been investigated in many studies +>120:19:11.67.74.60.88.93

Elements, metallic and non-metallic compounds, organics, and salts shown in Fig.
1.1 belong to the class of 2D materials®'. Hexagonal boron nitride (h-BN) is an analog

of graphene with a crystallographic appearance containing boron and nitrogen atoms



instead of carbons. h-BN has unique electronic properties such as wide band gap, low
dielectric constant, chemical inertness, and high thermal conductivity. Bulk h-BN, which
has atomically smooth and sp? hybridized surface of covalent bonds similar to graphene,
which attracted tremendous attention as a great substrate for graphene. 2D h-BN in the
form of few-layer crystals or monolayers has emerged as a fundamental building block for
vdW heterostructures®!'. The synthesis of 2D crystals and associated heterostructures has
advanced significantly, but nothing has been done to address the nucleation and growth
fundamentals that control the morphology that results from synthesis. Atoms near the
borders of the basal plane have higher free energy as favored nucleation sites. However,
atoms on the basal plane do not have dangling bonds and are not chemically active.
Sheets tend to grow laterally into single-layer structures during the synthesis process.
Additionally, in the case of MoS,, it has been suggested that having a low Mo precursor
partial pressure (Pj,,) is helpful for consistently growing single-layer MoS; thin films
over an extensive area*’%. In some cases, the fast sulfurization of metal-seeded substrates
results in the growth of MoS, nanosheets that are vertically stacked on the substrate. This
is caused by a decrease in the elastic strain energy that occurs during the horizontal growth
of MoS; nanosheets*°.

Several methods have been developed in the last decade to produce single- or
few-layered graphene sheets '?!?7. The process of mechanical exfoliation, often known
as the Scotch tape method, generates sheets of the highest quality and has a very low
defect density. As it only provides a few sheets on supported substrates, this method is
not scalable. The most scalable technique for uses such as composites and energy storage
are the oxidation and exfoliation of graphite to produce graphene oxide (GO), which can
then be reduced by restoring it to its graphitic structure®’. The resulting form of graphene,
known as reduced graphene oxide (rGO), has defects but can be produced in laboratories
frequently in gram amounts and has recently been industrialized to ton quantities®®. Other
industrialized techniques, such CVD growth® and LPE of graphite®®, have produced
graphene materials with high quality and amounts between the two extremes and provide
exact combinations of properties required for various applications®®. While graphene
sheets produced by many other processes always have defects in nanoscale, mechanically
exfoliated graphene sheets are frequently of high atomic order. The presence of defects
in graphene sheets appears to be undesirable since defects have the potential to adversely
affect the mechanical and electrical conductivity properties of it. However, defects in the
structure at nanoscale provide unique physical and chemical characteristics to nano-sized

materials as a result of quantum confinement effects, providing qualities that are desired



for particular applications 313101

. For instance, the presence of defects may make it easier
for functional groups to attach and may affect other properties such as interactions with
other materials like polymer or biological agents>*.

Holey graphene (HG) is a graphitic material which contains numerous mesopores
that is mainly advantageous for ion longitudinal transport and conductive skeletons for
electron transfer. Pore sizes range from nm to microns and can be produced using a
variety of methods and procedures. There are multi-layered graphene structures with
arbitrarily distributed pores on their basal planes. When HG sheets are combined to
produce a 3D porous material, it is referred to as porous graphene!°*1% In graphene
sheets without pores, any ion or molecule possesses two degrees of freedom. Conversely,
in the HG material, ions and molecules exhibit three degrees of freedom owing to the
presence of interlayer access through pores. Another feature of holey graphene is the lack
of continuous C atoms that weaken interlayer attractive forces, i.e., the van der Waals
interactions between the layers. The C atoms between the layers appear in the increasing
interlayer space between the sheets. The presence of a high number of pores and more
interlayer distance enhances ion mobility and mass transfer, thus providing significant
opportunities for porous graphene in water filtration and desalination'!'®%!8, Among the
several possible morphological alterations, hollow and graphitic carbon nitride (g-C3Ny)
nanotubes attract attention due to their ability to support charge carrier movement through
the 1D length and thus improve successful carrier separation. Nanotubes also improve
incoming light absorption, while the accessible inner and outer surfaces provide a higher
specific surface area and hence more catalytic active sites for photo-reactions 2!, Other
research reveals that porous g-C3N4 nanosheets outperform pristine nanosheets in photo-
catalytic effectiveness due to their higher surface area and many channels that allow mass
diffusion®?. To improve the photo-catalytic performance of porous g-C3N, nanotubes,
the designed model should be near-ideal. To date, a number of methods for synthesis of
g-C3N, nanotubes have been proposed. The utilization of hazardous chemicals, severe
reaction conditions, high expenses, synthetic intricacies, and a lack of scalability are among
the drawbacks encountered in previously published studies*!'!>%

Apart from widely studied 2D TMDs materials, such as MoS, and WS, novel
holey phase of W-based chalcogenides, namely WgSe;,, has been recently demonstrated
(See Fig. 1.2). Single-layer form of WgSe> was reported to be an integrated phase
controllably created in a single-layer WSe,. It was also reported that single-layers of
WgS12, WgSeia, MogS12, and MogSe;» were also predicted to possess direct band gap with

outstanding anisotropic optical absorption in the visible spectrum . Furthermore, under
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Figure 1.2. The atomic structure of WgSeq,. (a) ADF-STEM images of the WgSeq,
structure formed in the single-layer WSe,. The wight dash box is enlarged
in panel (b). The corresponding fast Fourier transform (FFT) pattern of the
whole image. (b-d) ADF-STEM images, simulated images, and an atomic
model of the WgSe, phase, respectively. The dash boxes indicate the unit
cell. (e) Intensity line profiles for the dashed line in panels (b) and (c). Blue

spectra correspond to experimental ADF-STEM images and red ones for
the simulated image.

uniaxial strain, direct-indirect-metal transitions were investigated for single-layer WgSes.

In this thesis, the structural, electronic, and vibrational characteristics of lithiated
and two-dimensional ultra-thin MogS;, using ab initio calculations. Calculations of the
phonon band distribution and total energy optimizations showed that the free-standing
MogS;5 layer was structurally and dynamically stable. It was also demonstrated that
one-sided lithiation can transform the non-magnetic semiconductor MogS;> to a ferro-

magnetic half-metal, and that lithiation from both surfaces can result in a transition from

semiconductor to metal.



CHAPTER 2

THEORETICAL BACKGROUND AND METHODOLOGY

As systems get smaller, the laws of quantum mechanics operate rather than New-
ton’s laws. Solving the Schrodinger equation reveals properties inherent in the wave

functions of such systems, 1,

Hy; = B, (2.1)

where E; denotes the energy eigenvalue of that quantum state, v); indicates the wave func-
tion of the energy eigenvalue, and H refers an energy operator known as the Hamiltonian
operator. The Hamiltonian of a system contains terms for all potential and kinetic inter-
actions between electrons and nuclei. The Hamiltonian operator when all the terms are

added is,

~ h 1 ZA€2
H=_—Y V-
2m. - ! 4%50;|ri—RA| 247reoz|m

h? 1 1 YA
Do Vit 2R B;z’
n A 7T60A¢B A — 1B

(2.2)

where m, stands for the electron mass, e stands for the electron charge, 5 is the Planck
constant, and 1/4 7 ¢ is the Coulomb constant. ¢ and 7 indices stand for electrons. Z 4 and
Z p stand for nuclear charges. M4 and Mg are the masses of nuclei,  and R denote to the
spatial coordinate of corresponding electron and atom, respectively. The kinetic energy of
electrons and nuclei is discussed in the first and fourth terms, respectively. The potential
energy operator is made up of the second, third, and final terms, which correspond to the
electron-nucleus, electron-electron, and nucleus-nucleus interactions, respectively. It is
simple to solve the Schrodinger equations for basic systems, such as hydrogen-like systems
or single particles, because their Hamiltonians are devoid of the majority of interaction
components. However, the environment becomes disordered when more particles interact.
Solving the Schrodinger equation for systems with numerous electron-electron interactions
is an extremely challenging task, leading to the application of various approximation

methods.



2.1. Thomas-Fermi Approximation

The Thomas-Fermi is another approximation that operates under the assumption
that the electrons’ kinetic energy are considered a function of their electron density?*. The

equation is obtained by writing the kinetic energy term as a function of electron density;
Tn] = Cp /n5/3(r)dr (2.3)

where n(r) is the electron density and Cr is the Fermi coefficient. The total energy of the

system is made up of electron-nucleus and electron-electron interaction terms;

Tm:@/m%w Z/ d+—// nlra)drdrs ) 4)
|1 —r2 |

Reducing Eq. 2.4 results in the system’s ground state energy;

N:/ﬁmfr (2.5)

The efficiency of including electron density rather than interacting electrons is
demonstrated by the Thomas-Fermi model, which simplifies the system in terms of electron
density but excludes the exchange and correlation effects. The density functional theory

depends on this concept.

2.2. Density Functional Theory

DFT, a very popular model of computational quantum mechanics since the 1970s,
provides a first-principle method for solving the Schrodinger equation of many-body
systems. However, until the 1990s, when the approximations used in the theory were
considerably improved to better simulate the exchange and correlation interactions, DFT
was not thought to be accurate enough for computations in quantum chemistry. Compared
to more conventional approaches, such as exchange only Hartree-Fock (HF) theory and its
descendants that take electron correlation into consideration, computational costs are quite

low. It is frequently used for investigating at the various ground-state characteristics of
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Figure 2.1. Density functional theory approach to a many-body system. Arrows (left)
represents the corresponding interactions between electrons and the nuclei.

atoms, molecules, and condensed matter in chemistry, physics, and material science. DFT
uses electron density functional that only depend on x, y, and z coordinates. It reduces the
N electron many-body system of 3N spatial coordinates to 3 spatial coordinates. Because
of this, DFT has a low cost and short calculation time, as well as good accuracy.

DFT still has problems accurately describing intermolecular interactions, particu-
larly van der Waals forces, charge transfer excitations, transition states, global potential
energy surfaces, dopant interactions, and some strongly correlated systems, as well as
band gap and ferromagnetism calculations in semiconductors. The accuracy of DFT in
the treatment of systems where dispersion is dominant or where dispersion competes
considerably with other effects can suffer from the incomplete treatment of dispersion.
Current research focuses on the development of novel DFT techniques in order to solve

this problem by changing the functional or incorporating additive terms.

2.2.1. Hohenberg-Khon Theorems

Hohenberg and Kohn initiated the approach in 1964. They claim that the ground
state of a many body system can be represented by the functional of electron density*.
Two theories can be used to explain this supposition: (i) the external potential energy,
Vs, 0of a many-body system agrees with a functional of electron density, n(,), which is
specific to the system. (ii) If the ground-state density is used as the input density, the
electron density functional can be used to calculate the total energy of the system because
it yields a global minimum energy value. The Hamiltonian’s expectation value provides

the ground-state energy,



E = <o | H| v >=T[n]+ Vinn] + B / A1 Vet (r)n(r) 26)

T'n] + Vi[n] = Furn],

where E;; refers to the nuclei-nuclei interaction, V;,,; represents the energy of electron-
electron interactions, and T[n] indicates that the kinetic energy of electrons. The constant

Fr i [n] refers to the sum of the kinetic energy of electrons.

2.2.2. Kohn-Sham Equations

In order to reduce the functional energy, Kohn-Sham suggested a method based on
the Hohenberg-Kohn theorems in which the charge density is distributed across all densities
containing N electrons. The system can be represented as a many-body system with non-
interacting electrons*’. While the exchange-correlation functional E,.[n] is used to account
for the electron-electron interactions, the ground-state electron density is obtained from
the solution of the Schrodinger equation of non-interacting terms. Consequently, the

Kohn-Sham method’s functional definition is as follows:

Exs =T[n] + /dgﬂ/;xt(r)n(r) + Eyn] + Eicn| + Err, 2.7

where Ey[n] is called the Hartree energy and given by the following formula,

2 /
2 |7 —1"|
The Schrodinger like equation of non-interacting electrons is,
Hysi(r) = ei(r), (2.9)

where Hycg is effective Kohn-Sham Hamiltonian and &; is energy eigenvalues. The
single-particle wave functions, or Kohn-Sham orbitals, are denoted by v;(r). To make the
equation simpler, spin operators are not taken into consideration. The relationship between

Kohn-Sham orbitals and ground-state electron density is provided by,

10
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Figure 2.2. Schematic representation of the self-consistency cycle in Kohn-Sham DFT
calculations. The arrow pointing back to the start of the cycle is a pictorial
representation of the energy and force convergence criteria implemented
in first principle calculations. The three dots in the fourth and sixth boxes
indicate there are numerous terms that would not fit within the size of the
box.

N
n(r)=> | [ (2.10)
=1
and the effective Hamiltonian is,
. 1,
HKS(T) = —§V +VK5<7"), (211)

in which the effective Kohn-Sham effective potential, V (1),

VK5<7’) = Vezt(r) + VH(’F) + ch(’f’), (212)

that is the total of the external, V.,.(r) Hartree, V ;(r) and exchange-correlation, V ,.(r)potentials,

respectively.

11



An initial estimation of the electron density must be given. Then, for the specified
electron density, V xs(r) is generated to represent the effective Kohn-Sham potential. The
results of each iteration are compared to those from the previous one to see if convergence
has been achieved. This is followed by an iterative solution. The system’s overall energy is
then calculated using the resulting density.

A converging iterative solution path, which is shown schematically at Fig. 2.2,
should be used to determine the exact ground-state density functional. The objective is
to construct a Kohn-Sham Hamiltonian starting from a trial functional and identify the
output electron density functional that provides the smallest amount of energy. The process

should be repeated until the subsequent outputs converge in energy.

2.2.2.1. Exchange-Correlation Functionals

Kohn-Sham equations determine the final electron density of a system, which is
then employed in the calculation of the total energy. In order to complete the Kohn-sham
equation, exchange-correlation should be known. There are different approximations to
calculate exchange-correlation energy. These functionals are widely used in DF
This section is devoted to two commonly used approximations used to determine the
exchange-correlation functional of many-body systems.

Local Densiy Approximation (LDA): The one-electron Schrédinger equation
and the LDA, which is the most frequently used, were both introduced in the same 1965
publication by Kohn and Sham*’. According to LDA, electronic energy £, is uniformly
dispersed in space, and as a result, I, is the functional of n(r) and can be produced from

a homogeneous electron gas of the same density.
EEPA) = [ n(r)elemln(r))r @1

hom

where €7°

stands for the homogeneous exchange-correlation energy density of an electron
density, n(r). While LDA may be used for a variety of bulk substances, it cannot be used
to molecules because of the rapid variations in electron density. There are other limitations
that need to be taken into consideration. For instance, LDA frequently leads to overbinding
between atoms, and as a result, the estimated bond lengths are significantly less than
the values obtained from experiments. LDA can also produce inconsistent outcomes for

systems like strongly correlated systems or polarized dielectrics that include (consist of

T49,76
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more complex electronic interactions that are difficult to accurately characterize using
LDA).

Generalized Gradient Approximation (GGA): Given that the spatial distribution
of electron density is not uniform in real systems, GGA functional defines the £, to be the
functional of both n(r) and the density gradient, V,,(,y. The exchange-correlation energy is
described by GGA as,

ES94n) :/fGGA(n(r),Vn(r))dgr (2.14)

GGA satisfies the uniform electron gas standards as well.

2.2.3. Hellman-Feynman Theorem

The Hellmann-Feynman theorem is an essential component of DFT. It claims that

the derivative of the total energy with respect to an external parameter is equal to the

expectation value of the derivative of the Hamiltonian with respect to the same parameter.

By taking into consideration the change in energy with respect to external perturbations,
this theorem allows the calculation of forces and related properties. It provides a basis for

methods such as molecular dynamics simulations and geometry optimization>*.

OF  OH

— = (— 2.15

I ( I ) (2.15)
where g—’f is the derivative of the total energy E with respect to an external parameter A,

(%) is the expectation value of the derivative of the Hamiltonian H with respect to the

same parameter \.

The Hellmann-Feynman theorem states that the derivative of the total energy with
respect to an external parameter is equal to the expectation value of the derivative of the
Hamiltonian with respect to the same parameter. By taking into consideration the change
in energy with respect to external perturbations, this theorem offers a crucial relationship

for computing characteristics such as forces or related variables.
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2.2.4. Hybrid Functionals

It is possible to estimate the precise electronic band dispersions of solids through
DFT calculations using LDA and GGA. However, each functional provides results on
the width of the band gap that are underestimated due to poor accuracy and efficiency in
determining the true exchange-correlation energy of the systems. Hybrid functionals have
been used as an appropriate solution to address the disadvantages of traditional exchange-
correlation functionals. Hybrid functionals come in a variety of numbers, including
PBE(0!?2, B3LYP%%’, and Heyd-Scuseria-Ernzerhof (HSE)*-7->* which perform well for
a variety of systems because they produce results that are largely consistent and agree with
examinations. The method of hybrid functionals is based on defining the exchange term
of the system by combining a portion of the exact exchange from HF with the exchange
calculated from the standard density functional (GGA or LDA), whereas the correlation
part is entirely attained from the standard density functionals. For instance, HSE types
create Perdew-Burke-Ernzerhof (PBE) functionals by combining 25% of the HF exact
exchange with 75% of the GGA exchange. The most well-known HSE functionals are
those which separate exchange interactions into short-range (SR) and long-range (LR)

components, significantly reduce computation cost, and define the Coulomb operator as

_ SR(r) + LR (r) = L= fer) | erf(wr) (2.16)

r T

1
r

where r = | r — ' |, and w is a controllable range-separation parameter (the optimum value
is in between 0.2-0.3 A1) that governs the extent of exchange interactions to mimic the

effect of screening. The system’s exchange-correlation energy is represented as follows:

EﬁSE — aEfRSR(w) + (1 . a)EfBE’SR(w) + EfBE’LR((JJ) + Ef’BE (217)

In this equation, £ 5% refers to the contribution from short-range HF exchange, E7BE51
and EFBP.LE indicates that the short- and long-range parts of the PBE exchange energy,

respectively, and E, represents the PBE correlation energy.
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2.3. Computing Phonons

The term "phonon" refers to the quantum mechanical description of lattice vibration.

By analyzing a material’s phonon band dispersion via the Brillouin Zone (BZ), one can
deduce its vibrational properties. According to the theory, matter’s atoms vibrate around
an identified equilibrium point that is consistent with Hooke’s law. Atomic displacements
generate forces that return the system to equilibrium, comparable to a simple spring, and

these oscillations follow Hooke’s law;

F=—kx (2.18)

where x is the distance between the atom and equilibrium position and k is the spring

constant. This section discusses the DFT calculation method for phonon band dispersion.

Vibrations are not seen in the solution because DFT calculations are performed
at absolute zero (0 K). However, as previously established, if an atom is moved from
its equilibrium position, a restoring force follows that can be calculated. The small
displacement method is the name of this technique. The displacement of just a few of
atoms in a sufficiently large super cell provides the force constant matrix. The number of
displaced atoms can vary depending on the system’s symmetry. For each displacement,
Hellmann-Feynman forces are estimated. Force matrix is constructed. Potential energy of

a crystal in low temperatures is given by equation;

1
Uharm - Eeq + 5 l zl;tﬁ ¢lsa,l’tﬁvl5avl’tﬁ (219)

where E,, is the total energy of the crystal at equilibrium positions, v, is the displacement
of atom s in unit cell /, o, and 3 denotes the direction of the displacement in cartesian
coordinates, ¢;s4,1¢4 1 the force constant matrix. Differentiation of the harmonic energy in
Eq. 2.19 relation between the forces and the displacements can be deduced. The relation is

linear, as Fi,,, 1s found to be;

Flao ==Y Graartslres (2.20)
Ut

Using the cohesive energy formula for the force constant matrix, dynamical matrix can be
defined as;
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1
Doy o
G vV Zl: ¢

where M, is the mass of s, M, is the mass of 7 atom, Ry - Rysq 1s the distortion of the
atoms. The phonon frequencies of each phonon branch can be estimated using eigenvalues
after the dynamical matrix has been established. The totality of the degree of freedom of a
crystal, which is 3N in a system constructed by the N atoms in the primitive cell, therefore
defines the total number of phonon branches. Among these, 3 branches are acoustical, and
3N - 3 are optical. Atomic motions that are in-phase and out-of-phase are described by the

acoustic and optical branches, respectively.

2.4. Computational Parameters

This section provides an overview of the methodology used in the thesis, structural
optimization, and electronic band dispersion the first-principles calculations within the DFT
as implemented in the Vienna Ab initio Simulation Package (VASP)>*!. The Plane-wave
projector-augmented wave potentials were used and the exchange-correlation potential

was approximated using the PBE form of the GGA.

In Chapter 3, the DFT-D2 method was used to implement the vdW corrections*2.

Charge transfers between Mo and S atoms forming MogS;5 layer and those with Li atom
were investigated using Bader analysis*. The plane-wave functions were expanded up to a
500 eV of kinetic energy cutoff and the criterion for total energy convergence was taken to
be 1078 eV with the corresponding convergence of the forces to be less than 107° eV/A. 20
A of vacuum spacing was introduced to prevent interactions between repeating structures
along the out-of-plane direction. During the ionic relaxations, the BZ was sampled using 7
x 7 x 1 k-points. The vibrational properties were calculated using the PHON code which
is based on the small-displacement method>>*. In order to simulate Scanning Tunnelling
Microscopy (STM) image, the primitive unit cell with partial charge densities in the range

[-2,0] eV was considered.
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CHAPTER 3

LITHIATED SINGLE-LAYER HOLEY MOgS;:
ELECTRONIC, MAGNETIC AND VIBRATIONAL
CHARACTERISTICS

Mechanical stability and atomic configuration of Li-intercalated electrode materials
are also important attributes for evaluating the electrochemical performance of LIBs. The
configuration and mechanical characteristics of TMDs upon lithiation were investigated
using theoretical calculations and experimental methods ''%125:192 " Single-layer form of

MoS; was considered as a solution to the scaling problem in electric field effect transistors

(FETs), which has attracted great interest in the scientific community®’. Zhao et al.

showed that the phase stability of lithiated TMDs is strongly dependent on the number
of layers, and the structural instability occurs with decreasing nanosheet thickness'?*. In

addition, recently single- and multi-layers of MoS, have been used in lithium-ion battery

117,40,12,66,69

applications due to the high lithium storage capacity . Moreover, structural

analysis revealed that structural phase transition occurs from 2H-phase to energetically
less favorable 1T-phase in MoS, via the intercalation of Li atom7%:41:68.10984

Apart from widely studied 2D TMDs materials, such as MoSs; and WS, novel

holey phase of W-based chalcogenides, namely WgSe,, has been recently demonstrated 7.

Single-layer form of WgSe;s was reported to be an integrated phase controllably created in
a single-layer WSe,. It was also reported that single-layers of WgS15, WsSeq2, M0gS12, and
MosSe;, were also predicted to possess direct band gap with outstanding anisotropic optical
absorption in the visible spectrum. Furthermore, under uniaxial strain, direct-indirect-metal
transitions were investigated for single-layer WgSej5”>. Mendes et al. investigated the
formation of rotational defects caused by chalcogen vacancies as a result of interaction of

single-layer WSe, and electron beam’!. It was claimed that the holey structure formed

using single-layer WSe, can lead to significant changes in the properties of the material.

Another study showed that it is important to create sub-nm holes at different temperatures
for single-layer WS, and it was mentioned that future studies could explore methods of
producing bulk holey structures by combining thermal processes with scalable fabrication
methods such as electrochemical oxidation or ion bombardment®. In addition, Sapkota et

al. prepared composite laminate membranes containing porous MoS, nanosheets and found
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Figure 3.1. For the single-layer of MogS2: (a) Top and side views of the crystal
structure. (b) The simulated STM image and (c) the phonon band structure.
(d) The electronic band structure and corresponding partial density of states
(PDOS). PDOS are normalized to unity in order to show the contribution of
individual atoms.

high ion selectivity and ultra-high water permeability values that could be improved®’.

In this thesis, structural, electronic, and vibrational properties of two-dimensional
bare and the lithiated structures of MogS5 were investigated by ab initio calculations.
Total energy optimizations and phonon band dispersion calculations revealed the structural
and dynamical stability of free-standing MogS- layer. In addition, non-magnetic semicon-
ducting MogS15 was shown to turn into a ferromagnetic half-metal via one-sided lithiation

and lithiation from both surfaces results in a semiconductor-to-metal transition.

3.1. Single-Layer MogS;

The crystal structure of the single-layer MogS15 shown in Fig. 3.1(a) consists of a
primitive unit cell containing 8 Mo and 12 S atoms. Two types of Mo atoms, 4-coordinated
outer Mo atoms (Mo°“) and 6-coordinated inner Mo atoms (Mo?"), are denoted in two
different colors (see Fig. 3.1(a)). The atomic configuration of single-layer MogS;- has a
sandwich-type formed by three atomic layers arranged as S-Mo-S. As listed in Table 3.1,
the optimized in-plane lattice parameters, a = b, are calculated to be 9.22 A which is much
larger as compared to that of single-layer MoS, (3.19 A)'?. The corresponding Mo-S
bond lengths are found to vary from 2.43 to 2.46 A. Additionally, the distance between

the outermost S atoms, namely the thickness of the single-layer MogS;5, is found to be

18



Table 3.1. For the bare and lithiated single-layer of MogS;,; optimized in-plane lattice
parameters (a=b), thickness (t), the work function for the two surfaces (¢
i and ¢ g), calculated cohesive energy per atom (Ec,;), the amount of
charge transfer from Li to MogS5 (Ap), and electronic band gap calculated
with GGA functionals (E¢,,), half-metallic (HM) behaviour of the one-side
lithiated MogS1, and metallic (M) behaviour of the double-side lithiated

MogS1s.
MosS; a=b t H L Os Econ Ecap
(A) (A) (pp/cell) (eV) eV) (eV/atom) (eV)
Bare 9.22 3.25 0 - 5.93 4.77 0.83
One-sided 9.19 4.13 1 2.14 5.51 - HM
Double- 9.23 4.92 0 2.72 - - M
sided

3.25 A. Bader charge analysis shows that the single-layer MogS;9 structure is formed such
that each Mo atom donates an average of 0.9 e~ and each S atom gains 0.6 e~ charge,
indicating the ionic bonding character between Mo and S atoms. Moreover, the cohesive
energy is calculates using the formula, Ecop,=(mEp;,+nEs - Enrogs,,)/(m + 1), where m
and n stand for the number of Mo and S atoms, respectively contained in the primitive cell.
In addition, E;/, and Eg show the total energies of isolated Mo and S atoms, Ej;,,s,, 1s the
ground state energy of single-layer MogS;2. The cohesive energy per atom is calculated as
4.77 eV/atom. Compared to the cohesive energies of 1H (4.98 eV/atom)? and 1T (4.67
eV/atom) phases of MoS,, single-layer MogS;5 has a closer cohesive energy, indicating its
energetic feasibility. The work function of single-layer MogS;, is calculated to be 5.93 eV
which is higher than that of similar phases such as 1H-MoS, (5.12 eV)*® and 1T-MoS,
(5.04 eV)!15,

The dynamical stability of MogS;5 structure is determined via phonon band struc-
ture calculations. It is found that free-standing single-layer of MogS;, is dynamically
stable as all the phonon branches are free from imaginary frequencies through the whole
BZ (see Fig. 3.1(c)). The single-layer MogS;2 possesses 57 optical phonon branches out
of 3 acoustical phonons. The highest frequency optical phonon mode is found to have a
frequency of 427 cm™* at the I" point an indication of Mo-S bond stretching.

Electronic properties of single-layer MogS;» are investigated in terms of the elec-
tronic band dispersions and PDOS. As shown in Fig. 3.1(d), the valence band maximum
(VBM) and conduction band minimum (CBM) reside at the I" point of the BZ indicating
the direct band gap nature of single-layer MogS;5 with a band gap of 0.83 eV. As compared
to the predicted electronic band gap of single-layer MoS, (1.60 eV), MogS;, possesses a
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Table 3.2. For the adsorption of single Li atom on single-layer MogS;5; adsorption
positions of Li before and after the structural relaxations. The corresponding
binding energies, E;; and the amount of charge donated by Li atom to
MogS;- layer, p.

Initial Final E, p
Positions Positions eV) (e7)
Brro—no Buro—nmo 3.40 0.9
Bio—s Taro 3.16 0.9
Taro Thro 3.16 0.9
Ts Thro 3.16 0.9
H; Brro—nio 3.40 0.9
H, H, 2.46 0.9

lower energy band gap. As shown by the PDOS, both VBM and CBM states are dominated
by the Mo°“ atoms, the S and Mo atoms have almost similar contributions in both the
VBM and CBM states. Moreover, since the single-layer form of MogS;» can be created
within the structure of MoS, locally, the two phases form a lateral heterostructure whose
band alignment type is found to be a type-II alignment. The VBM and CBM states of such

lateral heterostructure arise from the MoS, and MogS; 2, respectively.

3.2. Interaction of Single-Layer MogS,, with Single Lithium Atom

In order to understand the properties of one- and double-side lithiated single-layer
MogS, s, firstly the interaction of single Li atom with the MogS;» surface is investigated
using a supercell containing 32 Mo and 48 S atoms. For the investigation of the most
stable adsorption site for single Li atom, six different sites are considered. The following
adsorption sites, the bridge sites between Mo-Mo and Mo-S bonds (B, 37, and By,
respectively), the top of a Mo atom (T,,,), the top of a S atom (Tg) and two distinct hollow
sites (H; and Hs), as shown in Fig. 3.2(a) are considered. Among the all adsorption sites,
Bso—n10 18 found to be the energetically most favorable site for the adsorption of a Li
atom. Similarly, in single-layer MoS, top of a Mo atom was reported to be the ground state
site for the adsorption of Li atom”*. The binding energy of a single Li is calculated using
the formula, E, = Epsog5,, + Eri - Esystenn Where Egy g0, represents the total energy of Li
adsorbed single-layer MogS15. As listed in Table 3.2, initially adsorption of Li atom at the
Bro—s, Taro, and T results in optimization at the T, after full relaxation of the lattice

and the ions. The corresponding binding energy of Li at the T, site is 3.16 eV and that of
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Figure 3.2. Top and side views of Li adsorption on MogS;5 for (a) various sites which
are marked by red circles and (b) the energetically most stable structure.
(c) The PDOS corresponding to Li adsorption in the Mo-Mo bridge side.
PDOS are normalized to unity for the sake of clarity.

at the H, hollow site is 2.46 eV, lowest among all the considered sites. The Li atom when
initially adsorbed at the remaining two adsorption sites, B, 1/, and H; optimizes at the
Bso— 1o site with the highest binding energy of 3.40 eV. The Bader charge analysis reveals
that each Li atom donates 0.9 e~ to the MogS;, structure indicating a strong bonding
with the surface. Previously, the binding energy of a single Li atom on MoS; surface was
reported to be 1.65 eV much lower than that on MogS;,">. Electronically, it is found that
the adsorbed single Li atom introduces mid-gap states to the electronic density of states of
MogS+5 as shown in Fig. 3.2(c).

In order to determine the total energy profiles for the diffusion of a single Li

through the surface of MogS9, three different migration pathways are considered including
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Figure 3.3. (a) Top view of single-layer MogS;, describing three different diffusion
paths for single Li atom. (b-d) Energy barrier profiles of Li adatom on
single-layer MogS;» through different paths.

different adsorption sites as shown in Fig. 3.3(a). Along the path 1 which is indicated by
dashed purple lines, the migration of Li atom is considered between two Mo-Mo bridge
sites through the top of Mo atom. As the Li atom diffuses along the path 1, there occurs
an energy barrier of 0.45 eV as referenced with respect to the B, s, site. In Path 2,
the migration of Li atom starts from the top of a Mo atom and passes through the holey

site and end at the top of a Mo atom. The barrier energy between the Mo-top sites is

calculated to be 0.73 eV along the holey site as referenced with respect to the Mo-top site.

It can be understood that the energy barrier along the holey site is much higher since Li is
physisorbed at the H, site. Another migration path for the Li atom is chosen to be among
the arc through Mo-S-Mo-S-Mo atomic arrangement on the holey part. As shown in panel

Fig. 3.3(d), when Li atom migrates from top of a Mo to the another one, an energy barrier
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of 0.68 eV is found as Li atom passes through the top-S site. The energy barrier for the
migration of a single Li adsorbed on single-layer MoS, was reported to be 0.24 eV’® much

smaller than that of on MogS;, layer.

3.3. One-Sided Lithiation

It is found from the single Li interaction that top of Mo-Mo bridge site is the
energetically most favorable site for further lithiation of MogS;, surface. A possible
lithiation scenario could be to functionalize one surface of MogS1» via Li atoms from each
Mo-Mo bridge site. As shown in Fig. 3.4(a), on top of Mo-Mo bridge site, Li atom tends
to bind with 4 neighbouring S atoms. Apparent from the charge density difference, one
side Li adsorption on MogS;5 surface results in a magnetic structure whose magnetism
is originated from the Mo-d orbitals. The lattice parameters are found to be slightly
compressed, a =b=9.19 A, which is smaller than that of the bare structure. The thickness
of the one-side lithiated MogS15 (4.13 A) is slightly larger than the bare structure indicating
a vertical distance of 0.88 A for Li atoms. As each Mo-Mo bridge site is saturated with a
Li atom, the repeating Li atoms are separated by a distance of 4.6 A forming triangular
patterns on the surface. Bader charge analysis reveals that as a Li atom is chemisorbed on
the Mo-Mo bridge site, there occurs a donation of 0.9 e~ from Li to the MogS;5 surface
through S atoms. In addition, the calculated work functions are 2.14 and 5.51 eV from
the Li and S surfaces, respectively, which indicates a strong build-in electric field in the
structure. Moreover, the phonon band dispersions reveal the dynamical stability of one-side
lithiated MogS12. The highest frequency optical phonon mode at the I" point is calculated
to be at 425 cm™! which is very close to that of bare MogS;5 (427 cm™!) which indicates
that the Mo-S stretching is slightly suppressed by the Li adsorption.

Electronic band dispersions for the one-side lithiated MogS;, are investigated in

order to understand the effect of Li adsorption on the electronic features. As seen in Fig.

3.4(c), the ferromagnetic state of one-side lithiated MogS;» gives rise to the separation

of majority and minority spin states and results in half-metallic behavior of the structure.

Apparently, the majority spin states (solid blue lines) display metallic behavior while the
minority spin states (dashed red lines) exhibit semiconducting nature with an electronic
band gap of 0.57 eV. In addition, the calculated PDOS show that adsorbed Li atoms
mostly contribute to the deep energy states of both valence and conduction levels and

less contribution of Li atoms is found in the mid-gap states below the Fermi level. It is
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Figure 3.4. For the one-side lithiated single-layer of MogS12; (a) Top and side views
of magnetization charge density at the isosurface value of 5 x 10~%¢e A3,
(b) The phonon band structure. (c) The electronic band structure and the
normalized PDOS. Solid blue and dashed red lines stand for opposite spin
states, respectively.

seen that one-sided lithiation can turn non-magnetic semiconducting MogS;» layer into a

ferromagnetic half-metal.

3.4. Double-Sided Lithiation

As the both surfaces of single-layer MogS;, are functionalized with Li atoms
through Mo-Mo bridge sites, a dynamically stable out-of-plane symmetric structure is
obtained (see Fig. 3.5(a)). Phonon band structures show the dynamical stability of the
single-layer double-side lithiated MogS15. The highest frequency phonon mode of double-
side lithiated MogS 5 is found to significantly red shift (404 cm™!) as a result of suppressed
Mo-S stretching and expanding lattice. The in-plane lattice parameters slightly increase
t09.23 A indicating that a very small surface strain occurs via full lithiation. As the full
lithiation is formed, each Li atom is found to donate 0.3 e~ to the surface of MogS15. Since
both sides are lithiated, the work function of each surfaces are calculated to be equal to
each other (2.72 eV), which is quite larger than that of one-side lithiated MogS15 (2.14 eV).
In addition, magnetic ground state calculations show that both-sided lithiation of MogS;2
gives rise to the charge balance and non-magnetic state becomes energetically favorable.

Electronically, the double-side lithiated MogS;5 is found to be a metal whose

conduction band minimum crosses the Fermi energy at the I' point of the BZ (see Fig.
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Figure 3.5. For the double-side lithiated single-layer of MogS2; (a) Top and side views
of the crystal structure. (b) The phonon band structure and (c) the electronic
band structure with normalized PDOS of the individual atoms.

3.5(¢)). Similar to the case of one-side lithiated structure, the adsorbed Li atoms are found
to contribute to the deep occupied energy states while tiny contributions are shown to occur

in the highest two valence states.

3.5. Conclusion

In conclusion, the structural, vibrational, and electronic properties of free-standing
single-layer MogS1, were investigated, and it was shown that MogS;5 possesses a dynami-
cally stable holey structure in free-standing form. The electronic band dispersions revealed
the direct band gap semiconducting nature of the structure. In order to investigate the
lithiation capacity of MogS9, firstly the interaction of the surface with a single Li atom
was obtained by taking into account various adsorption sites. Total energy optimizations
indicated that Li atom tends to be chemisorbed on 5-coordinated Mo-Mo bridge site and
found to be thermally stable at the adsorption site. Next, the one-side lithiated structure
of MogS1> was constructed and the optimized single-layer was shown to be a stable ferro-
magnetic half-metal. The double-sided lithation was investigated by saturating all Mo-Mo
bridge sites with Li atoms from two surfaces and the resultant structure was found to be a
stable metal with non-magnetic interaction. Apparently, functionalization of one surface

of MogS1, gives rise to significant changes in the electronic and magnetic features.
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CHAPTER 4

OVERALL DISCUSSION

Overall, motivated by the outstanding physics of electrons in low-dimensions, this
master thesis focused on the investigation and the characterization of different types of
novel ultra-thin crystals by means of DFT-based first-principles calculations.

In Chapter 1, a short introduction is written related to the 2D materials while
Chapter 2 is the methodology of the DFT. In the work given in Chapter 3, investigations
into the structural, vibrational, and electrical characteristics of free-standing single-layer

MogS;5 revealed that it has a dynamically stable holey structure. Moreover, the MogS;2

structure is a direct band gap semiconductor, as shown by the electronic band dispersions.

In order to examine the MogS15’s ability to be lithiated, it is necessary to determine how

the surface interact with a single Li atom while accounting for numerous adsorption sites.

The Li atom is found to be thermally stable at the adsorption location, and total energy
optimizations suggested that it tended to be chemisorbed on a 5-coordinated Mo-Mo bridge
site. The MogS;2 one-side lithiated structure is then built, and the optimized single-layer is
demonstrated to be a stable ferromagnetic half-metal. By saturating all Mo-Mo bridge sites
with Li atoms from two surfaces, the two-sided lithation is examined, and the resulting
structure was discovered to be a stable metal with non-magnetic interaction.

To conclude, this thesis study proposes novel graphene-like single-layer and holey
structures based on the first-principles calculations. Considering the general properties
of holey MogS9, it becomes clear that it can be used in LIBs, supercapacitors, sensors
and membrane applications, and it serves as an inspiration for other holey materials in this

application field.
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