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ABSTRACT

NANOSCIENCE FOR SUSTAINABLE ENERGY
PRODUCTION

CAN ATACA

Ph.D.in Physics
Supervisor: Prof. Dr. Salim Ciraci

December, 2011

Hydrogen economy towards the utilization of hydrogen as a clean and sus-
tainable energy source has three ingredients. These are (i) hydrogen production;
(ii) hydrogen storage; and (iii) fuel cells. Optimization of fuel cells for desired ap-
plications is a challenging engineering problem. The subject matter of my thesis
is to develop nanostructures and to reveal physical and chemical mechanisms for
the production of free hydrogen and its high capacity storage. The predictions of
this study are obtained from first-principles density functional theory and finite
temperature molecular dynamics calculations, phonon calculations and transition

state analyses.

Recent studies have revealed that single layer transition metal oxides and
dichalcogenides (MXy; M:Transition metal, X:Chalcogen atom) may offer prop-
erties, which can be superior to those of graphene. Synthesis of single layer free
standing MoS, and its nanoribbons, fabrication of transistor using this nanostruc-
ture, active edges of flakes of MoS, taking a part in hydrogen evolution reaction
(HER) boost the interest in these materials. The electronic, magnetic, mechan-
ical, elastic and vibrational properties of three-, two- and quasi one-dimensional
MoS, are investigated. Dimensionality effects such as indirect to direct band gap
transition, shift of phonon modes upon three- to two- dimensional transition, half
metallic nanoribbons are revealed. Functionalization of single layer MoS, and its
nanoribbons are achieved by creating vacancy defects and adatom adsorption.
Moreover, out of 88 different combinations of MX, compounds (transition metal
dichalcogenides) it is also predicted that more than 50 single layer, free standing
MX, can be stable in honeycomb like structures and offer novel physical and
chemical properties relevant for hydrogen economy.

It is predicted that HoO can be split spontaneously into its constituents O and
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H at specific vacancy defects of single layer MoS, honeycomb structure. Inter-
acting with the photons of visible light, H atoms adsorbed to two folded S atoms
surrounding the vacancy start to migrate and eventually form free Hy molecules,
which in turn, are released from the surface. Not only taking a part in HER, but
also it is shown that MoS; as a catalyst can release Hy molecule from water. Also
other possible candidates among the manifold of stable MXsy compounds, which
are capable of presenting similar catalytic activities are deduced.

In an effort to obtain a high capacity hydrogen storage medium, the function-
alization of graphene with adatoms is investigated. It is found that Li-graphene
complex can serve as a high capacity hydrogen storage medium. A gravimetric
storage capacity of 12.8 wt % is attained, whereby each Li atom donates the signif-
icant part of its charge to graphene and eventually attracts up to four Hy through
a weak interaction. Similarly Ca adatoms can hold Hy molecule on graphene up
to 8.4 wt % through an interesting mechanism involving charge exchange among
Ca, graphene and H,.

Present results are critical for acquiring clean and sustainable energy from
hydrogen.

Keywords: MoS,, MXs, Hy production, Water Splitting, Hs storage, Graphene.



OZET

SURDURULEBILIR ENERJI URETIMI IGIN
NANOBILIM

CAN ATACA
Fizik, Doktora
Tez Yoneticisi: Prof. Dr. Salim Ciraci
Aralik, 2011

Hidrojenin temiz ve siirdiiriilebilir bir enerji kaynagi olarak kullanilmasina
olanak saglayan hidrojen ekonomisi ii¢ igerige sahiptir. Bunlar: (i) hidrojen iire-
timi; (i) hidrojen depolama; ve (iii) yakit hiicreleridir. Yakit hiicrelerinin arzu
edilen uygulamalara gore optimize edilmesi miihendislik agisindan efor gerektiren
bir problemdir. Tezimin konusu serbest hidrojen iiretimini ve hidrojeni yiik-
sek kapasitede depolanmasini miimkiin kilacak nanoyapilar tasarlamak ve bun-
larin fiziksel ve kimyasal mekanizmalarini aciklamaktir. Bu caligmadaki éngoriiler
temel prensipler yogunluk fonksiyoneli kurami, sonlu sicaklikta molekiiler dinamik
hesaplari, fonon hesaplari ve gecis durumu analizleri cercevesinde elde edilmigtir.

Yakin zamanlarda tek-tabakali metal oksitler ve dikalkojen malzemeler ( MXy;
M:Gegig metali, X:Kalkojen atomu) iizerinde yapilan ¢aligmalar bunlarin grafine
kiyasla daha iistiin 6zelliklerinin olabilecegini ortaya koymugtur. Tek tabaka MoS,
ve bunun nanogeritlerinin sentezlenmesi, bu malzeme tabanh nano transistérlerin
tiretimi ve hidrojen evrimi reaksiyonu siirecinde (HER) etkin olan aktif MoS,
kenarlarin varhigi bu malzemeler iizerindeki ilgiyi arttirmaktadir. Burada fic,
iki ve bir boyutlu MoSs’nin elektronik, manyetik, mekanik, elastik ve titregim-
sel ozellikleri aragtirilmaktadir. Direkt-endirekt yasak band araligi doniiniigiimii
gibi boyut etkisi, iki boyuttan ii¢ boyuta gecerken fonon modlarinin kaymasi ve
yari-metalik nanogeritler vurgulanmigtir. Tek tabakali MoSs ve bunlarin nanoger-
itlerinin fonksiyonellestirilmesi atom bogluklar1 ve yabanci atomlarin eklenmesi ile
bagarilmigtir. 88 tane olasi MXj, bilegiginin 50den fazlasinin balpetegi bicimli tek
tabakali yapilarinin var olabilecegini ve bunlarin yeni fiziksel ve kimyasal 6zellik-
lere sahip olacaklar: 6ngoriilmiigtiir.

H50 nun tek tabakali MoS, ye ait atom bogluklari civarinda kendini olugturan
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O ve H atomlarina kendiliginden ayrigabilecegi gosterilmigtir. Atom bogluklarinin
oldugu bolgeyi gevreleyen ¢ift bagh S atomlar1 tarafindan absorbe olmus olan H
atomlar1 goriiniir 151810 fotonlar ile etkilegerek bulunduklar: konumdan ilerleyerek
Hs molekiilleri olugturup yiizeyden ayrilirlar. Sadece HER in bir parcasi olarak
degil ayrica su molekiillerinden de Hs iiretimi i¢in de MoSsnin bir katalizor ola-
bilecegi gosterilmigtir. Bunlara ek olarak benzer katalitik 6zellikleri gdsterecek
olast diger MX, malzemeleri tartigilmaktadir.

Yiiksek kapasitede hidrojen depolanmasi amaciyla grafinin yabanci atomlar ile
fonksiyonellegtirilmesi de arastirilmigtir. Li-grafin kompleksinin yiiksek kapasiteli
hidrojen depolama amac ile kullanilabilecegi gosterilmigtir. Herbir Li atomun
kendine ait yiikiin biiyiik bir kismini grafine aktararak 4 tane Hs molekiiliini
zayif bir bag ile kendine bagladig1 ve gravimetrik olarak 12.8 % oraminda depolama
kapasitesine sahip oldugu gosterilmigtir. Benzer olarak grafin iizerinde yer alan
Ca atomlari, grafin ile ilging bir yiik aligverisi gerceklestirerek, gravimetrik olarak
8.4 % oraninda H, molekiiliinii depolayabilmektedirler.

Sunulan sonuglar hidrojenden temiz ve siirdiiriilebilir enerji elde edilmesi

acisindan kritik 6neme sahiptirler.

Anahtar sozciikler: MoSy, MXs, Hy iiretimi, Suyun Ayrigmasi, Hs depolama,

Grafin.
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atoms respectively. Hs molecule does not bind to defectless (left
side); S- and Mo- vacancy, So di-vacancy (right side) defects on 1H-
MoS,. The case in Sy di-vacancy is shown. (b) Plot of variation of

repulsive Coulomb force between defectless 1H-MoS, and H5O. . .
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Chapter 1

Introduction

A diminution in the petroleum reserves and boost in COs emissions after the
industrial revolution forced the research towards discovering cleaner and new fuel
sources. Increasing demand in a clean energy source yielded researchers to search
for alternatives which can be obtained, stored, carried and burned easily, safely
and cheaply. Among all priorities for new generation fuel, hydrogen molecule
having byproduct of only water, after burning is assumed to be the most probable
and the cleanest and environmentally friendly fuel source of the future. However
free hydrogen does not occur in quantity and thus it must be generated from
some other energy sources, materials. Hydrogen is therefore an energy carrier.
Few requirements left for scientists to discover is producing Hs cheaply from

renewable energy sources.

Hydrogen economy towards the utilization of hydrogen as a clean and sustain-
able energy source has three ingredients. These are (i) hydrogen production; (ii)
hydrogen storage; and (iii) fuel cells. The first improvement in hydrogen research
was the discovery of fuel cells for burning hydrogen molecule to obtain electricity
and water as byproducts in late 20th century. There are many different types of
fuel cells with different chemistry. They are usually classified by their electrolyte
type and the operating temperature. Polymer exchange membrane (PYEMIC),
solid oxide (SOFC), and molten-carbonate (MCFC) are the most known types.
SOFC and MCFC require high operating temperature and are suitable for large

1
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stationary power generators. PYEMIC will be the type which will be part of
our daily life in near future. They operate slightly above room temperature and
optimized for small power needs. A PYEMIC consists of 4 parts. These are an-
ode (contains pressured Hy), cathode (where O~ and H* combine to from H,0),
electrolyte (proton exchange membrane, where the special reaction occurs) and
the catalyst (facilitates the reaction of oxygen and hydrogen in cathode). The
membrane blocks electrons. In order pressured Hs to pass from anode to cath-
ode, molecule is separated and released its electrons. Only protons can pass from
the membrane. The electrons pass from the electronic circuits connected to fuel
cell, and power the device. The design of desired fuel cells for specific purposes,
in terms of heat transfer, optimum area of the stacks is challenging engineering

problem.

The realization and the raise of research on fuel cells in mid twentieth century
show great importance since fuel cells yielded new research areas such as high
capacity hydrogen storage and production of Hy molecule. These are needed for
commercializing the everyday use of the new fuel. Nowadays, there is an increas-
ing research on materials functionalized specifically for high capacity hydrogen
storage and production. Once hydrogen is chosen for a potential fuel of the future
devices, one has to consider its storage, ease of charge and discharge mechanism.
Hs molecule can be stored in various methods. The easiest one is to store in
pressured tanks. The energy cost of pumping Hs to desired pressures requires
comparable energy to the amount you can get from stored Hy. For example to
compress hydrogen to 10000 psi will require a loss of %15 of the energy contained
in the hydrogen. A requirement of heavy and substantial tanks to handle the
high pressure is the main drawback of this method to use Hy in transportation.
If you liquefy it, one will be able to get more hydrogen energy into a smaller
volume, but that requires ~ %30 — 40 of the energy in hydrogen. Also the use of

Hs tanks in vehicles is not suitable.

The most promising, way to store Hy is using nanotechnology. Using a host
medium, generally chosen from light materials, and a dopant which can physisorb

Hy molecule, one can store Hy molecule in this medium. Since the interaction
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between dopant and Hy is weak slow kinematics, poor reversibility and high de-
hydrogenation temperatures can be overcame. Recently, much effort has been
devoted to engineer carbon based nanostructures[12, 13, 14, 15| which can ab-
sorb Hy molecules with high storage capacity, but can release them easily in the
course of consumption in fuel cells. Synthesis of carbon nanotubes and recently
graphene[16] (both sides can be used for storage purposes) has made these ma-
terials a good candidate for high capacity hydrogen storage. Functionalization
of these carbon based materials by transition metal, alkaline and alkaline halide
atoms which can hold Hy molecules by Dewar-Kubas interaction or other types of
bonding have been a promising way for Hs storage. In particular, our calculations
on Li and Ca adsorbed on graphene from both sides have indicated that these
systems are capable of storing hydrogen with 12.8 % wt, which is known to be

higher than the limit set by the Department of Energy in US.

Production of Hy can be obtained from various methods. It can be converted
from fossil fuels, such as natural gas which releases nitrogen oxides. These meth-
ods are not environmentally friendly since nitrogen oxides are tens of times more
effective in trapping heat than COs. The simplest method is to obtain Hy from
electrolysis of water. The important thing is that from where you produce the
electricity. Fossil based electricity production can pollute the environment much
more than direct conversion of fuel to desired energy type. One must use re-
newable energy sources to produce the required amount energy in electrolyzes.
The most probable production method of Hy taking into account environmental
concerns is using water and the sunlight. Two methods dominated in achieving
this goal. First one includes photogeneration cells. In this type of photoelec-
trochemical reactions, electrolysis of water is taken place, when anode is shined
by solar radiation. Semiconductor surfaces or metal complexes in-solution are
used to absorb solar energy and act like an electrode. Expensive platinum based
electrodes and corrosion of semiconductor surfaces in contact with water are the
down sides of this method.|17, 18] Another method, powder based photocatalytic
reactions, offers a more efficient and cheap way of producing Hy. This type of
experimental setup includes only water and the photocatalyst to operate. Pho-

tocatalysts split the water into its constituents. Nowadays scientists are working
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very hard to discover a suitable and sustainable photocatalysts which can operate

under visible sun light, and can be produced cheaply.

Exceptional properties, such as high carrier mobility, linearly crossing bands
at the Fermi level and perfect electron-hole symmetry which originates from
the strictly two-dimensional (2D) honeycomb structure, made graphene an at-
tractive material for future applications.[16, 19] In addition, suspended 2D
single layer BN|[20] and much recently, single layer transition metal dichalco-
genides, Mo0S,[21] and WS5[22] with honeycomb structure have been synthesized.
Theoretical|23, 24, 5, 6, 1| and experimental studies dealing with the electronic
structure, lattice dynamics, Raman spectrum|25, 3| and Born effective charges
indicate that single layer MoS, is a nonmagnetic semiconductor displaying excep-
tional properties. These properties of single layer MoSy and its nanoribbons|5]
are exploited in diverse fields like nanotribology,|26] hydrogen production,|27]
hydrodesulfurization|28| and solar energy production.|29] Most recently, a tran-
sistor fabricated from single MoSs layer pointed out features of these materials,
which can be superior to graphene.[30] While graphene is ideal for fast analog
circuits, single layer MoSs appears to be promising for optoelectronic devices, so-
lar cells and LEDs. Our thesis aims to develop nanostructures for high capacity
hydrogen storage and efficient production of Hy. For the storage we considered
functionalization of graphene by Li and Ca, obtained high wt % storage capacity.

Our extensive study on MoSs motivates us to consider it for Hy production.

The main objective of this thesis is developing environmentally friendly
method to produce Hy from H,O and high capacity hydrogen storage medium.
Graphene is used for Hs storage medium, because of its high surface per volume
ratio. Both surfaces of graphene can be used as a high capacity hydrogen storage

medium upon their functionalization with adatoms.

In Chapter 2, the details of the computational methods will be discussed. Our
predictions are based on first-principles density functional theory (DFT) and fi-
nite temperature molecular dynamics. Chapter 3 focuses on electronic, magnetic,
elastic, mechanical, vibrational and dimensionality effects of MoS, structure. This

chapter covers our work on three-, two- and one- dimensional MoS, together with
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functionalization of these structures. In Chapter 4, we go beyond MoS, struc-
ture. We predicted stable, single layer M Xy transition metal dichalcogenides in
honeycomb like structure. Similarities and differences between MoS,; and pre-
dicted structures are discussed based on mechanical, electronic, magnetic and
vibrational properties. In Chapter 5, we will present our predictions on hydrogen
production following splitting of HoO in vacancy defects of single layer MoS,.
Chapter 6 deals with our studies on hydrogen storage on graphene functionalized
by Li and Ca adatom adsorption. In Chapter 7, we will conclude the thesis,

discussing novel results and future applications of our predictions.



Chapter 2

Methodology - Density Functional
Theory

The rise of Quantum Theory (QM) opens a new era in physics. We begin to
have the ability to describe the systems in atomic scale and state its energet-
ics. In early times, when the models and calculations are not optimized and the
computational power is not so high, scientists prefer experimenting instead of
modeling. As the time passed more accurate theories have been invented and
computer power increases such that ‘The boundary of feasible quantum mechan-
ical calculations has shifted significantly, to the extent that it may now be more
cost effective to employ quantum mechanical modeling even when experiments
do offer and alternative.® Physicists have developed many methods, which can
be used to calculate a wide range of physical properties of materials with high
accuracy, such as lattice constants, structural parameters, mechanical, electronic
and magnetic properties. These methods, which require only a specification of
the ions present (by their atomic number), are usually referred to as ab initio
methods.[31] While the specification by ab initio has been sometimes a matter of

debate, we usually identify our calculations as "first-principles".

There are many different ab initio methods which are optimized for different

purposes. Among them, the total-energy pseudopotential methods stand alone,
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because it can handle much more number of atoms in calculations. The effect
of rise in the computational power can not be inevitable, which also means that
there is an increasing class of problems for which it is more cost effective to use
quantum-mechanical modeling than experiments to determine the physical pa-
rameters. One can easily state that the cost effectiveness of quantum-mechanical
modeling methods over physical experimentation will continue to increase with

time.

2.1 Overview of Approximations

To investigate the various electronic, magnetic, elastic, vibrational and geomet-
ric properties of a solid require calculations of QM total energy of the system
and subsequent minimization of that energy with respect to electronic and nu-
clear coordinates. Due to the large mass differences between the nucleus and
electrons, electrons respond to the same forces much faster than that of the nu-
cleus. We can treat nuclei adiabatically meaning that we separate the nuclear
and electronic coordinates in the many-body wave function. This is also known

as Born-Oppenheimer approximation.

The total energy calculations then include density functional theory to model
the electron-electron interaction, pseudopotential theory to model the electron-ion
interactions, supercells to model systems with periodic geometries and iterative

minimization techniques to relax the electronic coordinates.

2.2 Electron-Electron Interaction

The main idea behind Density Functional Theory (DFT) is to model electrons as a
single particle moving in an effective nonlocal potential instead of solving strongly
interacting electron gas. Since electrons are fermions in many electron system, the
wave function is antisymmetric under the exchange of any two electrons. Having

the wave function antisymmetric results in spatial separation between electrons
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that have the same spin and this reduces the Coulomb energy of the electronic
system. This process which reduces the total energy is known as exchange energy.
If electrons that have opposite spins are also spatially separated, the Coulomb
energy of the total system can also be reduced below its Hartree-Fock value. The
Coulomb energy of the system is reduced, but the kinetic energy of electrons did
increased. The difference in energy between the results obtained from Hartree-
Fock approximation and the many-body energy of an electronic system is known

as correlation energy.

Density Functional Theory is developed by Hohenberg, Kohn and Sham for
describing the effects of exchange and correlation in an electron gas. Hohen-
berg and Kohn showed that total energy of an electron gas can be modeled as a
unique functional of electron density. Kohn and Sham then demonstrated how to
represent the many-electron problem by exactly equivalent set of self consistent

one-electron equations.

The Kohn-Sham Hamiltonian for a set of doubly occupied electronic states is

given as:

Bl =23 [log 9%+ [V s + 2.1)

ez [ n(r)n(r .

- / L(/)d?”f‘dg’l“ + Exc[n(’f‘)] + Eion(R[>
2 | r—7r"|

FEion is the Coulomb energy provided with interactions among the ions (nu-

cleus) at position Ry, Vi, is the total electron-ion potential, n(r) is the electron

density and Exc[n(r)] is the exchange-correlation functional. The charge density,

n(r), is:

n(r) =23 () I (22)

Determining the set of wave functions %; that gives minimum Kohn-Sham

energy functional:
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2

S 7 Vi (1) + Vinlr) + Vi () }i(r) = ext(r) 2.

Here 1); represents the wave function of the i*? electronic state and ¢; represents
the corresponding eigenvalue. Vy(r) is the Hartree potential and Vxc(r) is the

exchange correlation potential.

Vi(r) = 62/‘:(_—702/|d37” (2.4)
Vee(r) = ‘W%W (2.5)

These equations represent a mapping of the interacting many-electron sys-
tem to a system of noninteracting electrons in an effective potential caused by
all other electrons. We must solve these equations self consistently. The occu-
pied electronic states generate a charge density. From this electronic potential
is calculated and used in constructing these equations. The Kohn-Sham eigen-
values are not the energies of the single particle electron states, but rather the
derivatives of the total energy with respect to the occupation numbers of these
states. Nevertheless, the highest occupied eigenvalue in an atomic or molecular

calculation is nearly the unrelaxed ionization energy for that system.|32]

The universally used and easiest method used for describing the exchange-
correlation energy of an electronic system is local-density approximation (LDA).
The main idea behind this approximation is that the exchange-correlation energy
of an electronic system is constructed by assuming that the exchange-correlation
energy per electron at a point r in the electron gas, exc(r), is equal to the
exchange-correlation energy per electron in a homogeneous electron gas that has

the same density as the electron at point r.
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Exc[n(r)] = /exc(r)n(r)d3r (2.6)

dExcn(r)]  d[n(r)exc(r)]
on(r) on(r) (2.7)
exc(r) = &Eln(r) 238)

LDA ignores corrections to the exchange-correlation energy at a point r due to
nearby inhomogeneities in the electron density. Another functional, Generalized
Gradient Approximation (GGA) is still a local, but takes into account the gradient

of the density at the same coordinate in addition:

Exc[n(r)] = /exc(n,A_'n)n(r)dgr (2.9)
(2.10)

Shortly we can conclude that LDA appears to give a single well-defined global
minimum for the energy of a non-spin-polarized system of electrons in a fixed
ionic potential. For magnetic material, one has to expect more than one lo-
cal minimum in energy. The global minimum of the system is then found by
monitoring energy functional over a large region of phase space. By LDA, one
can calculate structural, elastic and vibrational properties close to the reality.
LDA results in overbinding of atoms, activation energies in chemical reactions
are unreliable. Electronic and magnetic properties of structures can be usefully
interpreted except for the accurate value of the band gaps. GGA is very good
at calculating molecular geometries and ground state energies. GGA corrects
the LDA overbinding problem, but this time it results in underbinding. If GGA
predicts the binding, it is also predicted by LDA and verified by experiments. On
the other hand, if GGA predicts nonbinding, there are cases where LDA as well as
experiments can yield binding.|33, 34, 35, 36, 37, 38, 39] GGA softens the bonds
by increasing the lattice constants and decreasing bulk moduli. While GGA fails
to predict the interlayer interaction caused mainly by weak van der Waals (vdW)

forces, the interlayer distance (of graphite and MoSs), LDA is known to include
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vdW interactions.|40, 41, 42, 43| These functionals can also be modified to include

long range van der Waals interactions.

2.2.1 Method of Grimme: Introduction of van der Waals

interaction

Popular density functionals are unable to describe correctly the van der Waals
(vdW) interactions resulting from charge fluctuating charge distributions. A
semi-empirical method is recently developed and solved the most suffered hand-
icap of DFT. Taking into account the analytic solution of vdW interaction in
solids which is the attractive interaction varies as the minus sixth power of the

separation of the two oscillators, Grimme|44] implemented this to DFT as:

Eprr-p = Eprr + Eaisp (2.11)
Nat—1 Nat C’L]

Edisp —S6 Z Z 6 fdmp ) (212)

=1 j=i+1

Eprpr is the usual self-consistent DFT energy, Eg;s), is the empirical correction
term, where N, is the number atoms in the unitcell, Céj denotes the dispersion
coefficient for atom pair 7j and is CJ = \/@. % is the empirical constant
different for every atom. sg is the global scaling factor depends on which exchange-
correlation functional is used in the calculation, R;; is the interatomic distance.

A damping function fgm, is used in order to avoid near-singularities for small R;;.

There are also other, fully self-consistent implementations of vdW interaction,
but the cohesive energy and lattice constants of MoS, structure predicted with
this approximation is not the closest to the reported experimental values. Detailed
discussions on the effects of this and other vdW corrections on MoS, structure is
indicated in foregoing chapters. It is important to note that inclusion of vdW in
the calculations has negligible effects on the band structure since the corrections

only affect only the lattice constants and the bond lengths in very small scale.
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2.2.2 LDA-+U: Correction in transition-metals

Difficulties and unreliable conclusions arise when a conventional spin polarized
LDA approach is applied to the treatment of the electronic structure of mate-
rial where some of the ions contain partly filled valence d or f orbitals. The
origin of the failure of spin polarized LDA in transition metal oxides is associ-
ated with an inadequate description of the strong Coulomb repulsion between 3d
electrons of localized on metal ions. Since the strength of the effective on-site
Coulomb interaction between d electrons (Hubbard U: Coulomb-energy cost to
place two electrons at the same site.) is comparable with valence bandwidth,|45]
the processes related with charge transfer between two metal ions or resulting
from addition or removal of d electrons give rise to large fluctuations of the en-
ergy of the system, leading to the localization of carriers and to the formation
of band gaps. Taking into account the exchange integral for spin particles (J),

Stoner parameter, one can modify the Hamiltonian of the system as:

Erspa+u = Erspalei] + — Z PP (2.13)
’]’

(2.14)

where p7, is the density matrix of d electrons o is the spin direction and ¢; is
the eigenvalues. In practice U is ~ 10 eV, where as J is around 1 eV. By varying
(U-J) parameter, one can change the electronic and magnetic properties of the
system. In order to find the accurate U and J values, one has to compare the
band gap energies with the experimental results. If no experiments a re available
in transition metal oxides, there is no way to find the accurate (U-J) parameter,

however the effects of the change in these parameters can be investigated.
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2.3 Periodic Supercells

When the system is periodic there are infinitely many number of atoms and
electrons. As a result we must include all of the interactions of these particles in
our calculations. There are two difficulties of this result. Wave functions must be
calculated for each of the infinitely many electrons in the system and the basis
set required to expand each wave function is infinite. Here we will use Bloch’s

Theorem to make things easier.

This theorem states that in a periodic solid each electron wave function can

be written as the product of a cell-periodic part and a wavelike part:

vi(r) = explik - r] f;(r) (2.15)

Periodic part of the wave function can be expanded using a basis set consisting

of a discrete set of plane waves :

Z ¢ qexpliG - (2.16)
c

Here reciprocal lattice vectors GG are defined by using the fact that G.l = 2mm.
Here [ is a lattice vector and m is an integer. Then wave function for each electron

can be written as :

r)= Z cirrcerpli(k +G) -] (2.17)

By using the boundary conditions electronic states are allowed only at a set
of k points in a bulk solid. There is a direct proportionality between the volume
of the solid in reciprocal space and the density of allowed k points. By using
the Bloch’s Theorem we change the problem of calculating infinite number of

electronic wave functions to the one of calculating a finite number of electronic
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wave functions at an infinite number of £ points. The electronic wave functions
at k points that are very close together will be almost identical and hence it is
possible to represent the electronic wave functions over a region of k space by
the wave functions at a single k& point. In this case the electronic states at only
a finite number of £ points are required to calculate the electronic potential and
hence determine the total energy of the solid. The magnitude of any error in the
total energy due to inadequacy of the £ point sampling can always be reduced by
using a denser set of k£ points. The computed total energy will converge as the

density of £ points increases.|46|

We can expand electronic wave functions at each k£ point any discrete plane
wave basis set by Bloch’s Theorem. The coefficients ¢; ¢ for the plane waves
with small kinetic energy are typically more important than those with having a
larger energy. By this way we can truncate the plane-wave basis set to include only
plane waves that have kinetic energies less than some cutoff energy. Introduction
of this cutoff energy to the discrete plane-wave basis set produces a finite basis
set. The energy cutoff will lead to small error in total energy calculations, but
increasing the value of the cutoff energy, the total energy will converge to a value.

Plane-wave representation of Kohn-Sham equations are :

7,—L2
D Lo kG P dcer + Vin(G = G') + (2.18)
G/

V(G — G') 4+ Vxc(G — G pror = €iCipra

The kinetic energy of electrons is diagonal, and the many potentials are de-
scribed in terms of their Fourier transforms. The dimension of the matrix depends

on the cutoff energy value we choose.

2.4 Electron-Ion Interactions

To perform calculation including the effect of all ions and electrons, an extremely

large plane wave basis set would be required. The most physical properties of
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solids are dependent on the valance electrons to a much greater extent than the
core electrons. The pseudopotential approximation exploits this by removing the
core electrons and by replacing them and the strong ionic potential by a weaker
pseudopotential that acts on a set of pseudo wave functions rather than the true
valance wave function. The valance wave functions oscillate rapidly in the region
occupied by the core electrons due to the strong ionic potential in this region.
These oscillations maintain the orthogonality between the core wave functions
and the valance wave functions, which is required by the exclusion principle.
The scattering from the pseudopotential must be angular momentum dependent
because the phase shift introduced by the ion core is different for each angular

momentum component of the valance wave function.

Ve =Y [ Im)Vi(im | (2.19)

Here | Im > represents the spherical harmonics and V] is the pseudopotential
for the angular momentum. A local pseudopotential uses the same potential for
all the angular momentum components and its amplitude is only a function of

the distance from the nucleus.

We refer to the electron density in the exchange-correlation energy in total
energy calculations. If we can find the accurate exchange-correlation energy, we
must have the pseudo and real wave function to be identical in both amplitude
and spatial dependencies. These will result in charge densities to be the same.
Nonlocal pseudopotential that uses different potential for different angular mo-

mentum values will describe the scattering from the ion core the best.

As we use pseudopotential in our calculation we can use fewer plane wave basis
sets. By this way we removed the rapid oscillations of the valance wave function
in the core region of the atom. Small core region electrons are not present at this
time. The total energy of the system is much less than the case of all-electrons,
but the difference between the electronic energies of different ionic configurations
is very similar to all electron case. We can conclude that the total energy is

meaningless until now. The true and the important value are the differences in
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energies.

2.5 Ion-Ion Interaction

The Coulomb interaction in real and reciprocal space is long ranged. Using

Edwald’s method, one can obtain the equation given below.

1 2 >
= — | Ri+1— Ry |* p*)dp + 2.20
S aTE ﬁz/ capl | Bt 1= Ro P Pldp+ (220)
|2

27 K | G , 1
P> / erp{—-5-Yeeapli(R — Ra) - Gl—dp

Where [ is lattice vectors ad G is reciprocal lattice vectors and 2 is the volume
of the unit cell as before. In this method we try to write the lattice summation of
the Coulomb energy with respect to the interaction between an ion positioned at
R and an array of atoms positioned at Ry +(. This valid for positive values of the
variable 7. If we can find an appropriate value for this variable, two summations
became rapidly convergent. As a result real and reciprocal space summation can
be calculated by few lattice vectors and few reciprocal vectors. For the calculation
of the correct energy, we must remove GG = 0 contribution of the Coulomb energy
of the ionic system. Omitting G = 0 summation in reciprocal space finally we

achieve the relation as :

1 erfe(n| Ri+1—Ry|) 2
Eion ==Y Z1Z;é — 6y + 2.21
2; 14€ {; |R1+l_R2| \/ip 1J ( )

4 1 | G ? 7T
Sl - Ry —R2)-G]— —

Z is the valances of ions I and J.erfc is the error function. L = 0 term is

neglected because ion does not interfere with its own charge.
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2.6 Parameters of DFT Calculations

2.6.1 Pseudopotential Choice

The cost of including the all electrons of each atom in the unitcell is very high
since computational time grows significantly by number of electrons. In order to
avoid this, we use pseudopotentials in our calculations. These potentials behave
the same with the all electron wavefunctions after a cut off radius. Distances
before the cut off radius they are not correct. In this thesis we used two different
types of pseudopotentials. These are ultrasoft (US)[47] and projector augmented
plane waves (PAW)[48]. The differences between them arise in the core region
where all electron wavefunctions and pseudowavefunctions differ. In the core
region, PAW uses superposition of atomic orbital wavefunctions, however there is
no restriction for US except norm conservation. PAW potentials have improved
accuracy for magnetic materials, alkali and alkali earth elements. lathanides and
actinides. In case of compounds where often species with very different covalent
radii are mixed, The PAW potentials are clearly superior. In our calculations,
we prefer PAW potentials whenever possible. Most of our calculations are done
using VASP software where all PAW potentials are available.[49, 50| In some
cases we use PWSCF|[51] to check the results and make calculations using density
functional perturbation theory, but this software uses US pseudopotentials. We
use US potentials in our works on vibrational analysis of MoS, structure and
hydrogen storage on Li adsorbed graphene structure. Other studies are carried

out using PAW potentials.

An element can have various PAW potentials available. The main differences
between the potentials depends on which electrons are taken as core electrons
and cut off radii of the potential. Generally in modeling transition metal atoms,
we take s and d orbitals as valance electrons and left others as core region. In the
case of potentials with different cut off radii, our choice depends on the predicted
bond length between atoms of the compound. The bond length has to be larger

than the sum of cutoff radii of bonding atoms.
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2.6.2 Exchange Correlation Functional Choice

We have discussed formalism of LDA and GGA before. The fully treated inclusion
of van der Waals interaction in GGA calculations is a very recent improvements.
The source was available for us after the beginning of 2011. For this reason the
exchange correlation functional in studies that are done, started before this date
in this thesis, depend on whether we wanted partly to include vdW partly in the
calculations. LDA method is used for partial inclusion of vdW interaction. Our
studies on hydrogen storage and prediction of novel transition metal dichalco-
genides are done using LDA. GGA method is used on investigation of electronic,
magnetic, mechanical and elastic MoS, structure. The most precise method in-
cluding vdW interaction nowadays is GGA method with vdW corrections. This
method is used in investigation of vibrational properties of MoS, structure and
splitting of H,O on the vacancy defects of MoS,. All of our calculations are car-
ried out by taking into account spin polarization. Since the electrons of some
of transition metal oxides are strongly correlated, they may not be represented
properly by DFT. Thus, to correct the deficiencies of DFT we also carried out
LDA+U calculations|52] for the prediction of electronic and magnetic structures

of transition metal dichalcogenides (MXs).

2.6.3 Convergence Criteria and Stability Analysis

After selection of pseudopotential of atoms and exchange correlation functional,
before starting extensive calculations, we have to determine the value of the cut-
off potential and number of k-points used in the calculation. Kinetic energy
cut-off, Brillouin zone (BZ) sampling of the calculations have been determined
after extensive convergence analysis. These analyses include the convergence of
total energy of the system by increasing the value of cut-off potential and number
of k-points. A plane-wave basis set with kinetic energy cut-off of 600 eV is used.
In the self-consistent field potential and total energy calculations BZ is sampled
by special k-points.[53] The numbers of these k-points are (37x37x1) for the

primitive MXs, MoSs and graphene unitcell and are scaled according to the size
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of the supercells. Since all of the works in this thesis is based on two dimensional
structures, a large spacing of ~ 15 A between 2D single layers is taken to prevent
interlayer interactions. All atomic positions and lattice constants are optimized by
using the conjugate gradient method, where the total energy and atomic forces
are minimized. The convergence for energy is chosen as 107° eV between two
consecutive steps, and the maximum Hellmann-Feynman forces acting on each
atom is less than 0.01 eV/ A upon ionic relaxation. The pressure in the unit cell
is kept below 5 kBar. Bader analysis is used to calculate the charge on atoms.[54]
The frequency-dependent GWj calculations,|55| are carried out to correct the
LDA band gaps. However, while the GW correction was successful in predicting
3D bulk MoS,, it overestimates the band gap of 2D MoS, in H structure.|6]

In order for a structure to be stable, we carried out three-step stability anal-
ysis. First one is finding the global energy minimum of the system. These are
simple DFT calculation where we change the lattice dimensions, atom positions
to find the lowest energy minimum site. It is not always true that the lowest
energy site is stable. A very nice example is silicene.[56] Even though geometry
minimization calculations predict a geometry with a lower cohesive energy, the
stable geometric structure is the excited state. In the second step, we carried out

phonon calculations.

2.6.3.1 Phonon analysis

The energy of an elastic mode of angular frequency w is € = (n + %)hw when the
mode is excited to quantum number n (when the mode is occupied by n phonons.)
Quantizing the mean square of phonon amplitude considering the standing wave
mode of amplitude u = ugcos Kxcoswt where u is the displacement of an element
from its equilibrium position. The energy in the mode is half kinetic energy and
half potential energy when averaged over time. As a result, the square of the

amplitude of the mode is:

1
ui =4 (n + 5) h/pVw (2.22)
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Here p is the mass density and V' is the volume. This relates the displacement
in a given mode to the phonon occupancy n of this mode. (n > 0) The energy
of phonon cannot be negative, so the right hand side of the above equation is
positive. This results in positive or negative displacements of atoms in the crystal.
However if the crystal structure is unstable, then w will be negative and in this
case atom displacements are calculated as imaginary. In terms of physical point
of view, this means that the unstable crystal structure can not create a restoring
force for the atoms displaced from their equilibrium positions. In order for a
system to be stable, calculated w has to be positive through out all Brillouin

Zone.

We carry out phonon calculation using two different methods to check whether
all vibrational frequencies are real and 0 or positive. These methods are based
on Small Displacement Method (SDM)|57| and density functional perturbation
theory.[51| Advantage of perturbative treatment of phonons is in ionic compounds,
LO-TO splitting can be observed. This is absent in SDM method, since it only
uses forces calculated from self consistent field to generate the dynamic matrix.
Once phonons of the system is calculated, one can calculate the Born effective
charges, dielectric constants (both at w = 0 and omega = 00). By using group
theory analysis, looking at the symmetries of the unitcell, one can state the
Raman and infrared active modes and their corresponding frequencies in w = 0.
These are further discussed in shift of phonon modes of MoS; upon changing the

dimensionality, that is the symmetry of the system.

2.6.3.2 Molecular Dynamics Calculations

The last step in our stability analysis is the ab-initio molecular dynamics (MD)
calculations. In a classical MD calculation, forces acting on the atoms of crystal
are calculated from force field, empirical or semi-empirical approaches and the
atoms are displaced accordingly by the time step value supplied by the user.
This calculations are carried on iteratively and a realistic movements of atoms
are modeled taking into account the temperature effects. Since calculation of

atomic forces are computationally much cheaper than ab-initio based calculations,
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the duration of classical MD calculations can be comparable to real life time
units. Generally these empirical methods does not include effects of electrons
and magnetism in calculating the forces. MD calculations based on these may
cause incorrect results if there are localized electrons in regions of crystal or
change of magnetic state upon the transformation of the structure. However
forces calculated from ab-initio methods are precise taking into account all the
physical effects in real life, but on the other hand, they are computationally
expensive. For this reason ab-initio MD calculations cannot be carried out at
real life time durations. We use ab-initio MD calculations to investigate if a

structure is stable in a minimum on the Born-Oppenheimer surface.

There are three different ensemble choices we can use in MD calculations. In a
micro-canonical ensemble the number of particles N, volume of the system V', and
the energy of the system E is kept fixed at each iterative steps. Canonical ensem-
ble is similar to micro-canonical case, except temperature T is kept fixed instead
of E/. Grand canonical ensemble, which is the most suitable case for macroscopic
states, permits the exchange of particles and energy from the environment. In
ab-initio MD calculation, one cannot change the number of particles in a supercell
and include too many number of atoms to model a macroscopic state. Generally
ab-initio MD calculations at nanoscales can be modeled with micro-canonical and
canonical ensembles. The main difference between them depends on normaliza-
tion of either energy or temperature of the system. In reality some subset of a
crystal can vibrate with a greater amplitude than the remaining parts at a small
period of time. However expectation value of energy is the same over every part
over a long period of time. Forcing the total energy to be fixed at very small
time steps (micro-canonical ensemble) by normalizing the velocities of atoms in
every part of the crystal may not be realistic for modeling a nanoscale area of
crystal. For this reason, it is better to permit fluctuation of energy (canonical
ensemble) over small length of times at nanoscale. We use canonical ensemble
in our calculations which complies best with reality. The length of time steps is
another important parameter in molecular dynamics calculations. By using this

value, based on the calculated forces on the atoms, the atoms are displaced at
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each iteration. Taking extreme values for this parameter leads to longer displace-
ments in atoms at each step and may raise instabilities on the system which can
breakup crystal structure. Smaller values are relevant for observing a reaction
happening on a material. Average values for time steps are ~ 2 femto seconds.
In each chapter this value is supplied when ab-initio MD calculations are carried

out.



Chapter 3

Properties of MoSs Structure

3.1 Preliminary Information

Three-dimensional (3D) MoS;, a well-known transition-metal dichalcogenide
has two different stable structures: These are 3R-MoSs polytype[58] and lay-
ered 2H-MoSs. The latter consists of the stacking of MoS, layers and is
the subject matter of the present section. Various properties of 2H-MoS,,
(Ref.|59, 60, 61, 62, 2, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73|), in partic-
ular lattice dynamics and electronic energy band structure have been studied
extensively. Liquid exfoliation of nanosheets of MoS, and other transition metal
dichalcogenides, such as MoSes, WSy, MoTey, NbSes, NiTeq, are reported.|[74]
Recently 2D suspended single layer MoS, sheets, i.e. 1TH-MoSs having hexagonal
lattice have been produced.|75, 76, 77, 78] 1H-MoS; is made of hexagons with Mo
and two S atoms situated at alternating corners. Single layer MoS,; nanocrystals
of ~ 30 A width were also synthesized on the Au(111) surface[79] and the first
direct real space STM images of single layer MoS; nanosheets have been reported.
In the meantime, theoretical studies (Ref.[80, 81, 82, 83, 84, 72, 85, 5, 6]) on 1H-
MoS, have appeared. Three-dimensional 2H-MoSs and 2D 1H-MoSs,[6] quasi 1D
nanotubes[82] and nanoribbons|5, 72, 83| of MoS, share the honeycomb structure

and display interesting dimensionality effects.

23
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Properties of MoSs nanocrystals are explored in diverse fields, such as
nanotribology[86], hydrogen production|27, 87|, hydrodesulfurization catalyst
used for removing sulfur compounds from 0il[88, 89, 90, 91, 92, 93, 94|, solar
cells [29], photocatalysis.|95] Triangular MoSs nanocrystals of diverse sizes were
investigated using atom-resolved scanning tunneling microscopy.|96| Superlow co-
efficient of sliding friction between surfaces coated with 1H-MoS, has been mea-
sured much recently.[26] A transistor fabricated from the single layer MoS, has
heralded the features of 1H-MoSs, which is superior to graphene.[30] Studies to
date suggest that MoSs sheets can be promising for optoelectronic devices, solar
cells, and LEDs. Most recently, the Raman spectra of MoS, sheets have been

measured as a function of their thickness.[78, 3]

Despite the fact that 2H-MoS, is a layered material, where MoS, layers were
bound by weak interlayer interaction, significant dimensionality effects have been
observed. For example, while 3D MoS, is an indirect band gap semiconductor, the
band gap increases and becomes direct in 2D single layer MoS,.[77] This dimen-
sionality effect may lead to photoluminescence applications in nanoelectronics. [24]
While the lattice dynamics of 2H-MoSs have been studied actively in the past by
using inelastic neutron scattering and Raman-Infrared spectroscopy|2, 81] and its
phonon dispersion curves, phonon density of states, Infrared and Raman active
modes are calculated in terms of force constants derived from experimental data,
yet an ab-initio treatment including van der Waals interaction (vdW) is absent.
Recent papers|78, 3| investigating the Raman spectra of 3D and 2D MoS, came

up with conflicting conclusions.

Various properties revealed earlier for 3D graphitic MoSs and nowadays for
2D single layer 1H-MoSs, have made the functionalization of these structures by
adatoms or vacancy defects a current issue. Ab-initio calculations were carried
for adsorption of thiophene|97| on catalytically active surface of MoSy crystal,
which is used in hydrodesulfurization process. Similarly, the adsorption of aro-
matic (thiophene, benzothiophene, benzene, naphthalene, pyridine, quinoline)
and conjugated compounds (butadiene) on the basal plane (0001) of MoSs were
studied.|71] Huang and Cho|70] investigated the adsorption of CO on MoS, sur-

face and calculated the relative energies of different reaction paths. Implementing
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(b)

Figure 3.1: (a) Side and top views of atomic structure of 2H-MoS, with hexagonal
lattice. The unit cell is delineated, lattice constants |a| = |b|, ¢ and internal
structure parameters are indicated. Honeycomb structure consisting of Mo (red
ball) and S, (grey balls) located at the corners of hexagons is seen in the top
view. (b) Corresponding Brillouin zone with symmetry directions. Taken from
Ataca et al.[1]

local magnetism through defects or impurities has been the focus of first-principles
calculations. Fuhr et al.|68] found that S vacancy defect on MoSs, surface, as well
as substitutional doping of Pd and Au do not induce magnetic moment, whereas
Fe and V induce magnetic moments when substituted with S atoms at MoSs sur-
face. Adsorption and substitutional doping of Nb atoms on MoSs surface were
also investigated.[69] Since the magnetism based on sp-orbitals yields long-range
exchange coupling interactions as compared to d— and f— orbitals, implement-
ing magnetic properties to MoS,; monolayer through nonmagnetic adatoms have
been also considered. Theoretical studies concluded that H, B, C, N and O can

significantly modify the magnetic and electronic properties of this material.|98|

In this section we present a systematic study to reveal the general properties
of TH-MoS,. These include: (i) Stability analysis of MoSy structure including
nanoribbons. (ii) Electronic and magnetic properties of MoS; and its nanorib-
bons. (iii) Mechanical properties of, (iv) Functionalization through adatom ad-

sorption in, (v) Vacancy defects in 1H-MoS; and its nanoribbons.
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3.2 Optimized Structures of MoS,

The interaction between 1H-MoS, layers in 2H-MoS, has predominantly vdW
character. Therefore, DFT calculations within GGA but without vdW are known
to overestimate the interlayer distance and the lattice parameter c in Fig. 3.1 (a).
To present a correct estimation of lattice constants, we included vdW correction
to GGA calculations using two different methods. The first one (GGA+D) is used
mainly for molecules and corrects GGA by adding interatomic Cg/R® interaction.
The Cp coefficient and cutoff distance are deduced from relevant molecules.|99|
Second method (GGA+DF) aims at solutions from the first-principles without
empiricism and uses non-local exchange-correlation functional to treat vdW inter-
action in GGA.[100] The latter method is tested for molecules and solids. In order
to find the most appropriate method we carried out GGA calculations without
vdW correction, as well as GGA-+D and GGA+DF calculations. For the sake of
comparison, we also performed LDA calculations, which is known to include vdW
interaction partially.[101, 102] In our analysis we consider two layered 3D crystals
both having honeycomb structure, namely graphite and 2H-MoS,, in which the
cohesions of layers are known to be achieved mainly by the weak vdW interaction.
The optimized lattice constants |a| = |b| and ¢, and interlayer interaction energy
E; calculated by using these methods are presented in Tab. 3.1. For comparison
the experimental values are also given. The interlayer interaction energy or cohe-
sion of 2H-MoS, relative to individual MoS, layers can be deduced by calculating
the total energy of 2H-MoS, as a function of interlayer spacing 2 in the direction
perpendicular to MoSs layer, i.e. Er(z) and by setting Er(z — oo0) = 0. Then
the absolute value of half of the minimum of Er(z = ¢) is taken as E; (interlayer

interaction energy per layer).

For graphite, GGA without vdW attains the experimental a, but overesti-
mates ¢ by 25% relative to the experimental value.[103, 104, 105, 106, 107] Ex-
pectantly, the calculated interlayer interaction energy E;=5 meV per layer is much
smaller than the experimental value.[103, 104, 105, 106, 107|] On the other hand,
the values of ¢ and E; calculated for graphite are improved significantly when
vdW correction is included. While GGA-+DF overestimates ¢ by 6.6%, GGA+D
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Table 3.1: Lattice constants |a|=|b| and ¢, and interlayer interaction energy E;
[per graphene (Cy) or MoS, unit] of graphite and 2H-MoS, calculated using GGA,
GGA-+D and GGA-+DF and LDA methods. The corresponding values calculated
for graphene and single layer MoS, are given in parenthesis. Experimental values
are given for the sake of comparison. Experimental values of lattice constant a of
1H-MoS, given by Ref. |9, 10| appear to be too large and not confirmed. Taken
from Ataca et al.[1]

Graphite (Graphene) 2H-MoS, (1H-MoS,)

a (A) c(A)

GGA 2.461 (2.463) 8.407

GGA+D 2.461 (2.463) 6.425

GGA+DF 2.463 (2.463) 7.157
LDA+UP 2,441 (2.441) 5

5.669 96, 2.216
Experiment | 2.461-2.463[103, 104, 105, 106, 107] (2.455) 6.708-6.712[103, 104, 105, 106, 107] 10410103, 104, 105, 106, 107], 2.40140.231

c(A)

15510
12411
13.152

2.539

12,137 110, 2.
3.16[108, 1 3.27[10]) 12.20[108, 6], 12.30[109] _1404:22[110], 3.239+0.498

underestimates it by 4.2%. However, both methods result overestimate E; by 14%
relative to experimental value. Interestingly, LDA yield almost the experimental

value of ¢, even if it underestimates the experimental E; by 8%.

An analysis made for 2H-MoS, reveals similar trends and indicates vdW inter-
action as the dominant interaction between its layers. While interlayer interaction
calculated with GGA is only 6 meV per MoS, unit, c is badly overestimated to be
15.54 A. This is 26,4 % longer relative to experimental value of lattice constant c
measured[108, 109, 66 to be ¢ = 12.29 — 12.30 A. While GGA optimizes lateral
lattice constants at |a| = |b] = 3.215 A, the measured lateral lattice constants
la| = |b| = 3.16 A.[108, 109, 66| In contrast, GGA+D and GGA+DF methods
estimate £; to be 160 meV and 176 meV, respectively. Accordingly, ¢ values
calculated by these vdW corrections are 12.41 A (i.e. overestimated by 0.9 %)
and 13.15 A (overestimated by 7.0%), respectively. The lateral lattice constant
a is optimized by GGA+D to be ~3.22 A (3.258 A by GGA+DF). On the
other hand, LDA underestimates both a and ¢ by ~ 2% relative to experimental
value and predicts E;=110 meV. In view of this analysis and comparison with
measured[108, 109, 66| lattice constants, GGA+D method appears to be suitable
to obtain optimized structure and related properties of 2H-MoSs and 1H-MoS..
For the rest of this section, we will use results obtained from this method unless

it is stated otherwise.

Two dimensional 1H-MoS, can maintain its physical properties, when its size
is large. However a small flake or a ribbon can display rather different electronic

and magnetic properties. In particular, edge atoms may influence the physical
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properties. The passivation of edge atoms by hydrogen atoms also result in
significant changes in the properties of the nanoribbons. In this respect, one
expects that the armchair (A-MoSsNR) or zigzag (Z-MoS2NR) nanoribbons of

1H-MoS; can display even more interesting electronic and magnetic properties.

We consider bare, as well as hydrogen saturated armchair and zigzag nanorib-
bons. These nanoribbons are specified by their width w in A or n number of
Mo-Ss basis in the unit cell. We take armchair nanoribbon with n=12 and zigzag
nanoribbons with n=6 as prototypes. The distance between Mo and S atom,
dpo—s varies depending on the position in the ribbon. For example for n=12,
while at the center of the armchair nanoribbon, dy;,_s=2.44 A, and dg_s=3.15
A, at the edge of the armchair nanoribbons, they change to dy;,_s 2.56 A and
dg_g=3.27 A. The lattice parameters at the center of ribbons attain the same
values as 1H-MoS,. The average binding energy of hydrogen atoms passivating
Mo and S atoms at the edges of the nanoribbon is F,=3.64 e¢V. The lengths of
Mo-H and S-H bonds are 1.70 A and 1.36 A, respectively. The distance between
S atoms at the edge is calculated as 3.27 A upon hydrogen passivation.

3.3 Stability of MoS,

Previously, the lattice dynamics of 2H-MoS,; has been investigated both ex-
perimentally and theoretically. The phonon dispersion curves and density
of states have been obtained by fitting the force constants to experimental
data.[2, 81] Meanwhile 2D sheets of MoS, including the single layer 1H-MoS,
were synthesized.[75, 79, 76, 77] Our objective is (i) to calculate phonon disper-
sion curves and total density of states of both 2H-MoSy and 1H-MoS, from the
first-principles including vdW correction; (ii) to reveal the dimensionality effects
between 3D and 2D MoS,; (iii) to provide understanding of phonon anomalies
observed in Raman spectra|78, 3|; and (iv) to provide stability analysis of nanorib-

bons.

While Mo atoms in 2H-MoS, occupy sites of D3, symmetry, S atoms obey
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Cs, symmetry. The overall symmetry of the crystal is Dgj, having 24 symmetry
elements and 12 irreducible representations. Four second order representations
involve the lateral (in-plane) displacements of Mo and S atoms, as indicated in
Fig. 3.2. First order representations are coupled with the displacements per-
pendicular to the layers of atoms or parallel to z-axis. Similar observations are
also valid for monolayer 1H-MoS, having D3, symmetry, 12 symmetry elements
and 6 irreducible representations. In order for an irreducible representation to
be Infrared active mode, it must create a dipole moment in the system. For
2H-MoSs, Eq, and As, modes are Infrared active. Similarly, E and Ag modes
are Infrared active modes of 1H-MoS,. Raman active modes induce polarization,

or quadruple moment in the lattice. A,, E; and Es; modes are Raman active
modes for 2H-MoS,, so as All, E' and E” modes for 1H-MoS,.

Verble and Wieting|59, 60| related the interlayer interaction in 2H-MoSy with
the splitting of the frequencies of Eo, and E;, modes. In both modes the first
layer atoms have similar displacements, but the displacements of the second layer
atoms are in opposite direction as indicated in Fig. 3.2. Minute difference be-
tween the frequencies of Eoy and Eq, shows that the interlayer vdW interaction in
2H-MoS; is small. Wakabayashi et al.|2| first reported the phonon dispersion of
2H-MoS, by neutron scattering. Because of experimental limitations, they only
reported 12 phonon branches along I' — M and I' — A direction out of 18 available
ones. The error term in their experiments is £%5. Bertrand|80] reported that
surface phonons have frequencies lower than those of bulk MoSs phonons. There
is a softening of phonon modes upon going to the edges of nanocrystal 2H-MoS.
Recent experimental study by Livneh and Sterer[111] revealed the effect of pres-
sure and temperature on the Raman active modes of 2H-MoS,. They reported
that upon increasing the temperature of the system, the frequencies of Raman
active modes decrease. Whereas the frequencies of Raman active modes increases

with increasing pressure.

Phonon dispersion curves of 3D and 2D MoS, and their total densities of states
calculated within DFPT|51] using structure optimized GGA+D are presented in
Fig. 3.2. Specific experimental data and earlier calculations are also indicated for

the sake of comparison. The phonon branches calculated from the first-principles
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for 3D MoSs are in overall agreement with experimental data as well as with
that calculated using valence force field method.[2]. The calculated acoustical
and optical branches of 1H-MoS,, £2(k) which are positive for any k in BZ. This
indicates that the suspended, single layer 1H-MoS, structure is stable.

Phonon dispersion curves and corresponding density of states for 2H-MoS,
and 1H-MoSy are similar, except that the number of branches in the former are
doubled. Owing to the weak vdW interaction some branches are slightly split.
The difference between 2H- and 1H-MoS; is substantiated by the difference of
total density of states, i.e AD(Q) = D3p(2) — 2Dyp(€2). The plot of AD(Q2) in
Fig. 3.2(e) indicates an overall shift of critical point frequencies of 3D MoS; to
slightly higher values, while some modes show a reverse trend. The out of plane
acoustical (ZA) mode of 1H-MoS, has parabolic dispersion, since the transverse
forces decay exponentially. Also the LO-TO splitting is properly predicted. We
also determined the Infrared (IR) and Raman (R) active modes at the I'-point of
BZ. Our results presented in Tab. 3.2.

Earlier, Raman [81, 59, 60, 65, 80, 112| and Infrared spectra [59, 60, 73| of
2H-MoS, were studied experimentally. Wieting and Verble[59, 60| reported three
Raman active modes at 287, 383 and 409 cm~!. On the other hand, Chen and
Wang [112] have observed four Raman active modes in bulk at E3,=32 cm™,
E14—286 cm™, E3,—383 cm™" and A;;—408 cm™'. The small E3, mode is not
observed by Wieting and Verble[59, 60] because of the spectral limit of the Raman
measurements between 20-1000 ¢cm ™.
IR active modes are observed at 384 cm™! [59, 60, 73] and 470 cm™!  [59, 60|
(468 cm™* [73]). For the case of 1H-MoS,, Lee et al.|78] investigated the Raman

spectra of 2D MoS, sheets as a function of thickness down to a single layer

Also experimentally, at the zone center,

1H-MoSs. They reported that the frequency of the Raman active A;, mode
of 2H-MoS; (i.e. thick sheet) decreases gradually from 408 cm™! to ~ 403 ¢cm™!
corresponding to the frequency of A} of 1H-Mo$S, indicating the phonon softening.
As for the Raman active mode of 1H-MoS, E' displays a reverse behavior and
hence its frequency decreases from 383.4 cm™! to 382 cm™! corresponding to the
frequency of Eoy mode of 2H-MoS,. Even if the lateral displacements of atoms in

E9y mode are not affected significantly, one nevertheless expects that all modes of
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Figure 3.2: (a) Calculated phonon dispersion curves of 2H-MoS,, (k) versus k
along symmetry directions of BZ and corresponding density of states (b). (c)
and (d) are the same as (a) and (b) for 1H-MoS,. (e) Difference of the densities
of states of 2H-MoS, and 1H-MoS, (see text). Phonon branches derived from
neutron scattering data|2] and branches calculated by using a local basis set[3, 4]
are indicated in (a) and (c) by green (light) squares, respectively. Infrared (IR)
and Raman (R) active modes with symmetry representations and frequencies
(em™!') at the I-point are indicated. Taken from Ataca et al.[1]
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Table 3.2: Calculated frequencies of Raman (R) and Infrared (IR) active modes
(in cm™!) of 2H- and 1H-MoS, at the I-point and their symmetry analysis. The
subscript u and ¢ represent antisymmetric and symmetric vibrations, respec-
tively. The other subscript 7 (i = 1,2, 3) indicates the stretching modes. IR and
R frequencies of 2H- and 1H-MoS, are calculated for the fully optimized lattice
constants and internal structural parameters. Entries of IR and R frequencies of
2H- and 1H-MoS; indicated by (*) are calculated using the experimental lattice
constants a and ¢ of 2H-MoS,, but optimizing other internal structural param-
eters. The entry with (**) is calculated with a=3.14 A and corresponds to a,
which is smaller than the experimental lattice constant a of 2H-MoSs. Taken
from Ataca et al.|1]

Lattice Symmetry: Dgp, = Dg X @

# of Symmetry Elements: 24 # of Irreducible Representations: 12
Atom Wyckoff position phonon modes
Mo 2c 2 A2y+2 Bag+2 E2g+2 E1y
S Af Aig+ 2 Azy + 2 Bag + Biy + 2 E1y + 2 Egg + Eou + Eqy
2H-MoS2 Raman=A14+ 2 Egg+ E1g
TR=2 A2y+2 E1u
Lattice Constants IR (cm™1) Raman (cm™!)
a=3.220 A; c=12.411 A A2.,(456.9) ; E1y (378.8) A1g(400.2), E24(378.5); E14(286.6)
(*) a = 3.160 A; c = 12.300 A A2,(467.6) ; E1y, (381.6) A1¢( 407.7), Eg4(381.3); E14(277.8)
Lattice Symmetry: D3, = D3 X ¢
# of Symmetry Elements: 12 # of Irreducible Representations: 6
Atom ‘Wyckoff position phonon modes
Mo la 2A,+2E
S 2 A} +2A, +2E 28"
1H-MoS5 Raman=2E + E" + A}

IR=2E +2A}

Lattice Constants IR (cm™1) Raman (cm™1)
a=32214 Al (465.0); E'(380.2) | A’ (406.1); E'(380.2), B (287.1)

(*) a = 3.160 A A, (468.0); E'(381.2) | A} (397.8); E'(381.2), E”(274.5)

(**) a = 3.140 A A, (467.5); E'(385.0) | A}(392.7); E'(385.0), E”(279.9)
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3D bulk MoS; slightly soften in single layer MoSs due to the absence of interlayer
interaction. The observation by Lee et al.[78] was surprising. In fact, recent
study by Ramakrishna et al.[3] ended up with a different trend; they observed
that both A4 and E;g modes of 2H-MoS; sheets become softer as their thickness

decreases.

We attempted to clarify the controversial results reported for the above cru-
cial dimensionality effect. To this end, we calculated the frequencies of Raman
active modes of 2H-MoSs and 1H-MoS, and compared our results with available
experimental data.|59, 60, 73, 78, 3| Present GGA+D calculations predict Ra-
man active modes E,,=286.6 cm™', E; =378.5 cm™" and A;,=400.2 cm™~" using
the optimized lattice constants of @ =3.22 A and ¢ =12.41 A. The optimized
lattice constant of 1H-MoS, did not alter from the optimized value of 3D bulk
despite the absence of interlayer interaction. Using the optimized lateral lattice
constant a=3.22 A, we obtained the frequencies of the Raman active modes as
E'=380.2 cm™! and A|=406.1 cm~'. (See Table 3.2) According to these results
of ab-initio GGA+D method, the frequencies of both modes should increase as
one goes from 3D to 2D single layer, which disagree with experimental results,

except the behavior of Ey, — E' reported by Lee et al.[78]

The source of this disagreement between ab-initio calculations and experimen-
tal data is sought in the lattice constants, which are overestimated by GGA+D
calculations. We repeated the same GGA+D calculations using experimental lat-
tice constants,[108, 109, 66] namely a=3.16 A and ¢=12.30 A for 2H-MoS, and
a=3.16 A for 1H-MoS, by assuming that the lateral lattice constant, a, did not
change by going from 3D to single layer. We find that A;,—407.7, E5,—381.3 cn™*
and E1,=277.8 cm~! for 2H-MoS,, while for 1H-MoSy A]=397.8 cm™!, E'=381.2

cm~!

and E'=274.5. Apparently, Raman active modes of 2H-MoS, calculated
with experimental lattice constants are in good agrement with observed Raman
frequencies.[59, 112] Moreover, we are able to reproduce the experimental trend
that frequency of the Raman active mode A;, softens for A, — A', ie. as the
dimensionality is reduced from 3D to 2D. The change in the frequency is negli-
gibly small for Eo; — E'. Noting the fact that the lattice constant of graphene,

a, gets slightly smaller than that of 3D graphite, despite GGA-+D optimizes a of
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3D and 2D almost at the same value. Considering the possibility that the lattice
constant of 1TH-MoS; a can get smaller than the lateral lattice constant of 3D
MoS, a=3.16 A, we repeated our calculations for 1H-MoS, using a=3.14 A and
found that the frequency of E' increases from 381.2 cm™! to 385 cm™! confirming
the anomalous effect reported by Lee et al.(See Table 3.2). This is, however, a hy-
pothetical situation and will be clarified when an experimental data on the lattice
constant a of freestanding 1H-MoS, will be available. We also note that Raman
active modes of 2H-MoS, calculated by LDA, which underestimates the lattice
constants was able to reproduce the same dimensionality effect between 3D and
2D MoS; as reported by Lee et al.[78|, namely that while A’ softens, E" becomes
harder by going from 3D to 2D. To address the question, whether the Raman ac-
tive modes of the slabs of 2D MoS; comply with the above trends, we calculated
the frequencies of two layer and three layer MoS, using the experimental value of
lattice constant, a of 2H-MoS,. Since there is no data available for the spacings
of layers in slabs, we used again the experimental lattice constant ¢ of 2H-MoS,
and set the spacings equal to ¢/2. We found that A increases with increasing
number of layers (namely A} — 404.9 cm™! for bilayer MoS, and A} — 405.9
cm~! for three layer MoS,, and approaches to A} of 2H-MoS,. Nevertheless, the
absence of experimental data on the structure of bilayer and three layer MoS,
slabs prevents us to draw more definite conclusions regarding phonon softening

or phonon hardening with dimensionality.

In Table 3.2 we present the frequencies of the IR active modes calculated using
optimized as well as experimental lattice constants. For 2H-MoS,, the present
GGA+D calculations using experimental lattice constants can give values in good
agreement with experimental data, namely Ay,=467.6 cm™' (as compared to ex-
perimental value of 468 cm™!) and E1,=381.6 cm ™! (as compared to experimental
value of 384 cm™1).[59, 73]

Born effective charges and interlayer and intralayer dielectric constants can
be obtained from phonon calculations. Sun et al.[73] obtained high frequency
dielectric constants, ¢ and Born effective charge, Z%, of 2H-MoS, by fitting to
the experimental data. They found Born effective charges, Z%[Mo]=1.11 elec-

trons (positive charge) for Mo and Z3[S]—-0.52 electrons (negative charge) for
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Figure 3.3: Calculated phonon frequencies, (k) of the bare armchair MoS,
nanoribbon with w= 17.75 A or n=12 (there are 36 atoms in the primitive cell)
are presented along symmetry directions of the Brillouin zone using Small Dis-
placement Method (SDM), and corresponding densities of states (DOS). Taken
from Ataca et al.[5]

each S atom and dielectric constants €j=15.2 and €, =6.2 in the intralayer and
interlayer directions, respectively. Here we calculate Born effective charges and
high frequency dielectric constant of 2H-MoS, to be Z};[Mo]—1.23 electrons and
Z3[S]=-0.57 electrons.[113] High frequency dielectric constants are calculated to
be, £/=15.60 and £, =6.34 in the intralayer and interlayer directions, respectively.
The values calculated from the first-principles are in good agreement with those
determined by Sun et al.[73] from experimental data. As for 1H-MoS,, Born
effective charges are calculated to be Zj;[Mo]=1.21 electrons for Mo and Z%3[S]=-
0.57 electrons for S. These values are close to those of 2H-MoS,. However, high
frequency dielectric constants of 1H-MoS,, which differ dramatically from 3D
MoS; due to dimensionality effect, are £|—=4.58 and €, —1.26 in the intralayer and

interlayer directions, respectively.

For the stability analysis of MoS; nanoribbons, we carried out a rigorous test
through phonon calculations in addition to structure optimization though en-

ergy minimization. If the calculated frequencies of specific phonon modes are
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imaginary, the structure becomes unstable for the corresponding k-wave vectors
in the BZ. Here we present an example for the stability test of nanoribbons,
whereby we calculate the phonon frequencies of the bare armchair nanoribbon
with n=12. The calculated phonon branches and corresponding density of states
(DOS) are presented in Fig. 3.3. The out of plane (ZA) branch with parabolic
dispersion and fourth acoustic branch (or twisting mode[114]) characteristics of
nanoribbons are obtained. Earlier, the branch of twisting mode was revealed
in MoSs nanotubes.[115] Similar twisting modes are also calculated for ZnO
nanoribbons.|116] The overall shape of DOS of nanoribbons are similar to that of
2D MoS; sheets|78], except that the gap between optical and acoustical branches
is reduced due to edge phonon states. For the same reason additional peaks occur
for flat phonon branches of edge modes in band continua. All modes having posi-
tive frequency indicate that the bare armchair nanoribbon of MoSy with n=12 is

stable. It is also expected that other bare nanoribbons having n > 12 are stable.

3.4 Mechanical Properties of MoS,

The cohesive energy per MoS, unit relative to the free Mo and S atoms, Ex =
— Er[Crystal]+ Er[Mo]+2FE7[S], is calculated from the structure optimized total
energies of the 3D crystal, Ep[2H — Mo0S5]/2 or 2D crystal Er[1H — MoSs] and
the free atom total energies of Mo and S, Ep[Mo] and Er[S], respectively. The
calculated values of Eq for 2H-MoSs and 1H-MoS, are 15.316 ¢V and 15.156 eV
per MoS; unit, respectively. Their difference is exactly the interlayer interaction
energy of 3D MoS,, which was calculated to be 160 meV. This indicates that the
cohesion of the layers in 2H-MoS, is the same as the cohesion of 1H-MoS,. In
addition to cohesive energy, the zero pressure bulk modulus By, is an important
mechanical property of 3D crystals. Here we calculated the bulk modulus of
2H-MoS, by fitting the Murnaghan equation [117] as 44 GPa. The experimental
value[118] is given as 43 GPa. Using van der Waals included DFT Rydberg et
al.|67] calculated By as 39 GPa. Our value calculated for the bulk modulus of By

is in good agreement with the experimental value.
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Single layer, 1H-MoS, has high planar strength, but transversal flexibility.
While Young’s modulus normally characterizes the mechanical strength of bulk
materials, owing to the ambiguities in defining the Young’s modulus for the 2D
honeycomb structure one can use in-plane stiffness C' = (1/A) - (0°Es/0€?) in
terms of the equilibrium area of the 2D cell, Ay.[119, 120] We focused our attention
on the harmonic range of the elastic deformation, where the structure responded
to strain € linearly. Here €, is the elongation per unit length. The strain energy
is defined as Es = Er(es) — Er(es = 0); namely, the total energy at a given
strain €; minus the total energy at zero strain. The calculated in-plane stiffness
of 1TH-MoS, is 145.82 N/m. This value can be compared with the experimental
value of graphene, i.e. 340£50 N/m.[121]

Currently, the behavior of honeycomb structures under tension has been a
subject of current interest.|122, 123, 124, 125, 126, 127| While 1H-MoS, have
honeycomb structure, its atomic configuration and bonding of atoms are dramat-
ically different from graphene. Therefore, the response of A- and Z-MoS,NRs
to the strain is expected to be different from graphene. The elastic properties
of the quasi 1D MoS; nanoribbons are examined through the variation of the
total energy with applied strain. Generally, nanoribbons change their electronic
and magnetic properties under uniaxial tension in the elastic deformation range.
Here we present the response of A-MoS;NR and Z-MoS;NR to the strain in elastic

range.

Nanomechanics of both bare A-MoS;NR with n—12 and Z-MoS;NR with n—6
is explored by calculating the mechanical properties as a response to the strain
along the axis of the ribbon. To allow more variational freedom and reconstruc-
tion, segments of these NRs are treated within supercell geometry using periodic
boundary conditions and spin-polarized calculations are carried out. Each super-
cell, both having total of 108 atoms, contains three unit cells for armchair and
six unit cells for zigzag nanoribbons, respectively. The stretching of the ribbon
is achieved by increasing the equilibrium lattice constant ¢y by Ac, to attain the
axial strain € = Ac/cy. We optimized the atomic structure at each increment of
the strain, Ae =0.01 and calculated the total energy under strain Er(e). Then
the strain energy can be given by, Fs = Er(¢) — Er(e = 0); namely, the total
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energy at a given strain € minus the total energy at zero strain. The tension
force, Fp = —9Fs(€)/0c and the force constant x = §*FEg/dc* are obtained from
the strain energy. The in-plane stiffness can be deduced from x by defining an

effective width for the ribbon.

For both A- and Z-MoSsNR the hexagonal symmetry is disturbed, but overall
honeycomb like structure is maintained in the elastic range. However, stretched
ribbons can return to its original geometry when the tension is released. In
the harmonic range the force constant is calculated to be k= 116.39 N/m and
92.38 N/m for A-MoS; having n =12 and Z-MoS2NR having n =6, respectively.
Similarly, the calculated in-plane stiffness for the same ribbons are C=108.47 N /m
and 103.71 N/m, respectively. The difference between the values of armchair and
zigzag nanoribbon occurs due to different bond and edge directions. As the width
of the nanoribbon goes to infinity these two values are expected to converge to a
single value. It should be noted that x is approximately proportional to n, but

C is independent of n for large n. Small deviations arise from the edge effects.

For applied strains in the plastic deformation range the atomic structure of
the ribbon undergoes irreversible structural changes, whereby uniform honeycomb
structure is destroyed. At the first yielding point the strain energy drops suddenly,
where the ribbons undergo an irreversible structural transformation. Beyond the
yielding point the ribbons are recovered and started to deform elastically until
next yielding. Thus, variation of the total energy and atomic structure with

stretching of nanoribbons exhibit sequential elastic and yielding stages.

3.5 Electronic and Magnetic Properties

3.5.1 2H-MoS,; and 1H-MoS,

In Figure 3.4 (a) we schematically illustrate the hexagonal crystal lattice, re-
sulting in a honeycomb structure. The contour plots of total charge density,
p(r) = > "“|¥(k,r)|?, and difference charge density isosurfaces, Ap(r) (which is
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obtained by subtracting the free atom charge densities of Mo and S atoms from
the total charge density of 1H-MoSs) are also shown in Fig. 3.4 (b) and (c), re-
spectively. There are ambiguities in determining the charge transfer; calculated
excess charges may depend on the method used. While different methods result
in different values for charge transfer (or excess charge on the atoms), its direction
can be predicted unambiguously. Based on Mulliken[128, 129] analysis the excess
charge on each S atom and depletion of electrons on each Mo atom is calculated to
be 0.205 electrons and 0.410 electrons, respectively.( For 2H-MoSs 0.215 electrons
and 0.430 electrons, respectively. ) Electronic charge transferred from Mo to S
atoms gives rise to an excess charge around S atoms. Consequently, 1H-MoS; can
be viewed as a positively charged Mo planes sandwiched between two negatively
charged planes of S atoms as presented in Fig. 3.4 (¢). We note the direction of
calculated charge transfer is in compliance with the Pauling’s electronegativity
scale,[129] as well as Born effective charges. The repulsive Coulomb force between
negatively charged S atoms facing each other in adjacent MoS, layers weakens
the interlayer interaction in two individual 1H-MoS, (or bilayer of MoS,), as well

as in graphitic 2H-MoS,.

Electronic structure of 2D suspended single layer 1TH-MoS, and correspond-
ing total (TDOS) and projected (PDOS) density of states calculated within
GGA-+PAW are presented in Fig. 3.4 (d) and (e). The states at the band edges,
as well as at lower lying conduction and higher lying valence bands originate from
the hybridization of Mo-4d and S-3p orbitals. The direct band gap is F,=1.58
eV. The band gap calculated within LDA+PAW is E,1.87 eV, which is in good
agreement with the band gap measured using complementary techniques of opti-
cal absorption, photoluminescence and photoconductivity as 1.90 eV.|77| Earlier
Bollinger et al.|85] predicted the band gap to be 1.64 eV using GGA+ultrasoft
pseudopotential. However, Li and Galli[130] with similar computational method
calculated the band gap as 1.80 eV. Li et al.[83] calculated the direct band gap 1.69
eV within GGA+PAW using relatively smaller energy cut-off. Mendez et al.|72]
found the direct band gap within LDA as E,=1.8 eV using local basis set.|4]
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Figure 3.4: (a) Top and side views of atomic structure of 2D 1H-MoS, with
hexagonal lattice. The hexagonal unit cell with lattice constants |a| = |b| is
delineated by thin solid lines. Honeycomb structure consisting of Mo and S,
atoms located at the corners is highlighted by dotted hexagons. (b) Contour plots
of charge density, p (see text for definition) in a vertical plane passing through
Mo-S bonds. Arrows indicate the increasing value of charge density. (c) Isosurface
plot of difference charge density, Ap (see text for definition). Isosurface value is
taken as 0.006 electrons/A%. (d) Energy band structure of 1H-MoS; calculated
by GGA+PAW using optimized structure. Zero of energy is set to the Fermi
level indicated by dash-dotted line. The gap between valence and conduction
band is shaded; GW corrected valence and conduction bands are shown by filled
circles. (e) Total density of states (TDOS) and orbital projected density of states
(PDOS) for Mo and S. Taken from Ataca et al.|6]
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Lebegue and Eriksson|84| carried out LDA+PAW calculations using experimen-
tal lattice constants and found the band gap to be 1.78 eV. The band gap calcu-
lated in the present work is in fair agreement with previous studies.[85, 83, 72]
However, we show that band gaps determined in earlier studies increase ~1 eV
upon GWj correction. The band gap calculated within GGA (LDA)+PAW is cor-
rected using self-energy method GW; to be 2.50(2.57) eV. The corrected band
gap is ~0.6-0.7 eV larger than the value measured experimentally.[77] The situ-
ation with graphitic MoS,, which consists of the stacking of 1H-MoS; layers is,
however, different. The indirect band gap of graphitic MoS, calculated within
GGA(LDA)+PAW is 0.85(0.72) eV and is corrected to be 1.44 (1.28) eV. In par-
ticular LDA+PAW band gap corrected by GW is in good agreement with the
experimental value.[131] Since LDA/GGA is designed to describe systems with
slowly varying electron density and may fail to model localized d-orbitals,|132]
more accurate band gap calculations can be carried out using generalized Kohn-
Sham scheme, screened nonlocal exchange functional, HSE.[133] Starting from
nonlocal charge density and wavefunctions, we calculated HSE and GoW[132]
corrected electronic band structure of MoSs as a direct band gap of 2.23 and 2.78
eV, respectively. Surprisingly, the band gap of 2D 1H-MoS; is overestimated by
GWj correction. The photoelectric threshold of 1H-MoSs is calculated as 5.96
eV.

Finally, we emphasize two important dimensionality effects related with the
electronic structure of MoSs, which have important consequences like photolumi-
nescence: (i) By going from graphitic MoS; to single layer 1H-MoS, the energy
band gap changes from indirect to direct. (ii) The minimum gap increases by
~0.6 eV. The transformation from indirect to direct gap is related with the or-
bital composition of states at the edges of conduction and valence bands.|134, 130]
The widening of the band gap in 2D occurs due to the absence of S-p, orbital
interaction between adjacent MoS, layers and appears as the manifestation of the

quantum confinement in the direction perpendicular to the MoSs layer.|77]
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3.5.2 Armchair and Zigzag Nanoribbons of MoS,

Similar to the single layer 1H-MoS,, its armchair nanoribbons (A-MoS;NR) are
also semiconductors. The bare A-MoS;NR is a nonmagnetic, direct band gap
semiconductor. Upon hydrogen termination of the edges, the band gap increases.
Also the direct band gap shows variation with n, like the family behavior of
graphene nanoribbons. However, unlike armchair graphene nanoribbons|[135],
the band gaps of A-MoSsNR’s do not vary significantly with its width w or n.
For narrow armchair nanoribbons with n < 7 the calculated value of the band
gap is larger than that of wide nanoribbons due to quantum confinement effect.

The variation of £, with n is in agreement with that calculated by Li et al.[83]

The electronic band structure and charge density of specific states are exam-
ined in detail for a bare A-MoS;NR of n—=12 in Fig. 3.5(a). The edge states,
which are driven from Mo-4d and S-3p orbitals and have their charge localized
at the edges of the nanoribbon form flat bands located in the large band gap of
1H-MoS,. Because of these edge states, the band gaps of bare armchair nanorib-
bons are smaller than that of 1H-MoSs;. Upon termination of each Mo atom at
the edge by two hydrogen and each S atom by a single hydrogen atom, the part
of edge states are discarded and thus the band gap slightly increases. As seen in
Fig. 3.5 (b), the remaining edge states continue to determine the band gap of the
ribbon. Even if the character of these bands change, their charges continue to
be located near the edge of the ribbon. Nevertheless, the band gaps of hydrogen

saturated armchair nanoribbons remain to be smaller than that of 2D 1H-MoS,.

Furthermore we investigated the variation of band gap of hydrogen saturated
armchair nanoribbons as a function of n. For n < 7 the values of band gap are
larger due to quantum confinement effect, but for n > 7 they tend to oscillate
showing a family like behavior. These oscillations follow those found for bare
armchair nanoribbon.[83] All calculated A-MoS;NR are found to be direct band

gap semiconductors.

In contrast to A-MoS;NR, the bare zigzag nanoribbons Z-MoS;NR, are spin-

polarized metals. Here we consider Z-MoS;NR with n=6 as a prototype. In
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Figure 3.5: (a) Energy band structure of bare A-MoS;NR having n=12 and the
width w—17.75 A. The band gap is shaded and the zero of energy is set at the
Fermi level. At the right-hand side, charge density isosurfaces of specific states
at the conduction and valence band edges are shown. (b) Same as (a), but the
edge atoms are saturated by H atoms as described in the text. Large (purple),
medium (yellow) and small (blue) balls are Mo, S, and H atoms, respectively.
Short and dark arrows indicate the direction of the axes of nanoribbons. Total
number of atoms in the unit cells are indicated. Taken from Ataca et al.[5]

Fig. 3.6, it is shown that the edge atoms of this nanoribbon undergo a (2 x 1)
reconstruction by lowering its total energy by 0.75 eV. Interestingly, as a result
of reconstruction, the bare Z-MoS;NR is a half-metal with integer magnetic mo-
ment per primitive cell, namely u=2 pp. Thus the nanoribbon is metallic for
majority (spin-up) bands, but a semiconductor for minority (spin-down) bands
with an indirect band gap of ~ 0.50 eV. We check that half-metallic state of
bare Z-MoS;NR’s is maintained for n—5, and n—8. The half-metallic property
is destroyed upon the saturation of the edge atoms by hydrogen. The magnetic
moment of the ribbon and the density of spin states at the Fermi level depend
on how Mo and S atoms at the edges of the ribbon are passivated by hydrogen.
One distinguishes three different hydrogen passivations, each leads to different
magnetic moments as indicated in Fig. 3.6. As the number of passivating hy-
drogen atoms increases the number of bands crossing the Fermi level decreases.
However the spin-polarization is relatively higher, if each S atoms at one edge are
passivated by single hydrogen atom and each Mo atom at the other edge is pas-
sivated by double hydrogen. Interestingly, the latter nanoribbon in Fig. 3.6(d)

is metallic for one spin direction and semimetal for the opposite spin direction.
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Different spin polarizations found for different spin directions can make potential

nanostructure for applications in spintronics.

Earlier Li et al.|83] examined electronic and magnetic properties of armchair
and zigzag MoS, nanoribbons using VASP[49, 50| within DFT. They found that
armchair nanoribbons are nonmagnetic semiconductors and their direct energy
band gap vary with n and becomes 0.56 eV as n — oo. They did not consider
hydrogen passivation of edge atoms. They also noted that the value of net mag-
netic moment can change, but the ferromagnetic state of zigzag nanoribbons are
maintained even after H passivation of edge atoms. Mendez et al.[72] investi-
gated armchair nanoribbons and concluded that these nanoribbons are metallic
and have a net magnetic moment, but they change to semiconductor after hy-
drogen passivation of edge atoms. Their calculations show that in the case of
bare armchair nanoribbons, the magnetic state is energetically more favorable by
14 meV and for H-saturated zigzag nanoribbons the antiferromagnetic state is
favorable relative to the ferromagnetic state by 15 meV. These results disagree

the present results, as well as with those of Li et al.[83]

Normally, the bare and unreconstructed zigzag nanoribbons have sizable elec-
tric dipole moment along the direction from the edge having only negatively
charged S atoms to the other edge having only positively charged Mo atoms. The
dipole moment is calculated to be 55.4 eA per cell of Z-MoS,NR having n = 6, but
it reduces to 0.07 A upon reconstruction of the edges. Present results show that
the edge reconstruction ought to be treated properly to reveal the half-metallic

state and to estimate the correct dipole moment.

3.6 Functionalization of MoS,

There are numerous ways of functionalization a materials. In this section, we will
focus on functionalization of both 1H-MoSs and MoSs nanoribbons by adatom

adsorption and vacancy defect creation.
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Figure 3.6: Atomic and energy band structure of bare and hydrogen saturated
zigzag nanoribbon Z-MoSoNR having n=6 Mo-S; basis in the primitive unit cell.
The top and side views of the atomic structure together with the difference of
spin-up and spin-down charges, Ap = p' — p*, are shown by yellow/light and
turquoise,/dark isosurfaces, respectively. The isosurface value is taken to be 1073
electrons per A3, The (2x1) unit cell with the lattice constant 2a is delineated.
Large (purple), medium (yellow) and small (blue) balls are Mo, S, and H atoms,
respectively. The zero of energy is set at the Fermi level shown by dash-dotted
green/dark lines. Energy bands with solid (blue) and dashed (red) lines show
spin-up and spin-down states, respectively. (a) The bare Z-MoSsNR having ;=2
wp per cell displays half-metallic properties. (b) Spin-polarized ground state of
Z-MoS;NR with Mo atoms at one edge and bottom S atoms at the other are
passivated by single hydrogen. (c) Similar to (b), but Mo atoms are passivated
by two hydrogen atoms. (d) Similar to (c), but top S atoms at the other edge
are also passivated by single hydrogen atoms. The net magnetic moment of each
case is indicated below the corresponding band panels. Bands are calculated using
double cells. Small arrows along z-axis indicate the direction of the nanoribbon.
The total number of atoms in supercell calculations are indicated for each case.
Taken from Ataca et al.[5]
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Figure 3.7: Top and side views are the schematic representation of possible
adsorption geometries of adatoms obtained after the structure optimization.
Adatoms, host Mo and S atoms are represented by red (large-dark), purple
(medium-gray) and yellow (small-light) balls, respectively. Side views clarify
the heights of adatoms from Mo and S atomic planes. Different adsorption sites
are specified below each entry as "Mo(S)-’, where Mo(S) indicates that adatoms
are placed initially (before structure optimization) to Mo(S) plane. In Mo-1 and
Mo-2 geometries the adatoms are in and slightly above the Mo-layer. S-1, S-2,..
S-4 positions are associated with the S-layer. The adatoms adsorbed at each site
are given at the lower right hand side of each entry. Taken from Ataca et al.[6]

3.6.1 Functionalization by Adatom Adsorption

Adsorption of adatoms is widely used and an efficient way to provide new
functionalities to structures in nanoscale applications.[136, 137, 138, 7, 8, 135, 139
Among 16 different adatoms, namely, C, Co, Cr, Fe, Ge, Mn, Mo, Ni, O, Pt,
S, Sc, Si, Ti, V and W, we were interested in 10 transition metal elements to
determine ones which can induce magnetization in nonmagnetic 1H-MoS,. Group
4A elements, i.e. C, Si and Ge are considered, since these atoms can form stable,
planar or buckled honeycomb structures.[140, 141, 56] Carbon was of particular
interest for the fabrication of graphene+MoS; complex or nanomeshes. Mo and
S being host atoms in 1H-MoS,, they can exist as residues. Whether MoS, can
be oxidized is an important issue, which may limit future applications. The first
question one has to address is, of course, whether these adatoms can form strong
and stable bonding with 1H-MoS,. The equilibrium adsorption sites of these 16

atoms are determined by first placing them to one of four different adsorption
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sites and subsequently by optimizing whole structure. Four possible adsorption
sites considered initially for each adatom before the structure optimization are:
(i) Hollow site slightly above the center of hexagon at Mo atomic plane. (ii)
Hollow site above the center of hexagon at S-plane. (iii) Top of Mo atom. (iv)
Top of S atom. Here the bridge site above the Mo-S bond is very similar to
adsorption of adatom at the top of Mo atom. In order to avoid adatom-adatom
coupling, the (4x4) supercell of 1H-MoS, is used, where the nearest adatom-
adatom distance is ~ 12.8 A. Thus, the results can be related to the adsorption
of an isolated adatom. The minimum energy positions of adatoms after the
optimization process are described in Fig. 3.7. We note that C, Co, Fe, O, Ti, V
and W have two different binding sites (one having higher binding energy, Ej);
each site leading to dramatically different electronic and magnetic structure. Six
distinct adsorption sites described in Fig. 3.7, namely Mo-1, Mo-2, S-1, S-2, S-3

and S-4 are distinguished after structure optimization.

All relevant data obtained from our calculations of adatoms adsorbed to 1H-
MoS, are presented in Tab. 3.3. The height of the adatom from the Mo- or
S-planes are calculated relative to the average heights of Mo- and S- atoms in
the corresponding planes. The binding energy, Ej is calculated as Ej, = F,q +
Eyros, — Ead+Mos,- Here, Eqq is the ground state energy of free adatom calculated
in the same supercell with the same parameters; Ej,s, is the total energy of (4x4)
supercell of 1H-MoSy and E, g4 p10s, is the optimized total energy of adatom-+(4x4)
supercell of TH-MoS,. Among different adatoms studied here, Cr has the weakest
binding energy (£, =1.08 eV); W has the strongest binding (E, =4.93 eV) and
creates a local reconstruction on S-layer. The excess charge[54] of the adatom
p*, is obtained by subtracting the calculated charge at the adatom, p, from
the valence charge of the adatom Z 4, namely p* = Z4 — pa. Accordingly p* < 0
implies excess electron at the adatom site. The magnetic moments are obtained by
carrying out spin-polarized calculations without assigning initial atomic magnetic

moments on adatoms. Upon relaxation the final magnetic moment is obtained.

Since the adatom-adatom interaction is hindered by a large separation be-
tween them, the adatoms presented in Tab. 3.3 give rise to localized electronic

states in the band gap and resonant states in band continua and hence modify
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Table 3.3: Calculated values for the properties of 16 adatoms adsorbed on 1H-
MoS,. For specific adatoms, the first and second lines are associated with the
adsorption to the Mo-layer and S-layer site, respectively. Other adatoms have only
positive binding energy when adsorbed to the S-layer site. The adsorption sites of
adatoms are described in Fig. 3.7. hyy,, the height of the adatom from Mo layer;
hg, the height of the adatom from the nearest S-layer; dj,, the adatom-nearest
Mo distance; dg, the adatom-nearest S distance; E,, adatom binding energy;
pr, magnetic moment per supercell in Bohr magneton upg; p*, excess charge
on the adatom (where negative sign indicates excess electrons); ®, photoelectric
threshold (work function); P, dipole moment calculated in the direction normal to
1H-MoS;, surface. E;, energies of localized states induced by adatoms. Localized
states are measured from the top of the valence bands in eV. The occupied ones
are indicated by bold numerals and their spin alignments are denoted by either 1
or |. States without the arrow sign indicating of spin alignment are nonmagnetic.
Taken from Ataca et al.|6]

Atom  Site  hag, hs  dy, ds Ey r p* P P E;
A A A A (@) (us) () (V) (exA) 1 : Spin-up, | : Spin-down States
C Mo-1 -0.01 156 2.04 244 328 NM -0.65 5.81 0.00 0.14, 0.19, 2.18, 4.85
S-3 158 -0.05 2.07 180 2.69 2.00 -0.58 574 -0.10 0.26 1, 0.30 |, 1.07 1, 1.13 1, 1.55 |, 1.60 |
Co Mo-2 0.61 0.99 222 219 096 1.00 0.15 5.57 -0.07 0.61 1, 0.66 1, 0.82 |, 0.87 |, 0.89 1, 1.13 |
S-3 252 094 256 211 2.92 1.00 044 517 -0.38 0.29 1, 0.51 1, 0.57 |, 0.62 1, 0.99 |, 1.00 |
Cr 53 279 121 277 226 1.08 400 091 425 -075 0.197 0.221, 0.591, 0.641, 0.68 1, 1.60 J, 1.73 |
Fe Mo2 031 120 220 226 039 200 031 507 004 0.32 7, 0.48 1, 0.87 1, 1.01 |, 1.15 J, 1.32 |
’ S-3 2.52 093 253 214 242 200 059 4.99 -0.46 -0.03 1, 0.18 1, 0.21 1, 0.22 1, 0.91 |, 0.93 |, 1.31 |
Ge S-4 3.83 226 4.28 230 1.18 2.00 0.39 4.78 -0.27 1.10 1,111 1, 1.72 |, 1.75 |
Mn  S1 251 093 3.06 2.15 1.37 3.00 081 475 -044 0.16 1, 0.17 1, 0.49 1, 0.50 T, 1.30 J, 1.98 1, 2.05 |
Mo  S3 289 131 281 230 143 4.00 081 454 076  0.48 7, 0.79 1, 0.87 T, 0.91 1, 1.16 , 1.42 |, 1.54 |
Ni S3 252 094 256 212 3.65 NM 0.36 558 -0.31 0.12, 0.16, 0.21, 0.50, 0.51, 0.57
o Mo-1 -0.01 1.57 1.95 256 224 NM -1.11 5.72 0.00 -6.36, -6.34, -5.66, 0.32
S-4 294 138 351 149 399 NM -091 5.96 0.35 -5.63, -1.16, -0.90
Pt S-3 2.78 1.21 276 231 292 NM 0.08 5.66 -0.26 0.26, 0.27, 0.37, 1.76
S S-4 348 191 3.96 194 217 NM -0.11 5.96 0.23 0.00, 0.06, 0.11
Sc  S1 281 125 330 220 263 100 145 431 -1.18 1.287,1.31 7, 1.35 |, 1.49 |, 2.95 |, 2.30 T
Si S4 373 216 418 217 139 200 058 494 0.4 0.98 71,0997, 1.65, 1.68 |

Mo-1 0.00 1.58 231 242 123 NM 114 571 0.00 0.26, 0.34, 0.36, 1.74, 1.77

T g3 205 138 209 232 262 400 116 432 -112 1181, 1.24 1, 1.35 1, 1.37 1, 154 1, 177 |, 1.81 |

v Mol 003 155 295 231 125 100 105 461 000 0121, 0.6, 0.17 1,021}, 1.54 ], 167 |, L69 |
S2 1.87 0.9 256 207 2.76 1.00 1.05 518  0.04 0.071,0.18 |, 0.84 1, 1.23 |, 1.45 1, 1.54 |

w Mol 001 158 24 242 L18 200 105 466 0.1 0.161,0.21 ), 1.41 1, 1.49 1, 1.61 |, 1.81 |

S-2 187 016 261 215 493 NM 0.85 5.58 0.12 0.13, 0.19, 0.58, 1.57, 1.75
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the electronic properties of 1H-MoS,. In Fig. 3.8, localized states of O, Ti, Cr
and Ge together with band decomposed charge density isosurfaces are presented.
These atoms are specifically selected, since they are representatives of some of
the adatoms presented Tab. 3.3. Oxygen adatom when placed on the S plane
is adsorbed on top of S atom (S-4 site) with a binding energy of 3.99 eV. This
site is in agreement with the results of He et al.[98] However, we predict also
a local minimum at Mo-1 site with relatively smaller binding energy (E, =2.44
eV). Adsorbed O is nonmagnetic at both sites. Oxygen adatom having the high-
est electronegativity and highest negative excess charge among all other adatoms
have localized states in the valence band. When O is adsorbed at Mo-1 site, the
only localized state occurring in the band gap is filled and originate from the
combination of O-p, orbital with the p-orbitals of nearest S atoms. Sulfur being
in the same group with O displays similar electronic properties and have localized
states in the band gap just above the valence band originated from its p, and p,

orbitals.

Titanium can be adsorbed to both Mo and S layers. In Fig. 3.8 localized
states of both adsorption geometries are indicated. When Ti adsorbed to Mo-
| site, nearest d,2 orbitals of Mo atoms play an important role in the binding
mechanism. Charge density isosurface of the state numbered as '1” in Fig. 3.8
is dominated from Ti’s d,2, whereas isosurfaces "2’ and ’3’ are dominated by d,,
and d,2_,2 of Ti which are parallel to Mo-layer. As for Ti adsorbed at S-3 site,
Ti-d,, and d,, orbitals states dominate states numbered as "1’ and 2’ but the
state numbered as '3’ originates mainly from Ti-d.» orbital. Cr and Mo adatoms
at 5-3 site on 1H-MoS, surface have four d-states singly occupied, but d,, state is
doubly occupied. Cr-s and Mo-s orbitals are vacant in both adatoms. Hence Cr
and Mo has local magnetic moment of © = 4up. As for W adatom at S-2 site, its
localized magnetic moment of y = 2up occurs from the spin-polarized d-orbitals

of W together with the p-orbitals of nearest S-atom.

Carbon adatom is of particular interest. Previously, He et al.[98] found that

the lowest energy adsorption position of C adatom occurs in the plane of sulfur
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Figure 3.8: Schematic diagram of the relevant energy levels (or bands) of single
adatom (O, Ti, Cr and Ge) adsorbed to each (4x4) supercell of 1H-MoS,. The
grey (light) shaded region in the background is the valence and conduction band
continua. For nonmagnetic case, red (dark) bands are contributed more than
50% by adatoms orbitals, For magnetic case, spin-up and spin-down bands are
shown by red (dark) and brown (light) lines, respectively. Solid bands indicate
that the contribution of adatom to the band is more than 50%. In the lower part
of each panel the adsorption site is indicated by the labeling of Fig. 3.7. Charge
density isosurfaces of adatom states specified by numerals are shown below. The
isosurface value is taken as 2 x 107° electrons/A®. Taken from Ataca et al.[6]
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atoms on top of Mo atom (namely S-3 site shown in Fig. 3.7). Here, we found the
same site with a binding energy of E,—2.69 eV. However, C adatom can go over
a shallow barrier to a more stable adsorption position, namely Mo-1 site with
E,=3.28 eV at the center of three Mo atoms below the plane of S atoms. In Fig.
3.9 we present a detailed analysis of these two adsorption sites. For Mo-1 site, sp?
hybridized orbitals of C adatom and d,, and d,2_,» orbitals of surrounding 3 Mo
atoms form three bonds, but the system remains nonmagnetic. In the case of S-3
site, sp? hybridized orbitals of C adatom form three bonds with the orbitals of
surrounding three S atoms of 1TH-MoS,. The interaction of p, orbital of C adatom
with the underlying Mo d,2 orbitals results in a significant charge transfer from Mo
to C adatom. This creates a local magnetic moment of ;=2 pp on Mo atom. The
charge density contour plots in Fig. 3.9 (b) and (c) in a perpendicular and lateral
planes show the bonding configuration. Recently a peculiar growth process, where
carbon adatoms adsorbed to graphene readily diffuse above room temperature
and nucleate segments of linear carbon chains (CACs) attached on graphene is
predicted.[142] The diffusion barrier they calculate on graphene is reported as 0.37
eV. The energy difference of C adatom between different adsorption sites, namely
S-3 and S-4, is 0.45 eV and comparable to that of C atom on graphene. Here
we went beyond the adsorption of individual atoms and addressed the question
whether carbon adatoms can also lead to the formation of CACs on 1H-MoSs,.
Different from the single C adatom adsorption on 1H-MoS,, CACs (starting from
Cq) prefer to adsorb on the top of S atoms as shown in Fig. 3.9 (d) and (e).
When attached to 1H-MoSy, CACs favor cumulene like structures with slightly
alternating bonds and with a different kind of even-odd disparity. Therefore
the top-site geometry occurs due to the double sp+m-bonding within cumulene.
Similar to the case in graphene, the binding energy of CACs having even number
of C atoms are greater than those having odd number of C atoms. Even though
CAC on graphene are nonmagnetic structures, odd number CACs on 1H-MoS,

have a magnetic moment of 2 pp arising from C atoms at the edges of CAC.

Since the atomic radii of other group 4A elements, Si and Ge, are larger than
that of C adatom, their adsorption geometry differs from the adsorption site of
C at the S-3 site. Si and Ge can only be adsorbed on the S-plane at the S-4 site
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Table 3.4: Calculated values of adatoms adsorbed to the bare armchair MoS,
nanoribbon having n—12 MoS, units in the primitive unit cell. The supercell in
calculations consist of three primitive cells. There are two different adsorption
sites as (described in Fig. 3.10) for each adatoms. The positions only with a
positive binding energy is indicated. hyy,, the height of the adatom from Mo layer;
hg, the height of the adatom from the nearest S-layer; dys,, the adatom-nearest
Mo distance; dg, the adatom-nearest S distance; Ej,, adatom binding energy;
pr, magnetic moment per supercell in Bohr magneton upg; p*, excess charge
on the adatom (where negative sign indicates excess electrons); ®, photoelectric
threshold (work function); P, dipole moment calculated in the x, y and z direction,
respectively. Nanoribbon is in the (z,y)-plane and along the z-direction. E;,
energies of localized states induced by adatoms. Localized states are measured
from the top of the valence bands in electron volt. The occupied ones are indicated
by bold numerals and their spin alignments are denoted by either 1 or |. States
without indicated spin alignment are nonmagnetic. Taken from Ataca et al.[5]

Atom Site hsﬁlo hs dy, ds E, pr p* P P E;

A) A A) (A (&V) (us) () (eV) (e x —\) 1 : Spin-up, | : Spin-down States
C NRyg-1  0.63 095 1.95 1.81 569 NM -0.67 5.60 (-22.45,0.63,-0.15) -15.05, -9.05
! NRog-1 -0.01 155 2.00 1.79 635 NM -0.56 5.43 (-26.58, 0.52, -0.02) -15.63, -8.48,
(6] NRog-2 0.00 156 1.72 356 6.67 NM -0.73 5.64 (0.84, 1.52, 0.00) -5.82, -5.81, -5.63, -1.16, -0.90
Co NR;g-2 011 1.45 240 215 481 1.00 0.22 5.42 (3.15, 0.04, -0.09)  -1.121, -0.40%, -0.36/, -0.311, 0.38], 0.38/, 1.231
NRop-1 -0.02 155 232 217 444 085 026 519 (-13.83, -1.45,-0.03) -0.951, 0.161, 0.29., 0.56), 1.17, 1.231,

and attain a local magnetic moment of © = 2 pup. This is a crucial result, since
magnetic properties to MoSs monolayer are implemented through nonmagnetic

adatoms.

The excess charge on the adatom (which is denoted as p* in Tab. 3.3), as
well as the position of the highest localized state in the gap are correlated with
its electronegativity. For example, among C, Si and Ge, C has the highest elec-
tronegativity. While C has negative excess charge, Si and Ge becomes positively
charged when adsorbed. Calculated dipole moment on the system of C adatom
adsorbed to S-layer is diminished due to the local reconstruction. While ad-
sorbed C, O and S adatoms have excess electrons, all other adatoms in Tab. 3.3
are positively charged. Vanadium and W adsorbed at S-2 site have significant
positive charge, but both induce minute electric dipole moment due to the local
reconstruction. It should be noted that excess charging of surfaces of 1H-MoS,
by a higher level of coverage of specific adatoms can improve its functionalities

in tribology.
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n=NM n=2.00 py

(d) E,=3.00 eV E,=

b

’u=NM q

|

Figure 3.9: Analysis of bonding configuration of C adatoms on 1H-MoS,. (a)
Geometries of single C adatom adsorbed in the Mo-plane (left) and in the S-plane
(right). Adatoms, host Mo and S atoms are represented by red (medium-dark),
purple (large-gray) and yellow (small-light) balls, respectively. (b) Contour plots
of total charge density of plane passing through atoms and bonds highlighted
(not shaded) in (a). (c¢) Contour plots of total charge density on the horizontal
plane passing through Mo-C and S-C bonds parallel to 1H-MoS,. (d) Adsorption
geometry and energetics of Cy and C3 on 1H-MoS,. (e) Contour plots of total
charge density on the vertical plane passing through atoms and bonds emphasized
(not shaded) in (d). The direction of the arrows indicate the increasing charge
density. Taken from Ataca et al.|6]
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Figure 3.10: Top and side views for the schematic representation of possible
adsorption geometries of adatoms obtained after the structure optimization.
Adatoms, Mo and S are represented by red (large-dark), purple (medium-gray)
and yellow (small-light) balls, respectively. Side view clarifies the height of
adatoms from Mo and S atomic planes. In each possible adsorption geometry,
the entry on the lower-left part indicates where the adatom is initially placed. All
sites show geometries associated with the adsorption to a bare armchair (n=12)
nanoribbon (NR). The calculations are carried out in the supercell geometry
where a single adatom is adsorbed at every three unit cells. The total number of
atoms in the supercell is 109. Possible adsorption geometries in NR;gp (adatom
is initially placed at the inner edge of bare armchair NR) and NRpg (adatom is
initially placed at the outer edge of bare armchair NR). Adatoms indicated at
lower right part of every possible adsorption geometry correspond to those, which
are relaxed to this particular geometry upon structure optimization. Taken from
Ataca et al.[5]
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In the case of adatom adsorption to MoS, nanoribbons, we consider armchair
nanoribbon as a prototype since it is nonmagnetic and band gap does not vary
significantly as the width of the nanoribbon varied. By this way, we can model
the effect of adatoms simply. We investigate the adsorption of C, O and Co. C is
widely investigated in other honeycomb structures; the adsorption O is expected
to result in important changes due to its high electronegativity. On the other
hand, Co being a transition metal atom is expected to attribute magnetic prop-
erties. In the supercell geometry, a single adatom is adsorbed at every three unit
cells, which leads to the adatom-adatom distance of ~ 16.60 A. We found that
the edges of the nanoribbon are active sites for adsorption and are energetically
more favorable relative to the center of nanoribbon. As described in Fig. 3.10,
adatoms adsorbed at the inner (NR;g) and outer parts of the edges (NRpg) of
the armchair nanoribbon result in a reconstruction on the edges and form strong
bonds with nanoribbon. In Table 3.4, we present all relevant data obtained from
our calculations of adatoms adsorbed to A-MoS;NR. The height of the adatom
from the Mo- or S-planes are calculated relative to the average heights of Mo-
and S- atoms in the corresponding planes. The binding energy, F} is calculated
as By = Eug + Ea—nos, — Fadra—mos,- Here, Eyq is the ground state energy of
free adatom calculated in the same supercell with the same parameters; E4_as0s,
is the total energy of nanoribbon and E,414-n0s, is the energy of adatom-+A-
MoS;NR complex. Here the adatom-+A-MoS;NR complex attains net magnetic
moment after the adsorption of transition metal atom, Co. Adsorption of C and
O do not cause any spin polarization in all adsorption geometries. Adsorbed O
having the highest electronegativity among the adsorbates treated here has high-
est excess charge; C is also negatively charged in both adsorption geometries. Co
adatom having electronegativity smaller than those of both constituent atoms of
the nanoribbon is positively charged. The depletion and annihilation of charge
from the adatom result in a small dipole moment in the y-direction, which is
normal to the ribbon. Since adatom-adatom interaction is hindered due to large
supercell dimensions, the localized states form flat bands in the supercell geome-
try. For C and O localized states deep in the valance band are generally due to
their low energy 2s-states. For Co adatom most of the localized states originate

from 3d-orbitals.



CHAPTER 3. PROPERTIES OF MOS; STRUCTURE 56

3.6.2 Functionalization by Vacancy Defects

It is known that the vacancy defect in 2D graphene,[143, 144, 145,
146, 147] graphene nanoribbons,[148, 149] 2D graphane[150] and graphane
nanoribbons|[151] give rise to crucial changes in the electronic and magnetic struc-
ture. According to Lieb’s theorem,|[152]| the net magnetic moment of the structure
occurs due to the difference in the number of atoms belonging to different sublat-
tices A and B, namely p = (N4 — Np)up. While magnetic moments calculated
using DFT for vacancies in 2D graphene and armchair graphene nanoribbons
generally confirmed Lieb’s theorem, results are diversified for vacancies in zigzag
graphene nanoribbons|[148, 149] due to the coupling with magnetic edge states.
In the case of 1H-MoS,, Lieb’s theorem cannot be directly applicable, even if
alternating Mo and S units form a honeycomb structure. We investigated five
different types of vacancy defects, namely Mo-, S-vacancy, MoS-, So-divacancy
and MoSs-triple vacancy, which are formed in 2D 1H-MoS,. All structures are
optimized upon the creation of a particular type of vacancy. Vacancy energies,
Ey, are calculated by subtracting the total energy of the perfect structure (with-
out vacancy) from the sum of the total energy of a structure having a particular
type of vacancy and the total energy(ies) of missing atoms in the vacancy defect.
Here all structures are optimized in their ground states (whether magnetic or
nonmagnetic). Positive Fy indicates that the formation of vacancy defect is an
endothermic process. In Table 3.5 vacancy energies as defined above and their
magnetic ground states are presented. We note that the equilibrium concen-
trations of vacancies are usually very low owing their high formation energies.
Nonetheless, new techniques have been developed to create defects, which makes

also the generation of nanomeshes vacancies possible.|[153, 154, 155]

We carried out calculations on vacancy defects of Mo, S and S,, in the (2x2),
(4x4) and (7x7) supercells of 1H-MoS, structure. Even if relatively larger sizes
of supercells are not affected, the size of supercell is contracted upon creating
a vacancy defect in the (2x2) supercell. In addition to these, we also consider
MoS-divacancy and MoSa-triple vacancies in (7x7) supercells. For all these su-

percell sizes including the (7x7) supercell, we have carried out calculations with
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Table 3.5: Calculated vacancy energies Ey (in eV), magnetic moments x (in up)
of five different types of vacancy defects, Mo, MoS, MoS,, S, Sy in (7x7) supercell
of 1H-MoS,. NM stands for nonmagnetic state with net u=0 pp. E;s denote the
energies of localized states in the band gap measured from the top of the valence
bands (in €V). The occupied ones are indicated by bold numerals and their spin
alignments are denoted by either 1 or |. States without the indication of spin
alignment are nonmagnetic. Taken from Ataca et al.|6]

Mo MoS MOSQ S SQ

Ev-p Ev-p Ey-p Ev-p Ey-p
2D 13.44-NM 17.36-NM 22.63-2.00 5.89-NM 11.74-NM
E, 0.26 0.15 0.15 1 0.12 0.12
E, 0.27 0.25 0.16 1 1.22 1.17
E; 0.61 0.54 0.25 | 1.23 1.19
E, 1.02 0.69 0.28 1
Es 1.21 0.53 |
Eg 1.36 0.73 1

many different initial magnetic moment configurations, but all of the vacancy
defects, except MoS, triple vacancy, the magnetic moment on any of the atoms
in the supercell vanished. To justify these results, we also repeated the calcu-
lations using LDA-+PAW, which also results in a magnetic state for MoSs-triple
vacancy having a net magnetic moment of ur = 2ug. We seek the origin of mag-
netic states in the charge transfer between Mo and S and hence examined charge
densities around the vacancy defects. In case of S and S, vacancy defects, the
excess (positive) charge on the nearest Mo adatoms around the vacancy slightly
decreases, and hence does not cause any magnetic moment. The charge transfers
and resulting excess charges around Mo and MoS, vacancies are affected even
up to third nearest neighbor atoms. For example S atoms around Mo vacancy
have 0.1 electrons less charge, since the third Mo atom, which provides excess
electrons to S is missing. However these S atoms surrounding Mo vacancy re-
ceive more charge from nearest two Mo atoms. Similar cases also investigated for
MoS vacancy defects. Nonetheless, the charge transfers at the close proximity of
S, So, Mo and MoS vacancies are not significant as compared with those of the
perfect structure and consequently do not lead to a magnetic state. Interestingly,

the disturbances in the charge transfer due to MoS,-triple vacancy are significant
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and result in the magnetic state at the close proximity of the defect.

In Figure 3.11, we present the isosurfaces of the difference of charge density
of spin-up and spin-down states (i.e. Aps | = py — p, at the close proximity of
MoS, vacancy. After reconstruction around the vacancy, 2 Mo and 4 S atoms
have dangling bonds. In this case, Mo atoms having dangling bonds are also less
positively charged and S atoms having dangling bonds are less negatively charged
as compared with those of perfect MoSs. However, in comparison with S, S,,
Mo and MoS vacancies the amount of charge transfers here are almost doubled
to cause to significant disturbances and spin polarization. The total magnetic
moment of 2 pp are originated equally from d,. and d., orbitals of Mo and p
orbitals of S which have dangling bonds as seen in Fig. 3.11. The nonmagnetic
state is ~ 130 meV energetically less favorable. Electronically, vacancy defects
give rise to states in the band gap, which are localized at atoms around the
vacancy (see Table 3.5). The band gap, as well as the electronic properties of
1H-MoS, are modified by these states.

For a hydrogen saturated armchair nanoribbon (A-MoS;NR), having width
n=12, the vacancy defects formed near the center of the nanoribbons are treated
in a supercell geometry, where a single defect is repeated in every four unit cell.
For this supercell configuration, vacancy-vacancy coupling becomes minute and
the resulting defect states appear as flat bands. Similar to 1H-MoS,, all the va-
cancy types have zero net magnetic moments, except MoSs-triple vacancy, which
has a net magnetic moment of y = 2up per supercell. The nonmagnetic excited
states associated with vacancy defects occur above ~120 meV, and are derived
from Mo-4d and S-3p orbitals around the vacancy. Calculated vacancy energies,

net magnetic moments per cell are presented in Table 3.6.

Similar to the armchair nanoribbons, various vacancy, di- and triple-vacancy
defects formed in the center of hydrogenated zigzag nanoribbon (Z-MoS;NR),
having width n—=6 are treated in a supercell geometry, where a single defect
is repeated in every eight unit cell. Calculated vacancy energies, net magnetic
moments per cell are presented in Table 3.6. It is found that in the presence of a

vacancy defect, such as MoS-divacancy, Se-divacancy, Mo-vacancy and S-vacancy,
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Figure 3.11: Isosurfaces of difference charge density of MoS, vacancy defect in the
(7x7) supercell of 1H-MoS,. Dashed atoms and bonds are vacant sites. Difference
charge density is obtained from the difference of spin-up and spin-down charge
densities. (Apyy = pr — p;) The total magnetic moment is calculated as 2 pp.
Up arrow indicate the excess spin-up charge. Isosurface value is taken as 3x1073
eV /A3, Taken from Ataca et al.[6]
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Table 3.6: Calculated vacancy energies Ey (in eV), magnetic moments x4 (in upg)
of five different types of vacancy defects, Mo, MoS, MoSs, S, So in A-MoSsNR
and Z-MoS;NR. NM stands for nonmagnetic state with net ©u=0. Fj;, energies
of localized states in the band gap. Localized states are measured from the top
of the valence bands in electron volt. The occupied ones are indicated by bold
numerals and their spin alignments are denoted by either 1 or . Nonmagnetic
states have no spin alignments. Taken from Ataca et al.[5|

Mo MoS MoS, S Sy
Ev-p Ey-p Ey-p Ey-p Ey-p
A-MoS;NR 16.92-NM 17.47-NM 22.94-2.00 5.82-NM  11.55-NM
E; 0.09, 0.11, 0.35, 0.48 0.11, 0.40, 0.49 0.027, 0.03], 0.334, 0.34{, 0.507 -
7Z-MoSaNR 15.78-8.06 16.41-8.66 22.02-8.67 5.09-8.61 10.77-8.31

the spin-polarization of the zigzag nanoribbons appears to be suppressed. For
example, while defect free, zigzag nanoribbons are metallic and spin-polarized
ground state with net magnetic moment of u = 2.24up per double unit cell,
the total magnetic moment of eight unit cell decreases to ~ p = 8.30up per
supercell from p = 8.96u5 in the presence of vacancy defects. In particular, the
net magnetic moment of MoSs-triple vacancy appear to compensate for the edge
magnetization of the zigzag MoSs NR to result in a net magnetic moment of 8.67

up per supercell.



Chapter 4

Beyond MoS»: Stable, single layer
MX, transition metal oxides and
dichalcogenides in honeycomb like

structure

4.1 Preliminary Information

Exceptional properties, such as high carrier mobility, linearly crossing bands at
the Fermi level and perfect electron-hole symmetry which originates from the
strictly two-dimensional (2D) honeycomb structure, made graphene an attractive
material for future applications.[16, 19] Other Group IV elements, Si and Ge, also
have been shown to form buckled honeycomb structures with bands linearly cross-
ing at the Fermi level.[156, 157| In addition, suspended 2D single layer BN|20]
and much recently, single layer transition metal dichalcogenides, MoS»|21] and
WS2|22] with honeycomb structure have been synthesized. Single layer NbSey
was synthesized only on SiOs substrate.[158] Theoretical[23, 24, 5, 6, 1] and ex-
perimental studies dealing with the electronic structure, lattice dynamics, Raman

spectrum|25, 3| and Born effective charges indicate that single layer MoS, is a
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nonmagnetic semiconductor displaying exceptional properties. In a recent study,
a transistor is fabricated from single MoS, layer.[30] While graphene is ideal for
fast analog circuits, single layer MoS, appears to be promising for optoelectronic

devices, solar cells and LEDs.

Three-dimensional (3D) MX, (M: Transition Metal; X: Chalcogen atom)
compounds are one of the most interesting class of materials, which display
a wide range of important properties. Their bulk compounds include oxide
superconductors,[159] half-metallic magnets,[160] superlubricants,[26] catalyst in
redox-based reactions,|161| solar converters|162| etc. Some of these compounds
have Dg, point group symmetry and occur in layered structures formed from
the stacking of weakly interacting 2D MX, layers and are specified as 2H-MX,.
Another type of layered structure known as 1T structure has D3y point group
symmetry and is common to several of MX,; compounds. Only a few 3D MX,
compounds can be stable both in 2H and 1T structures. In addition to 2H and 1T
layered structures, some MXs compounds can be stable in one of 3D structures
known as rutile, 3R, marcasite, anatase, pyrite and tetragonal structures. An ex-
tensive review of bulk 3D MX, compounds can be found in Ref. [163]|. Following
outline on the properties of 3D MX, compounds heralds the importance of their

single layer structures.

Rutile crystal and thin films of CrOy have been investigated due to their
spintronic applications. Tunneling magnetoresistance in films of half-metallic
CrO4 was initially observed.|164| Electronic and magnetic properties of bulk|165]
and epitaxial[166] CrOq are also reported theoretically.[167| Single layer of CoOx
plays an important role for understanding the superconducting properties of Ni
and Co oxide based compounds. In these structures single layers of CoO, are
separated generally by thick insulating layers of Na™ ions and HyO molecules.|159)]
High T superconducting properties of these structures arise from the single layer
of CoO4 plane. Electronic, magnetic and optical properties of cubic pyrite type
CoSs structure are investigated theoretically[160, 168, 169, 170, 171] and focused
on the half-metallic property of this magnet. Experimental synthesis of pyrite
CoS, was achieved much earlier.[172, 112| One can synthesized pyrite phase of

CoSey and FeSe; by photoinduced structural conservation.[173]
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VO, have various allotropes at different temperatures. For example at low
temperature monoclinic (M1) phase occurs, whereas at high temperatures rutile
metallic phase is favorable. By varying the temperature of the system, one can
observe the metal insulator transition.[174] Not only visible light absorption of
TiO layers can be enhanced by insertion of thin (~ 2 nm) VO, film[175|, but also
TiO2 plays an important role to hinder the oxidation of VOq.[176] Thin films of
VO, also display thermochromic properties in which temperature affects the color
of the substance.[177, 178] Absence of nesting in charge-density-wave system in
1T-VS, has been attributed to the weak electron-electron interaction. Synthesis
and characterization of layered structure of bulk VSe, and its superconducting

properties were also investigated experimentally.[179, 180]

The interaction of iron with chalcogens specifically with Oy molecule is of
great interest, since it takes place in processes varying from corrosion to oxy-
gen transport in biological systems. It can also be used as catalysts or catalytic
supports in redox-based reactions.[161] FeSy, the most well known compound
among other Fe based materials, has been studied extensively. The pyrite struc-
ture, the most stable polymorph of FeS,, is a crucial compound in materials
research.[181, 182, 183, 184, 185| Recently a new method has been put forward and
used to synthesize 2D nanowire networks of FeS,.[186] Powders of FeS, showing
rod-like morphologies are attracting considerable interest, since it is a promising
material for solar energy conversion. The shape and thermodynamical stability of
FeSy; powders have been investigated using first-principles methods pointing out
the differences between nano and macro scale.[187] FeS, nanosheets on iron sub-
strates are also used as photocathodes from tandem dye-sensitized solar cells.|188]

FeS, pyrite nanocrystal inks are also used in thin-film photovoltaic solar cells.|162]

The most recent experimental study by Coleman et al.,|74] which reported
liquid exfoliation of MoSy, WSs, MoSey, TaSes, NbSey, NiTey, MoTes nanosheets
having honeycomb like structures has motivated us to engage in an extensive
analysis of stability to address the question whether other single layer transition
metal dioxides or dichalcogenides M Xy, can exist in honeycomb like structures.
In this chapter we examined 44 MX, compounds (M= Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Nb, Mo, W and X=0, S, Se, Te) to reveal which ones can be stable in 2D



CHAPTER 4. BEYOND MOS,: STABLE, SINGLE LAYER MX; TRANSITION ...64

H - STRUCTURE

Figure 4.1: Atomic structure and charge density analysis of 2D single layer MoO,
as a prototype. (a) Top and (b) side views of H-structure showing the primitive
unit cell of 2D hexagonal lattice with Bravais lattice vectors @ and b (|@|=|b|)
and relevant internal structural parameters. Large (gray) and small (red) balls
indicate metal (M) and oxygen (X—O) atoms, respectively. (c¢) Contour plots
of the total charge density, pr. (d) Isosurfaces of difference charge density, Ap.
Turquoise and yellow regions indicate depletion and accumulation of electrons,
respectively. (e) Isosurfaces showing p-d hybridization in Mo-O bond. Isosurface
value is taken as 0.01 electrons/A%. In the top view in (a), unlike graphene M
and X5 occupy the alternating corners of a hexagon.

suspended, single layer structure. We took into account two different single layer
structures, namely honeycomb H- and centered honeycomb T-structures; both
can be viewed as positively charged 2D hexagonal lattice of M atoms, which is
sandwiched between two hexagonal lattices of negatively charged X atoms. In
both H- and T-structures, instead of forming covalent sp?>-bonding with three
neighboring carbon atoms in graphene, each M atom has six nearest X atoms
and each X atom has three nearest M atom forming p-d hybridized ionic M-X
bonds. Figure 4.1 and Figure 4.2 describe 2D single layer H- and T-structures
together with their hexagonal unit cell, contour plots of the total charge density
pr, the isosurfaces of difference charge density Ap (where charges of free atoms

situated at the optimized crystal structure are subtracted from pr).
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T - STRUCTURE

Figure 4.2: Atomic structure and charge density analysis of NiSs as a prototype.
(a) Top and (b) side views of T-structure showing the primitive unit cell of 2D
hexagonal lattice with Bravais lattice vectors @ and b (|@|—|b|) and relevant in-
ternal structural parameters. (c¢) Contour plots of the total charge density, pr.
(d) Isosurfaces of difference charge density, Ap. Turquoise and yellow regions
indicate depletion and accumulation of electrons, respectively. (e) Isosurfaces
showing Ni-S bonds. Isosurface value is taken as 0.01 electrons/A3. In the top
view in (a), while one of two X atoms occupies alternating corners of a regular
hexagon, the second X atoms are displaced by (@ + b)/3 to occupy the centers of
the adjacent hexagons.
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4.2 Stability analysis

MX, compounds have diverse 3D crystal structures in different space groups,
which are given in Table 4.1. Among these 2H and 1T structures are layered and
hence like graphite they are formed by stacking of specific layers. The structures
of the remaining MX5 compounds are not layered. The focus of our study is
to determine which ones of MXs compounds can form stable 2D single layer
structures. Our study considers only the structures having hexagonal lattice as
shown in Fig. 4.1 and Fig. 4.2. These are H-structure (honeycomb) with Dsy,
point group symmetry and T-structure (centered honeycomb) with Cs, symmetry.
The formation of single layer MX5 compounds on a sample specific substrate may
be relatively easy, but it is beyond the scope of the present study. In the course
of this study, Ding et al.|189] investigated electronic and vibrational properties
of single layer MXy (M = Mo, Nb, W, Ta; X = S, Se, Te) in H-structure. The
only reason they considered H-structure is because these compounds form stable
2H-MX, in 3D. Instead of providing tests whether these 2D nanostructures are
stable through full spectrum of phonons and temperature dependent ab-initio
MD calculations, they calculated the phonon frequencies only at the I' point to
reveal the Raman active modes. In this respect, the work by Ding et al.[189] has
a scope different from the present section and they apparently consider a small

fraction of the manifold we treat here.

4.2.1 Structure optimization

We start our analysis of stability by calculating the total energy of MX; com-
pounds in these H and T structures. Optimization takes place by minimizing the
total energy and atomic forces by varying atomic positions in the unit cell and
the lattice constants. If a structure is stable, the optimization usually converges
to a structure. Furthermore, we calculated the cohesive energy relative to free
constituent atoms, according to the formula given in the Section 3.4. We found
that the calculated cohesive energies are all positive and are in the range of 10-20

eV indicating a strong binding. It should be noted that E¢ is different from the
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formation energies E, which are obtained by subtracting the cohesive energies
of constituent elements in their equilibrium states (in bulk, liquid or gas forms)
E.[M] and E.[X]. Namely, E; = Ec — E.[M]—2E.[X]. For the sake of compari-
son, we calculate Ey using both experimental cohesive energies|11] and calculated
cohesive energies of constituent elements. Calculated formation energies are pos-
itive for all H- or T-structure, which were found to be stable as a result of series
of stability analysis. The optimized lattice constants and other structure param-
eters of stable structures are presented also in Table 4.1. The data on the lattice
constants of MX, compounds in H-structure are not available yet. Even if the
lattice constants of MoSs in H-structure (which is the most studied single layer
MX5) are not measured experimentally yet, they can be inferred from the lattice
constants of 2H-MoSs. Thus the lattice constants of MoS, are expected to be
close to those of 2H-MoS,, which are measured to be a=b=3.16 A. LDA approxi-
mation is known to yield overbinding and hence lattice constants slightly shorter
than the experimental values. In our study, LDA and GGA+vdW predictions are
3.11 A and 3.22 A, respectively and discussed in detail in the previous chapter.

4.2.2 Lattice Dynamics

Even if the total energy of a structure can be minimized, the stability may not
be assured. Therefore, frequencies of the vibration modes of optimized single
layer MX5 in H- or T-structure are calculated for all k-points in BZ to provide a
rigorous test for the stability of a given structure. A structure is taken to be stable
only when all calculated frequencies are positive; otherwise imaginary frequencies
indicate instability. In such calculations the long wave length acoustical modes
are vulnerable to instability. Thus, caution has to be taken in calculating forces

with extreme accuracy.[229]

We calculated phonon branches of MXy compounds in H- and T-structure,
which display three acoustical branches separated by a gap from six optical
branches. Except a few compounds, which have imaginary frequencies in small
domains as (k) = 0 (or A — 00), all 52 2D single layer MX, compounds have

phonon branches, which have positive frequencies in BZ. Some of MOy compounds
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Table 4.1: Calculated values of stable, free-standing, 2D single layer MX, in H-
and T-structures: Lateral lattice constants, |@| = |b|; bond lengths, dy;_x and
dx_x; X-M-X bond angle, 8; cohesive energy per MXy unit, E¢; formation en-
ergy per MX, unit E; (values in parenthesis are calculated using experimental
cohesive energies of constituent elements|11]); energy band gap, Ey; energy band
gap corrected with GW correction, EfWO (only for selected compounds); total
magnetic moment in the unitcell, u; excess charge on M atom (where positive sign
indicates depletion of electrons), par; excess charge on X atom (where negative
sign indicates excess electrons), py; in-plane stiffness, C'; 3D bulk structure of
MX,. Structures having indirect band gap according to LDA (and GWy) cal-
culations are indicated with bold face. Following abbreviations are used for 3D
bulk structures: 4H = 4H-MX,, 2H = 2H-MX,, 3R = 3R-MX,, 1T = 1T-MX,
structure; R = Rutile, P = Pyrite, M = Molecule, Mcl = Monoclinic, Ma =
Marcasite crystal structure. **’ stands for metastable crystal and '+’ is distorted
lattice structure.

Type a dy-x d_\: X [4 Ec By E, EyGW“ L P PX C 3D Bulk
(A) (A (A)  angle (eV) (eV) (eV)  (eV) (up) (electrons) (N/m) Structure
ScO, H 316 209 204 5830 20.35 7.83(11.25) 1.05 - 1.00 190 -0.95 76.33 j
T 322 207 261 78.02 20.53 8.01(1143) M - 1.00 196 -0.98 58.07
S¢S, H 370 252 269 6442 1631 3.54(6.71) 0.44 - 1.00 1.64 -0.82 4441 }
T 3.62 250 344  87.05 16.48 3.71 (6.88) M - NM 1.62 -0.81 29.39
ScSey H 384 265 290 6639 1512 3.23(6.30) 0.27 - 1.00 156 -0.78  39.09 )

* T 352 264 394 9642 1542 3.54(6.60) M - NM 144 -0.72 18.67

ScTe, H 362 289 398 8717 1367 225(539) M - NM 134 -0.67 38.28 }

T 372 285 433 9858 14.05 263 (5.77) M - NM 133 -0.67 13.89
TiS, T 332 239 342 9L.73 1836 397(781) M - NM 160 -0.80 76.33 1T[190]
TiSe; T 343 251 368 94.04 1692 342(7.15) M - NM 139 -0.70 63.92 1T[191]

- H 362 275 357 8109 1476 1.72(5.53) M - NM 116 -0.58 9.10 e
TiTe, T 364 273 406 9630 1510 206 (587) M - NM 118 -059 41.01 o2

. Z. . . D. &. 2.0/ L . .0 .
VO, H 2.70  1.92 224 7134 21.64 7.20 (11.13) M - 052 1.79 -0.90 171.98 P4/nccl193], 14/m[193]

B T 310 231 343 9594 1746 278 (6.45) M - 0.33  1.29 -0.65 104.26 .

VS H 309 231 295 79.14 1747 279 (6.46) M - 0.19 1.18 -0.59 106.03 11194, 195]
VSes H 324 245 317 8049 1597 217(5.74) M - 0.68 1.05 -0.53 82.90 1T[196]

T 324 244 366 97.04 1599 220 (5.76) M - 0.35  1.08 -0.54 80.16
Ve, H 348 266 348 81.90 14.17 0.83(4.48) M - 0.83  0.80 -0.40 49.66 11]197]
T 346 2.64 400 9835 1424 090 (455 M - NM 0.83 -041 54.45
CrOy H 258 1.88 229 7521 1955 6.25(10.25) 0.50 1.80 NM 1.54 -0.77 220.94 R[198]
CrS, H 297 2.25 2,92 80.86 15.89 2.35(6.09) 1.07 184 NM 092 -0.46 129.00 1T*[199]
CrSe, H 313 238 311 81.54 1432 1.65(530) 0.86 151 NM 0.77 -0.38 104.58 1T*[199]
CrTey H 339 258 338 8156 1252 0.32(4.04) 0.60 112 NM 046 -0.23 77.37 -
H 261 187 222 7270 17.71 4.57 (9.59 M - 0.69 1.31 -0.65 134.07 .
MO, T 282 1.88 250 83.07 1843 5.28 ((1031)) 0.28 - 3.00 1.64 -0.82 157.12 R[200]
MnS, T 312 227 329 93.08 1482 143(620) M - 238 092 -046 66.87 P[201, 202, 203]
MnSe, | T 327 239 350 9378 1361 1.11(5.77) M - 235 0.74 -0.37  56.61 P[204, 205]
MnTe, T 3.54 259 377 93.56  12.27  0.22 (4.97) M - 229 041 -020 44.77 P[206, 204]
FeO, H 262 1.8 224 7308 1737 3.25(7.89) M - 1.82 1.38 -0.69 131.99 M][161]
FeS, H 306 222 268 7420 1550 1.14(5.52) M - 112 057 -0.29 59.20 P[181, 182, 183, 184, 185], Ma[163]
FeSe, H 322 235 287 7536 1493 145(5.73) M - 1.18 042 -021 49.89 P[207], Ma|208|
FeTe, H 348 253 3.08 7498 1321 0.19(455) M - 1.08 0.06 -0.03 37.71 Ma[209]
CoTey H 352 251 296 7216 1344 029 (467 M - NM -0.19 0.10 56.15 Ma[163, 210]
NiO, T 277 1.84 244 8282 16.76 3.10 (7.12) 1.38 - NM  1.34 -0.67 146.64 1T|211]
NiS, H 3.40  2.24 214 57.16 14.35 0.45 (4.21) M - NM 042 -0.21 39.51 P[217]
T 328 212 297 8446 1491 1.00 (4.77) 0.51 - NM 049 -024 86.23
NiSe, H 333 235 271 7029 1349 047(4.13) M - NM 025 -0.12 3592 pl212|
T 346 234 315 8459 13.97 0.95(4.61) 0.10 - NM 027 -0.13 6273 -

. H 359 254 293 7055 1292 0.36 (4.10 M - NM -0.12 0.06 41.00 .
NiTe, T 3.64  2.52 3.47 8733 1319 0.63 E4.37§ M - NM -0.12 0.06 43.65 1T[163]
NbS, T 330 245 3.62 9525 19.64 3.17(637) M - NM 152 -0.76  96.60 1T[213] , 2H [214]
. T 339 257 387 9748 18.13 2.56 (5.64 M - NM  1.27 -0.64 7047 ¥
NbSe, H 340 257 333 80.68 1823 265 E5.74; M - NM 123 -0.62 87.24 2H[213], 4H[216], 1T[163]
NbTe, | T 356 277 424 100.05 16.38 1.26 (4.43) M - NM 090 -045 64.08 1T*[217]
MoO, H 278 200 242 7392 2265 6.79 (10.63) 0.97 2.42 NM 1.84 -0.92 22393 R*[218, 219], Mcl[218, 219]
MoS, H 311 237 3.11 81.62 19.05 249 (6.53) 1.87 257 NM 104 -0.52 138.12 1T[220, 221], 2H|[220, 221], 3R[220]
MoSe; H 3.24 2,50 3.32  83.05 1747 225 (573) 1.62 2.31 NM 0.76 -0.38 118.37 2H[222], 3R[223]
MoTe, | H 346 2.69 359 83.88 1565 0.89(445) 125 1.85 NM 034 -0.17 92.78 2H[163], 1T*[163]
WO, H 2.80 2.03 245 7412 2456 6.72 (10.46) 1.37 2.87 NM 1.99 -1.00 250.00 R*[224]
WS, H 313 239 3.13 8174 20.81 2.72(6.21) 198 2.84 NM 122 -061 15148 1T+[225], 2H[226]
WSe, H 3.25 251 3.34 8324 19.07 1.86(5.25) 1.68 2.38 NM 090 -0.45 130.04 2H][227]
WTe, H 347 270 3.61 8396 17.05 0.30(3.77) 124 1.85 NM 041 -020 99.17 1T*[228]
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having H- and T-structures appear to have imaginary frequencies in the said do-
mains, which may be due to limitations of DF'T in highly correlated electron

systems in MOy compounds.

Significant charge transfer and resulting polar character is the marked feature
of 2D M X, compounds. Unlike graphene and silicene,|156, 230, 231, 232, 233, 234,
235, 236] H- and T-structure of MX, exhibit an interesting charge distribution as
shown in Fig. 4.1 and Fig. 4.2; namely outer planes of X atoms are negatively
charged, whereas the plane of M atoms between them is positively charged. Bader
analysis|54] yields that electrons from M atoms are transferred to two X atoms
leaving a depletion of electronic charge on M (i.e. pp > 0) and an excess of
electronic charge on X (i.e. px < 0). As expected py = 2|px|. However, CoTey
and NiTe, appear to be an exception, where the direction of charge transfer is
reversed according to Bader analysis. Also excluding a few exception in transition

metal oxides, py; increases with decreasing row number of X atoms.

We note that the nanoribbons of MX, in H- and T-structures can be of interest
for electronic applications. The armchair and zigzag nanoribbons of single layer
MX, with different widths display a number of interesting properties,[5] such as
band gaps showing family behavior as in graphite nanoribbons, half metallicity.|5]
Earlier, the stability analysis through phonon calculations has been used success-
fully to examine the stability of MoS; armchair nanoribbon in H-structure.[5] The
same analysis can be used to reveal whether the nanoribbons of specific 2D MX,

structures are stable.

4.2.2.1 Ab-initio molecular dynamics calculation

Even if the stability of the 2D H- and T-structure of a given MX, compound is cer-
tified through phonon calculations, the stable structure may correspond to a local
shallow minimum. Under these circumstances, the structure may be destabilized
at finite temperature by abandoning the shallow minimum, even if 2D honeycomb

structure is stable at T=0 K. This possibility of instability is tested for specific
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Figure 4.3: Top and side views of atomic structures of selected MX, compounds
obtained after ab-initio molecular dynamic (MD) calculations after specified time
steps and temperatures. Numerals below each panel indicate the number of MD
time steps. MD results at T=1000K are also shown for structures, which become
unstable at T=1500K.
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compounds using first-principles molecular dynamics (MD) calculations at vari-
ous elevated temperatures, T-500K, 1000K and 1500K. The time steps are taken
to be 2x107'° seconds and velocities of atoms are normalized in every 40 steps for
T=500 K and 100 steps for T=1000 K and 1500 K. For H-structure we consider
FeTey, M0oO,, VO, and VSe,. The first three compounds have 3D crystal differ-
ent from layered 2H- and 1T structures and hence they may be found to be very
unlikely to occur in H-structure. In addition, because of imaginary frequencies
as (k) — 0 in a small domain, these compounds vulnerable to instability for
A — o00. As for VSe, it has layered 1T structure and hence it is conspicuous
whether H-structure can occur even if less energetic than T-structure. To avoid
stability, which can be imposed by periodic boundary conditions using (1x1) unit
cell calculations are carried out using (4x4) supercells. Since all four compounds
remained intact after many steps (>250) at T=500 K, calculations are switched
to T=1000 K with velocity normalization at every 100 steps. Higher tempera-
tures and normalization at relatively larger number of steps can speed up the
instability, which would normally occur at relatively smaller temperature after
large number of steps. If the system continues to remain stable after sufficiently
large number of steps at T=1000 K we raised the temperature and let MD calcu-
lations run at T=1500 K. T=1500 K is rather high temperature and is expected
to accelerate a structural instability, which could have occurred at relatively low
temperatures. In fact, while H-structure of FeTe; remained stable after 304 steps
at T=1000 K, it severely distorted after 562 steps at T=1500 K. It appears that
FeTe, is in a shallow minimum at Born-Oppenheimer surface, so that this com-
pound cannot survive until the temperatures, where other three compounds can
remain stable. MoQOy in H-structure was stable after 546 steps at T=1000K, and
remained to be stable after 760 steps at T=1500 K. We concluded that MoOs can
remain stable in H-structure at moderate temperatures. The situation with VO,
is similar to that of MoOs, except that an O atom desorbed after 530 time step
at T=1500 K. VSe, continues to be stable after 1429 time steps at T=1500K.
The momentary geometries of MXy structures after several time steps are shown
in Fig. 4.3.
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For T-structure, we considered MnS,, NiSe; and ScTes; and performed ab-
initio MD calculations first at T--1000 K and then we raised the temperature
to 1500 K by normalizing the system at every 100 steps. MnSs was stable after
740 steps at T=1000 K and continues to be stable after 700 steps at T=1500 K
with almost perfect centered honeycombs. However, the situation is different for
ScTey and NiSey. ScTe, is distorted already after 1281 time steps at T=1000 K,
and severely distorted and dissociated after 1041 time steps at T=1500 K. The
centered honeycomb structure of NiSe,, which was maintained after 200 steps at
T=1000 K, is severely distorted after 652 time steps at T=1500 K.

In concluding this section, ab-initio MD calculations, especially spin-polarized
ones are time consuming, and hence do not allow us to obtain quantitative results.
Nevertheless, we note that no matter what the parent 3D structure is, present
analysis show that single layer MX, compounds certified to be stable through
phonon calculations can remain stable at finite temperature, even above the room
temperature, once they are synthesized or produced in H- or T-structures. The
instability or distortion of each compound can occur at different temperature.
Among structures we studied in this section those having relatively smaller for-
mation energies become unstable or undergo sever distortion at high tempera-

tures.

4.2.3 Mechanical Properties

Elastic constants can give further indications about the strength of stable H-
and T-structures. Honeycomb structure usually underlies the unusual mechani-
cal properties providing high in-plane strength, and flexibility in the deformations
perpendicular to the atomic planes. We focused on the harmonic range of the elas-
tic deformation, where the structure responded to strain linearly and reversibly.
Method of calculation of elastic properties are indicated in Section 3.4. The cal-
culated in-plane stiffness of single layer MX, materials presented in Table 4.1
ranging from 250 N/m to 9 N/m can be contrasted with the values calculated
for graphene and BN, 357 N/m (experimental value 340£50 N/m) and 267 N/m,
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respectively. We note that generally in-plane stiffness values increase with de-
creasing row number of X; namely the compound softens as the row number of X
increases. Accordingly, the calculated values of C'is usually low for compounds
having X=Te. The in-plane stiffness of WX, is usually higher than other MX,.
Also C' of H-structure is usually higher than that of T-structure if both structures
occur for the same compound. C' values given by bold numerals in Table 4.1 do
not deform symmetrically. Low C' and nonuniform deformation under uniform

stress imply possible instability at finite temperatures.

4.3 Electronic and magnetic properties

The stable MX, compounds in H- and T-structures display a rich diversity of
electronic and magnetic properties. Rather than providing an in-depth analysis,
our discussion will be focused to the broad properties and classes showing similar
properties. Depending on the combination of M and X, single layer MX5's can
be semiconductor, ferromagnetic or nonmagnetic metal. In Fig. 4.4, Fig. 4.5
and Fig. 4.6 we present the electronic energy band structures of all stable MXy
compounds having H- and T-structure. Because of available experimental data,
the band structure of the manifold MoX, (X=0, S, Se, Te) in H-structure is given
separately in Fig. 4.6 for detailed discussion. The MS,; manifold (M=Sc¢, V, Cr,
Fe, Ni and W) includes semiconductors, magnetic and nonmagnetic metals both

in H-, and T-structure.

Semiconducting single layer MXy’s having H-structure can be treated in two
groups, which display rather different band structures. The first group, transition
metal oxides (i.e. M=Sc¢, Cr, Mo, W and X=0) differ from the other group (i.e.
M=Cr, Mo, W and X=S, Se, Te) by their relatively smaller band gaps and lower
band-edge state densities. Here we discuss these groups by considering the band
structures of MoO, and MoS, as prototypes as shown in Fig. 4.6. For both groups
the bands at the edges of conduction and valence band are composed from Mo-
4d and X-p orbitals. However, the types (symmetry) and contributions of these
orbitals vary with k and with the constituents M and X. The M-X bonds of single
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Figure 4.4: Calculated electronic band structures of 2D stable MXs compounds
which are stable in H-structure. The zero of the energy is set to the Fermi level,
Er , shown by red/dark dashed dotted line. The energy gap of semiconductors
are shaded (yellow/light). For nonmagnetic states spin-degenerate bands are
shown blue/dark line. For magnetic structures, blue/dark lines represent spin-
up bands whereas orange/medium lines are spin-down states. In the same row
stable structures with the same M atom, but with different X atoms are presented.
Columns present MX, manifold with the same X, but differing M atoms. The
manifold MoXy (X=0, S, Se, Te) in H-structure is presented separately in Fig.
4.6.
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Figure 4.5: Calculated electronic band structures of 2D stable MXy compounds,
which are stable in T-structure. The zero of the energy is set to the Fermi level,
Er , shown by red/dark dashed dotted line. The energy gap of semiconductors are
shaded (yellow/light). For nonmagnetic states spin-degenerate bands are shown
blue/dark line. For magnetic structures, blue/dark lines represent spin-up bands
whereas orange/medium lines are spin-down states. The manifold MX, with the
same M atom, but with different X atoms is presented in the same row. Columns
present MXs manifold with the same X, but differing M atoms.
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layer MoO, is 0.3-0.7 A shorter than those in second group. Accordingly, the
highest valence band at I' combined from Mo-d,2 and O-p, orbitals has higher
dispersion. This band is pushed up towards the conduction band to lower the
indirect band gap between the conduction band minimum at K-point and valence
band maximum at the [-point. Accordingly, the smallest band gap of all MO,
honeycomb structures are indirect. On the other hand, the topmost valence band
of MoS,, which has relatively higher Mo-d,2 contribution and relatively larger
M-X bonds, is flattened and its energy is lowered. Under these circumstances the
smallest band gap of second group is usually direct (except MoSesz, which has an
indirect gap only 4 meV smaller than the direct one) and occurs at the K-point
between the conduction band minimum (80% Mo-d and 20% S-p,) and valence
band maximum (90% Mo-d,2_,2 and 10% S-p,). The characters of these states
at the K-point are similar for X=S, Se, Te, but their direct band gap decreases
slightly by going from S to Te, since a=b increases from 3.12 A to 3.46 A. The
isosurface charge densities of states at the band edges of MoSe; and MoTe, are
also presented. The direct band gap of MoOs at the K-point is significantly larger
than that of MoSs, since Mo-O bond is much shorter (2.78 A). The distinction
between the energy band structures of the first group and second group is also
seen in the calculated total and orbital density of states given in Fig. 4.6. Another
noteworthy trend we deduce from our calculations that for all single layer MX,
semiconductors, the band gap generally increases as M=Sc — W. In spite of the
striking similarity of the band structures of MX, (X=0, S, Se and Te) as M goes
from V to W, they are essentially either metal or semiconductor depending on

the number of d-states of the free M atoms.

We also note that ferromagnetic metals, such as VX; or FeX, (X=0, S, Se, Te)
in H-structure have the magnetic moment located at the transition metal atoms.
In the case of ScXy (X=0, S, Se), which are ferromagnetic semiconductors, the
magnetic moment is located at the site of chalcogen atoms. This occurs due to
fact that Sc atom having relatively low electronegativity with respect to chalco-
gen atoms undergoes crucial amount of transfer of charge to X atoms. Magnetic

moments then accumulate on the chalcogen atoms. In all magnetic structures, we
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further carried out supercell calculations to take into account the antiferromag-
netic ordering in neighboring unit cells. We conclude that ferromagnetic ordering

is the energetically most favorable one.

Now we continue our discussion of the bands of MX5 in T-structure given in
Fig. 4.6: Like MoXs manifolds in H-structure, here nonmagnetic semiconductors
occur in NiXy with O, S and Se. NiTe, is nonmagnetic metal in T-structure.
NiS,, NiSes and NiTes can occur both in T- and H- structure, T being 0.2-0.5 eV
energetically more favorable. However, energy band structures display significant
differences by going from T to H-structure. While NiS, and NiSe, are nonmag-
netic metals in H-structure, same compounds are narrow and indirect band gap
semiconductors in T-structure. Even if 3D NbX, (XS, Se and Te) can occur
in 1T and 2H structures, NbS; and NbTe, are stable only in T-structures. Even
if NbSey can have both H- and T-structure, it is metallic in H-structure and 12
meV more energetic than the corresponding T-structure. Two dimensional and
suspended NbSe; in H-structure is of particular interest, since 3D NbSe, is a
superconductor. Similar to NiXy manifold, VX, (X=S, Se and Te) compounds
form both in T- and H- structures, which have practically same cohesive energies
within the accuracy limits of numerical calculations carried in the present study.
In Fig. 4.7 we compare total and orbital projected densities of states (DOS) of
these structures. In spite of small energy difference between T- and H-structures
of these compounds, significant differences and striking common features in elec-
tronic structures are revealed. For example, VX5 in T- and H-structures one
recognizes differences in DOS. However, for both structures DOS at Ep origi-
nate from V 3d-states and are rather high. As for NiXs, the character of bands

undergoes a change by going from T- to H-structure.

4.4 LDA-U calculations

It is known that electrons in transition metal oxides are highly correlated, which

in turn limits the application of DF'T to these class of materials. In this respect,
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Figure 4.6: Calculated energy band structures, charge density and state densi-
ties of single layer MoX, (X=0,S,Se and Te). Left panels are isosurface charge
densities of the specific states at the band edges indicated by numerals. Isosur-
face value is taken as 0.01 electrons/A®. Middle panels are band structures along
the M —I' — K — M directions of Brillouin zone. The LDA band gap between
conduction and valence band is shaded. The zero of energy is set at the Fermi
level, Er, shown by red/dark dashed dotted line. The GW corrected bands are
indicated by orange/light dashed lines and dots. The GWj corrected band gap
of 3D 2H-MoS, is indicated by green/dark lines and diamonds. Direct and indi-
rect band gap values are given in units of eV. Right panels are total and orbital
projected densities of states DOS.
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Figure 4.7: Comparison of the electronic structures of specific suspended MX,
compounds forming both stable T- and H-structures. (a) Total densities and
orbital projected densities of states (DOS) of 2D VS,, VSey and VTes compounds
in T-structure. (b) Same for 2D VS,, VSey and VTe, compounds in H-structure.
(c) Total and orbital projected densities of states of 2D NiSg, NiSe; and NiTe,
compounds in T-structure. (d) Same for 2D NiS,, NiSe; and NiTey; compounds
in H-structure. The zero of the energy is set to the Fermi level, Er , shown by
red /dark dashed dotted line. Up and down arrows indicate spin-up and spin-down
densities of states. Total density of states are given by thick solid lines.
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predictions obtained using DFT should be taken with caution. LDA+U correc-
tions are carried out on NiOy and ScOs in T- and on WO, in H-structure using
the method introduced by Dudarev et al.[52]. In this method, the total energy of
the system depends on U — J term, where U is the on-site Coulomb repulsion or
Hubbard term and J is the exchange parameter. Since realistic values of U and
J for MOy compounds having either H- or T-structures are not available yet, in
the present LDA-+U calculations, we considered U — J varying between 1 eV and
12 eV in 1 eV steps. Therefore, our analysis can only provide trends how their

band gaps and lattice constants vary with U.

Bare LDA yields that ScOy has a half metallic ground state with integer
magnetic moment per unit cell. Spin-up bands have a gap between filled and
unoccupied bands, while three spin-down bands derived from oxygen p-orbitals
cross the Fermi level and hence are metallic. The isosurfaces of difference charge
density of spin-up and spin-down states suggests that the magnetic moment arises
from the excess charge on O transferred from Sc atoms. Accordingly, Hubbard
U correction is taken into account for both 3d-orbitals of transition metal atom
and 2p-orbitals of O. Upon LDA+U calculations two of the three metallic bands
are not affected, but energy of the third band derived from O p.-orbital increases
with increasing U energy. Eventually, the metallic spin-down bands split and
open a band gap to become also semiconductor when (U — J) > 4. In addition,
the size of the unitcell increased up to %6 for (U — J)=11 eV.

Bare LDA predicts that both NiOy and WO, are nonmagnetic semiconduc-
tors. The band at the edge of valence band of NiOy, which is non-dispersive
around I'-point is derived mainly from 3d-orbitals. Whereas bands slightly below
the valence band edge are derived O 2p-orbitals. In LDA+U calculations, while
the valence band edge derived from Ni 3d-orbitals is lowered with increasing U,
the bands derived from O 2p-orbitals become unaltered. At the end, the bands
gap of NiO, increases with increasing U. In contrast, the lattice constants as well
as the characters of valence and conduction bands of WO2 do not change upon
Coulomb correction term. In Fig. 4.8, results of our LDA+U calculations with
J=1 eV are summarized. Apparently, the effect of Coulomb correlation is signifi-
cant for ScOy and NiOs having 3d-orbitals. However, WO, having bands derived
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Figure 4.8: Variation of lattice constants, |@|—|b| and band gap of 2D single layer
ScOs (in T-structure) , NiOg (in T-structure) and WO, (H-structure) compounds
with U-J. The exchange term J is taken to be 1 eV.

from 5Hd-orbitals are not affected seriously from LDA-+U calculations. As for the
question whether the stability of MOs compounds in H- or T-structure is affected
after LDA+U calculations is addressed by redoing the same phonon calculations
with U=5, 9 and 12 eV. The stabilities of these compounds are maintained after
LDA+U corrections.

4.5 MX, as a hydrogen evolution reaction (HER)

candidate

Hydrogen evolution reaction (HER) is where protons get excess electrons and
then chemically combine to from Hs molecule. This reaction takes place at the
last step after the split of water into its constituent atoms. Hinnemann et al.[27]
recently reported that MoS; can be a good candidate for HER by observing
plants’s hydrogenase and nitrogenase enzymes. Active edges of MoS; nanoparti-
cles were the place where HER takes place. The edges of nanoparticles are like
Mo dominated edges of zigzag nanoribbons where consecutive edge Mo atoms are
terminated by an excess S atom lying in the same plane as Mo atoms. Upon the
adsorption of H atom to excess S atoms, their planar structure is disturbed and at
the edges, S atoms are buckled as shown in Fig. 4.9. Since only this edge is HER
active side, we modeled HER in a supercell consisting of four zigzag nanoribbons
where n = 6 (number of M-X, basis in the unitcell.). In this section calcula-

tions include van der Waals interaction|[44| and exchange correlation functional
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Figure 4.9: Geometric structure after two hydrogen adsorption to S monomer
terminated Mo edge of zigzag nanoribbon.

is represented by the Generalized Gradient Approximation (GGA) characterized
by Perdew-Burke-Ernzerhof|237] (PBE).

In previous sections we found that electronic and magnetic properties of 1H-
MoS; is very similar to those of MXy structures where M=Cr, Mo, W and X=S,
Se, Te. Since structures based on MoXs and WX, are recently synthesized,|74]
we skipped compounds including Cr as a transition metal. We first calculated
differential hydrogen chemisorption energy, AEy which is AEy = Eyosytng —
EroSa+(n-1ya — 1/2Ep, where Eyjog,+np is the total energy of MoS, nanoribbon
with n hydrogen atoms are adsorbed at the active edge, Enro5,4(n—1)n is the total
energy of the nanoribbon with (n — 1) hydrogen atoms are adsorbed and Ey, is
the total energy of hydrogen molecule. This energy defines the energy needed
to increase the coverage of the active edge by one hydrogen atom. Since our
calculations are carried on supercell containing 4 n = 6 zigzag nanoribbons, our
supercell can adsorb up to 4 hydrogen atoms similar to the case in Hinnemann et
al..[27] The calculated first and second hydrogen energies are indicated in Table
4.2. First hydrogen adsorption of MoS,, MoSe,; and second hydrogen adsorption
to MoS, are energetically exothermic. (Hinnemann et al.[27] found the first and
second differential hydrogen chemisorption energy as -0.62 and -0.21 eV because
they did not include van der Waals interaction in their DF'T calculations and

they used different exchange correlation functional, RPBE.)

To clarify if the reaction is spontaneous or not, one has to calculate the Gibbs
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Table 4.2: Calculated differential chemisorption energy AEy (see the text) for
the first hydrogen atom to the edge of MXy nanoribbons. Values in parenthesis
are for the second hydrogen atom.

MSQ MSGQ MTGQ

MoXs | -0.84(-0.36) -0.20(0.29) 0.10(0.42)

WX, | 0.08(0.34) 0.16(0.61) 0.35(0.69)

free energy of H adsorption to the active edges of zigzag nanoribbons. The DFT
calculations do not include contributions from zero-point energies and entropy
of the system. These should be calculated separately and added to hydrogen
chemisorption energy. Gibbs free energy for hydrogen adsorption can be calcu-
lated as AGY; = AEy + AEzpp — TASy where ASy is the entropy difference
between the adsorbed and the gas phase, AEpg is the difference in zero point en-
ergy between the adsorbed and the gas phase and A Ey is the hydrogen chemisorp-
tion energy as indicated before. The energy contribution from the configurational
and vibrational entropy is neglected as indicated earlier by Hinnemann et al.|27]
The entropy of hydrogen adsorption can be taken as ASy = 1/25}, where S},
is the entropy of Hy at the gas phase.

The zero point energy of a system can be calculated as:

Bapp = =3Nhs / g(w)Inwdw+ 3Nkp(1 + InksT) (4.1)
0

where g(w) is the phonon density of states of the system and w is the frequency.
Calculation of phonon density of states of a supercell of nanoribbon without any
symmetry is extremely difficult. One has to make at least 3N calculations (N is
the atom number is the supercell of nanoribbon and each supercell consists off ~
75 atoms) for a single case in each item in Table 4.2. Instead of doing the tons of
calculations, Hinnemann et al.[27] reported that zero point energy contribution
together with TASy is 0.29 eV for MoS,. We take this value as same for all the
cases in other MX, structures since it depends mostly on the vibration frequencies
of adsorbed H atom on similar chalcogen atoms. This means that AGY, = AEg+
0.29 eV. When energy values in Table 4.2 is carefully examined, gibbs free energy
of first H atom adsorption to MoSe; and second H atom adsorption to MoS,

results in energy values close to 0 eV. If gibbs free energy is negative or close to 0
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eV, it can be said that the reaction is spontaneous and happens by itself. In this

manner, not only MoSs, but also MoSe; can be a good candidate for HER.

4.6 Discussions

The unusual properties of graphene, single layer BN and MoS, discovered from
recent studies have motivated us to explore 2D single layer structures of transition
metal oxides and dichalcogenides, MX5 compounds in honeycomb like structure.
Three-dimensional crystals of these MXy compounds display diversity of proper-
ties, which have been the subject of several studies in the past. Recent studies
have shown that 2D flakes of some of those MXs compounds synthesized by vari-
ous techniques have properties, which can be of interest for various nanotechnol-
ogy applications. MXs compounds has a large manifold, some members of it have
layered crystals like graphite, which may allow exfoliation of single layers. We
addressed the question which compounds among those large manifold can form
stable and suspended single layer structures. We, in particular, were interested in
two honeycomb like structures, namely H- and T-structures. We predicted 52 dif-
ferent individual components, which are stable in either H- and/or T-structures.
Namely that these compounds can remain stable as free standing, once they are
synthesized in one of these single layer structures. Our results are summarized
in Fig. 4.10. Our predictions are based on state-of-the art first-principles cal-
culations of structure optimization, phonon frequency, molecular dynamics and
mechanical properties. Further to the extensive stability analysis, we investigated
the electronic, magnetic and mechanical properties of those stable compounds. In
addition to the optimized lattice constants and internal parameters we also cal-
culated cohesive energies F¢, formation energies F;, magnetic moments p, the
effective charges on M and X atoms and in-plane stiffness C. We noted various
trends; generally not only band gap, but also cohesive energies, in-plane stiffness
(also surface polarities of semiconductors due to charge transfers from M to X)
which increase with decreasing row number of X. The lattice constants exhibit
a reverse trend. Finally, we designate that WO, having highest cohesive energy,

highest charge transfer from M to X, highest in-plane stiffness among M X, in this
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study heralds an important single layer material for future studies.



Chapter 5

Splitting of HoO at the Vacancies of
Single Layer MoS»

5.1 Preliminary Information

The utilization of hydrogen as a clean and sustainable energy source critically
depends on the efficient production of Hy molecules. Since the reserves of free
Hs cannot occur in nature, hydrogen has been used as an energy carrier. Despite
recent advances in developing high-capacity and safe hydrogen storage mediums
using carbon based nanostructures based on Dewar-Kubas interactions|12, 238,
15, 8|, the production of Hs is still a major goal and an active research activity
in hydrogen economy. Alkaline metals are also an attractive research field in Hy
storage due to low weight of metal atoms that physisorb Hs.[7, 238] By this way

they can achieve higher storage capacities in terms of weight percentage.

After its first synthesis|21] 1H-MoS, flakes and nanoribbons have displayed
unusual chemical and electronic properties.|5, 6, 1, 239] In particular, it is me-
chanically a stiff material.[1] In contrast to graphene, it is a semiconductor suit-
able for nanotransistor fabrication.[30] They can form multilayer structure due
to weak van der Waals attraction. Direct-indirect band gap transition with num-

ber of layers leads to interesting photoluminescence properties.|[24, 21| Because

86



CHAPTER 5. SPLITTING OF H,O AT THE VACANCIES OF SINGLE LAYER MOS,87

of high stiffness of MoS,, the stick-slip process in the sliding of 1TH-MoS, coated
surfaces is suppressed and ultralow friction is attained.[56, 26| Different types of
defects, such as Mo-, S-vacancy, MoS- and Sso-divacancy, MoS,-triple vacancy and
reconstructed armchair and zigzag edges can occur in 1H-MoS,.[5, 6| In Section
3.6.2, the calculated formation energies are high and one can expect very low
concentrations. However, vacancy defects can still be generated by the recently
developed new techniques.[153, 154, 155].

Active edges of MoS, nanoparticles were the subject of many studies.[240,
87, 96] This is because MoS; plays an important role in hydrogen evolution
reaction (HER).[27|] This reaction covers formation of Hy molecule from posi-
tively charged H atoms. In plants, where analogue of HER is catalized by ni-
trogenase and hydrogenase enzymes. These enzymes include Mo and S atoms
at their active sites. Hinnemann et al.|27| first carried out density functional
theory calculations and predicted that active edges of MoSs; nanoparticles are
good HER candidate. They calculate gibbs free energy of reaction, ~ 0 eV at
room temperature and experimented that Hs molecule can be obtained from
protons by transferring charge from MoS, active edges. Until then many re-
searchers conducted experiments and theoretical calculations on HER properties
of M0S,.[241, 242, 243, 244, 245, 246, 247, 248

The most probable production method of Hs taking into account environmen-
tal concerns is using water and the sunlight. Two methods dominated in achieving
this goal. First one includes photogeneration cells. In this type of photoelectro-
chemical reactions, electrolysis of water is taken place, when anode is shined by
solar radiation. Semiconductor surfaces or in-solution metal complexes are used
as to absorb solar energy and act like an electrode. Expensive platinum based
electrodes and corrosion of semiconductor surfaces in contact with water are the
down sides of this method.[17, 18] The later method, powder based photocat-
alytic reactions, offers a more efficient and cheap way of producing H,. In this
type, experimental setup only includes water and the photocatalyst to operate.
There are two approaches to achieve Hy and Oy from HyO molecule. First one
is to develop a single photocatalyst to achieve the splitting of HyO. The down

side of this type is photocatalysts are generally requires high photon energies in
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UV range.[18] (Gaj—,Zn,)(N;_,0O,) photocatalyst powder,[249] SroM20O7 (M =
Nb and Ta) photocatalyses[250| are examples of this kind. The other type con-
sists of two catalysts and a mediator. One catalyst is used for oxygen reduction
reaction (where O%~ is reduced to O) and other one is used for HER. A me-
diator is used to transfer charges between these catalysts. Ru/SrTiO3 powder
for H and BiVO,, WO3; powder for O as photocatalyst[251, 252|, TaON-based
photocatalysts[249] are examples of this kind. Modification to mediator region is
also actively studied.|252, 251] This way method is also known as ’Z-scheme pho-
tocatalysis’. HER and oxygen reduction reactions are taken place either in single
or two photocatalysts. The undesired reformation of HyO cannot be avoided in

this method of Hs production which lowers the efficiency significantly.

In this chapter, we present our systematic theoretical investigation on the
splitting of water molecule to its constituents on vacancy defects of 1H-MoS,.
Here we show that a MoS, vacancy in a single layer MoSs honeycomb structure
(which is specified as 1H-MoS5) can split the water molecule into constituents O
and 2H atoms. This process by itself is exothermic and spontaneous. Two crucial
ingredients underlying this catalytic reaction are: (i) The electronegativity of
Mo is slightly smaller than that of H (according to Pauling scale 2.16 and 2.20,
respectively). (ii) The ionization energy of Mo is almost half of H (684 KJ/mole
and 1312 KJ/mole, respectively). Split atoms O and H, in turn, are attached to
four folded Mo and two folded S atoms surrounding the vacancy, respectively. The
release of Hy molecules from the surface can then be realized by a photocatalytic
reaction taking place within the spectrum of visible light. It should be noted that
in the present study Hy molecule is directly obtained upon the splitting of HoO

without the risk of the reformation of water.

Present study reveals interesting results which enhances the importance of
MoS; in future nanotechnologic devices. These include: (i) How and why only
MoS di- and MoS, triple-vacancy defects split the water molecule. (ii) The in-
vestigation of the diffusion of hydrogen atom on, in and through 1H-MoS,. (iii)
Formation of Hy molecule from diffusing two H atoms. (iv) Effects of second
H50O adsorption on MoS, triple-vacancy defects. (v) Energy concerns on water

splitting. The reactions are spontaneous. Since monolayer of MoS, is recently
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synthesized,[21] present results are crucial and affordable for further research on

sustainable energy production.

5.2 Properties of vacancy defects on 1H-MoS,

In the third section, it is reported that the vacancy defect in 2D graphene,|143,
144, 145, 146, 147| graphene nanoribbons,[148, 149] 2D graphane[150] and
graphane nanoribbons|151] give rise to crucial changes in the electronic and mag-
netic structure. Recently Ataca et al.[5, 6] reported the effects of vacancy defects
on monolayer and nanoribbons of MoSs. They investigated five different types
of vacancy defects, namely Mo-, S-vacancy, MoS-, So-divacancy and MoSs-triple
vacancy, which are formed in 2D 1H-MoS,. Magnetically most of the vacancy
defects created on 1H-MoS, are reported as nonmagnetic.|6] Only MoS; vacancy
causes significant charge transfer around the vacancy and results in a magnetic
moment of 2 pup. We carried out the same calculations in (4x4) supercell of
1H-MoS2 with PBE functional and obtained the same magnetic properties. In
addition to these, So-divacancy on the same surface of 1H-MoSy does not induce

any magnetic properties.

5.3 Interaction of H,O with perfect 1H-MoS, sur-

face

According to Bader analysis, the effective charges on oxygen and hydrogen
atoms of water molecule are -1.30 e +0.65 e, respectively. The same analysis
results in effective charges of +1.0 e and -0.5 e on Mo and S atoms, respectively.
In this respect, 1H-MoS, can be viewed as positively charged Mo-atomic plane
sandwiched between two negatively charged S-planes. As a result, a repulsive

interaction sets in between free HoO and perfect surface of 1H-MoSs. No matter
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Figure 5.1: (a) Schematic representation of (4x4) supercell of single layer 1H-
MoS,. Purple and yellow balls are Mo and S atoms respectively. 1H-MoSs can be
assumed as positively charged Mo hexagonal layer sandwiched between negatively
charged hexagonal H layers. HyO molecule is shown with red and orange balls,
which are O and H atoms respectively. Hy molecule does not bind to defectless
(left side); S- and Mo- vacancy, Sy di-vacancy (right side) defects on 1H-MoSs.
The case in Sy di-vacancy is shown. (b) Plot of variation of repulsive Coulomb
force between defectless 1H-MoSs and H,O.

what its initial orientation is, HyO first rotates so as two H atoms face the neg-
atively charged S-plane and subsequently it is repelled as shown in the left hand
side of Fig. 5.1 (a). To prove if this is resulted mainly from Coulomb repulsion,
we make simulations by assuming that Mo, S atoms are positively and negatively
charged point charges, respectively. Taking into account the Coulomb interac-
tion of neighboring 1500 MoSs unitcell, we calculated the force acting on H,O
by varying the distance from 1H-MoSs surface. The force versus distance plot
is shown in Fig. 5.1 (b). The force is repulsive and as H,O drifts far away, the
repulsive force vanishes. Gauss’s Law in Electrodynamics is obeyed at distances

in micro meters range.
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5.4 Interaction of H,O at vacancy defects of 1H-
MOSQ

5.4.1 S-, Mo- vacancy and S.- divacancy defects

In order for a water molecule to interact with MoS,, there must be a gap on the
negatively charged S layer region. One can obtain this via creating vacancy defects
on 1H-MoS,. In case of S- and Sy (i.e. Single S atom vacancy at each surface)
di-vacancies, Mo atoms neighboring the vacancy have slightly less positive charge.
This does not affect the magnetic property. They prefer to give more charge to
remaining nearby S atoms. For this reason, the change in the strong negatively
charged region on S-layer does not influence much. Single Mo vacancy defects
again do not influence significant change in the charge distribution on S layers.
More charge is transferred from the neighboring six-fold Mo atoms to compensate
the missing bond. In addition to these, there is no atomic discontinuity on S-
layer. When a water molecule is placed ~ 2 above S-plane close to the vacancy
region, the water molecule still repelled from the surface. The trajectory of the

H>0O on the right hand side of Fig. 5.1 (a) does not influence S, vacancy defects.

However increasing the S vacancy defect size on the same surface of 1H-MoS,
can create a region where water molecule can interact with Mo-layer. Even if
the vacancy of two adjacent S atoms in the same S-plane allows HoO to engage
in an attractive interaction and to be bound to Mo atom, the configuration of
the water molecule remains intact owing to its weak binding of 0.59 eV. In order
to check if this binding is strong enough in room temperatures, we carried out
molecular dynamics simulations at 300 K. Time step is taken as 1 fsec and the
velocities of atoms are normalized in every 40 steps. For 10000 time steps, the

water molecule did not release from the S, di-vacancy.
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5.4.2 MoS- di and MoS; triple vacancy defects

The role of Mo in MoS; is to supply electrons (according to Bader analysis Mo
is +1 electrons positively charged) to S atoms similar to H atoms in water. Elec-
tronegativity of Mo and H atoms are very close to each other (2.16 and 2.20
according to Pauling scaling, respectively) in addition, however first ionization
energy of Mo is half of that of H (684 and 1312 kJ/mole, respectively). In this
manner Mo atom can take the place of H atom when it forms a bond with oxygen.
In S and both S, vacancies, Mo atoms compensate the vacancy by giving more
electrons to nearest S atoms and conserve their positive charge. For this reason,
Mo atom does not interact with oxygen of water strongly. However in the case
of MoS di- and MoS; triple-vacancy, there two Mo atoms having dangling bonds
inside the vacancy region. When HsO molecule is trapped in these vacancies,
one expects Mo atoms interacting and supplying electrons to oxygen of water
molecule. Hence it can break O-H bonding, which is energetically not favorable

any more.

Initially, HoO molecule is trapped in the vacancy by forming bonds with both
four folded Mo atoms each having two dangling bonds due to missing So. Once
bound, O atom of HyO transfers electrons from Mo atom and subsequently one
H atom is released to be attached to one of S atoms at the close proximity
as described in Figure 1 (b). At the end, the total energy is lowered by 2.85
eV (relative to the energy of free H,O and 1H-MoS, with a MoS, vacancy, i.e.
relative to Figure 1 (a)) and the effective charge on Mo increases to +1.15 e.
This exothermic process occurs spontaneously without an energy barrier and is
precursor to other states presented in Fig. 5.2, which lower the total energy
further. To verify the spontaneity of the reaction, extra test calculations are
carried out. Starting with an initial MoSy vacant 1TH-MoSs; and HoO molecule,
in the first method we placed H,O molecule ~ 3 away from the S-layer of 1H-
MoS, and carried out geometry optimization. Similar results are obtained. HoO

molecule trapped into the vacancy and splitted. In the second mehod we carried
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Figure 5.2: Splitting of water molecule trapped in a MoSs triple-vacancy of 1H-
MoS;. (a) A free HoO is approaching towards the MoS, triple-vacancy. Purple,
yellow, red and orange balls indicate Mo, S, O and H atoms, respectively. (b) The
precursor state occurs upon structure optimization and leads to the spontaneous
splitting of HoO into OH and H in an exothermic process. This state has the total
energy, which is -2.85 eV lower relative to (a). (c) The most energetic (lowest
energy) state, which occurred through ab-initio MD calculations at T=1000 K
initiating from (b), where H atom is split from OH and is adsorbed to a two
folded S atom surrounding the vacancy leaving behind O atom adsorbed to two
four folded Mo atoms. This state has -3.39 eV energy relative to (a). (d), (e)
and (f) are other intermediate states, which occur in the course of ab-initio MD
calculation. Each panel presents both top and side views of atomic configurations.
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out molecular dynamics simulations at various temperatures and different time
steps. These include T-50 and 300 K, 0.5 fsec as a time step interval. In both
calculations in between 10000 time steps, water molecule first came close to the

triple-vacancy, trapped in and splitted.

We also carried out ab-initio molecular dynamics (MD) calculations to geome-
try optimized structure in Fig. 5.2(b) at T=1000 K by normalizing the velocities
after every 40 time steps. The simulation temperature is taken high to speed
up the statistics. Further to the atomic configuration in Fig. 5.2 (b) attained
through the structure optimization based on conjugate gradient, four different
binding configurations described in Fig. 5.2 (¢)-(f) are revealed at different inter-
mediate stages of MD calculations. These configurations correspond to different
minima in Born-Oppenheimer surface. Remarkably, the configuration in Fig.
5.2 (¢) corresponds to minimum energy configuration (i.e. E=-3.39 €V relative
Fig. 5.2 (a)), where HyO is completely split into O which is adsorbed to two
four folded Mo atoms and two H atoms which are adsorbed to two different two
folded S atoms in the same S-plane. Transition state calculations finds an energy
barriers of 99 meV and 218 meV to split H from OH in Fig. 5.2 (b) and to change
to the configuration in Fig. 5.2 (f) and then to settle in Fig. 5.2 (¢). Remaining
three configurations correspond to water molecule, which is completely split as in
Fig. 5.2 (c). In these configurations the Mo-O bond is ionic, where the effective
charges on Mo and O +1.25 e and -0.90 e, respectively. As for the S-H bond,
which is formed from the combination of s-orbital of H and p.- and p,- orbitals
of S with transfer of ~ 0.1 e from H to S. A magnetic moment of 2u5 is attained
due to unpaired electrons in these configurations. In addition to the states in Fig.
5.2 (b)-(f), H atoms can be bound also to Mo layer with relatively low binding

energy.

5.4.3 Splitting of second H>O in MoS, triple-vacancy
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Figure 5.3: Splitting of second water molecule trapped in the same MoS, triple-
vacancy in monolayer 1H-MoS,. In the middle of the hexagon, optimized struc-
ture of single O atom in MoS, triple-vacancy after the diffusion of two H atoms
on 1H-MoS; is shown together with approaching water molecule. Purple, yel-
low, red and white balls indicate Mo, S, O and H, respectively. When the water
molecule is trapped in triple-vacancy, its relaxed geometric structure is indicated
in (a). On the corners of hexagon, optimized geometric structures taken from
molecular dynamics calculations are indicated. Upper figure in each rectangle is
the top view whereas bottom part is the side view of HoO+MoS;+O complex.
The negative energy values indicate how much energy is released upon trapping
of H,O molecule.
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We showed that HoO molecule can be trapped in MoS di- and MoS, triple-
vacancy. Hydrogen atoms can then diffuse on 1H-MoS,, form Hy; molecule and
release from the surface which will be treated in the next section. What remains
on the vacancy is oxygen atom bonded to the dangling bonds of two Mo atoms.
Two molybdenum atoms on the edge of MoS di-vacancy are saturated by binding
to five S and single O atoms. However in the case of MoS, triple-vacancy, there
is still a probability it can be saturated with one more chalcogen atom to make
six bonds. When an extra water molecule is placed close to the vacancy region,
geometry optimization calculations resulted HoO molecule is bounded to two
Mo atoms with a binding energy of 0.74 eV. The molecular structure of water
molecule is not destroyed as shown in Fig. 5.3(a). Even though this structure
is energetically favorable, molecular dynamics simulations carried out on this
structure at T=300 K and 1 femto second time interval steps for 10000 steps
showed that there are few other energetically more favorable structures needed
to be considered. This indicates that there is small energy barrier in order for

the second HoO molecule to split into its constituents.

Earlier, we reported that when a single oxygen atom bonded to dangling
bonds of two Mo, oxygen atom is negatively charged by -0.9 electrons and each
Mo atom is +1.25 electrons positively charged since Mo atoms are also giving
electrons to other four neighboring S atoms. In the case of second O adsorption
to this geometry, each O and Mo is 1.5 electrons positively and -0.8 electrons neg-
atively charged, respectively according to the Bader charge analysis. The second
ionization energy of Mo atom is 1560 kJ/mole which is greater than hydrogen’s
first ionization (1312 kJ/mole) energy. This time hydrogen atom supplying excess
charge to oxygen atoms is energetically more favorable which was the opposite
case in the first HoO adsorption. For this reason in Fig. 5.3 from various geomet-
ric structure, the most favorable ones include OH adsorption to dangling bonds
of Mo atoms (see Fig. 5.3(b) and (c)). This is also the case in MoS vacancy
defect. Instead of 4 S and 2 O atoms are binding to two Mo atoms in the va-
cancy region, Mo atoms binds 5 S and a single O atom as chalcogen atoms. The
binding energy of H to O atom is 3.42 eV which is very high to break. Since

splitted single hydrogen atom prefers to bind on S-layer, it can diffuse, combine
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with other diffusing hydrogen atoms and release a Hy molecule.

5.5 Diffusion of H atoms on 1H-MoS,

5.5.1 Binding of H, O, and OH

In Figure 5.4 we show important charge density counterplots. These are two
different adsorption geometries of H adatom, O and OH adsorption to dangling
bonds of Mo atoms. Hydrogen adatom can bound to MoSs from Mo-Layer and on
S-Layer which are already observed in the splitting of Hy). Even though there is a
barrier in order for a H atom to adsorbed at Mo-Layer which will be discussed in
the next subsection, the binding energy is significantly large. The binding energy
Ey is calculated as By, = —Eyos,+8 + Eros, + Eng where Eyos,1 1 is the total
energy of MoSs and H adatom system, E'y is the total energy of free H and Eyy,s,
is the total energy of 1TH-MoS, calculated in the same supercell dimension. The
binding energy of H atom adsorbed at the middle of hexagon (hollow site, HL)
in Mo-layer is calculated as E, = 0.60 eV. In Figure 5.4(a), the counterplots are
showing strong H-Mo atom bonds. These are mainly contributed from planar d
orbitals (d,, and d,2,2) of Mo atoms and H s orbitals. In addition to these H
adatom transfers excess charge (~ 0.20 electrons) from neighboring Mo atoms,
since its electronegativity is greater than that of Mo. The magnetic moment of

lup is contributed not only from H adatom, but also neighboring Mo atoms.

In Figure 5.4(b), the energetically most favorable adsorption geometry of H
adatom is indicated. H adatom is close to the top of S perturbed in a direc-
tion close to HL site, 1.4 away from the nearest sulphur atom, GM site. In this
geometric configuration the binding energy is calculated as E, = 0.78 eV. The
bonding between S and H atoms are resulted from the combination of H atom’s

s orbital together with S atoms p, and p, orbitals. According to Bader analysis,
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Figure 5.4: Counterplots of total charge density of H, O and OH adsorption
geometries. There are two sites where H adatom can be adsorbed with a positive
binding energy. (a) Adsorption geometry and counterplot of total charge density
on a plane passing through Mo atoms and H adatoms. Hydrogen adatom is
adsorbed on Mo-layer. (b) Similar to (a), but the adatom is adsorbed at GM
site. (c) Adsorption geometry and counter plot of total charge density of O
adatom on MoS, tri-vacancy. (d) Adsorption geometry and counter plot of total
charge density of OH molecule on MoS; tri-vacancy. Counterplots are drawn on
two different planes. One covering Mo-O bond and O-H bond. A plane shown in
every adsorption geometry indicates in which plane counterplots of total charge
density is plotted. Purple, yellow, red and white balls are Mo, S, O and H,
respectively.
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the charge of H adatom is slightly positive (+0.01 electrons), but the charge fluc-
tuation between neighboring S and Mo atoms result in the magnetic moment of
the system. The magnetic moment of 1u 5 arises from H and d,, and d.2 of neigh-
boring Mo atoms. When both adsorption geometries of H adatom compared, one
expects that the configuration given in Fig. 5.2(d) must not be the energetically

favorable since H adatom prefers to bind at S-layer.

In Figure 5.4(c) and (d), we investigate the binding mechanism of O and OH
to dangling bonds of two Mo atoms. When single O binds with neighboring
Mo atoms, the charge of O atom is calculated as -0.9 electrons. This charge is
transferred from Mo atoms and in this configuration they are positively charged
by +1.25 electrons. The strong bond (E, = 10.95 eV per two Mo-O bonds)
between O and Mo atoms dominate from the interaction between p,, p, orbitals
of O and d,,, d24,2 orbitals of Mo atoms. The magnetic moment of 2up still
exists and rise from dangling bonds of S atoms and d.2, d,. and d,. orbitals of Mo
atoms on the edges of triple vacancy region. In the case of OH binding as shown
in Fig. 5.4(d) Mo atoms supply less excess charge, however H atom supplies extra
charge to O. As a result O atom is more negatively charged than previous case.
Mo-O bonds consists of d,., d., d24,2 orbitals of Mo and p, p, orbitals of O.
O-H bond however dominated by p,, p, orbitals of O and s orbital of H atom.

When energetics of different H and O bonds are compared in the view of Fig.
5.2 and Fig. 5.3, one can state that single O binding to the dangling bonds of Mo
atoms are energetically more favorable. This is due to the fact that ionization
energy of Mo atoms are half of that of H. In other words, electron transfer from
H atom is energetically costly when compared with Mo atom. H atoms prefers
to be adsorbed on S layer. In the view of these, the energetically most favorable
configuration is Fig. 5.2(c) where there are two surface H atoms. In the case of
the second H,O adsorption, the second ionization energy of Mo is higher than
first ionization energy of H. For this reason, it is more favorable for O to transfer
part of its excess charge of H atoms. Most energetic configuration include OH
binding to the remaining dangling bond of Mo atoms, and a release of H atom
adsorbed to two-folded S atoms.
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5.5.2 Single H diffusion

Since 1H-MoS; consists of Mo hexagonal layer sandwiched between two hexag-
onal S layer and H adatom prefers to bind at both layers, we have three different
diffusion routes. In Figure 5.5 we shown the energetics and paths of diffusion for
each cases. If hydrogen atom is adsorbed on S layer, it can diffuse on the surface,
however if H adatom is bonded to Mo layer, it can either diffuse in between Mo
layer or diffuse to surface. In Figure 5.5(a) we show the energetics on adatom
adsorption on S-layer. The highly symmetric adsorption geometries include hol-
low (HL, in the middle of hexagon on S-layer), bridge (B, in the middle of top of
Mo-S bond), on top of S and Mo. In these calculations, the z and y coordinates
of adatom is kept fixed and its height z together with all atomic positions of
1H-MoS; are optimized. The paths we follow include HL to on top of S, on top
of S to on top of Mo, on top of Mo to hollow, hollow to bridge and bridge to
geometric minimum (GM configuration). On going from HL to S site, we pass
over GM site. Mo and HL sites are not energetically favorable and bridge site is
the most favorable geometry for a hydrogen atom to pass through neighboring
hexagons. There is a barrier along the path between HL and T=Mo of energy
AQ; = 0.31 eV. Hence, an open path, on which H atom can migrate for a long
distance has to overcome AQ); by not passing from nearest bridge cites. Note that
a slightly lower barrier of AQs = 0.25 eV supports only a closed path, which can
circulate only among adjacent hexagons. In the middle of Fig. 5.5(a), we indicate
the diffusion path of H atom initially at GM site to GM site in the neighboring

hexagon.

In Figure 5.5(b) we modeled the diffusion of H initially adsorbed at Mo-layer
to GM site on S-layer. In these calculations, height z of adatom is fixed whereas
x and y coordinates of adatom together with atoms of 1H-MoS, is relaxed. Upon
going from Mo-layer to S-layer, H adatom can be trapped in a local minima, where
H adatom sits in between neighboring Mo and S atoms and makes bonding with

them. The geometric structure is indicated in Fig. 5.5(b). In order for a hydrogen
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Figure 5.5: Energy variation of a single isolated hydrogen adatom, H, moving
along the special directions of 1H-MoSs honeycomb structure. (a) Each red dot
corresponds to the minimum total energy of H on 1H-MoS, surface at a fixed
x- and y-lateral position, but its height z together with all atomic positions of
1H-MoS, are optimized. B, T, HL and GM indicate bridge, top (of S and Mo),
hollow and geometric minimum sites, respectively. The migration path of a single
H is shown by dashed red lines on honeycomb. Relevant energy barriers are
indicated by AQ; (occurs between HL-T=Mo indicated by 'x’) and AQ> (occurs
at B sites). (b) Similar to (a), but the diffusion direction is from Mo layer to S
layer. Calculations are done in fixed z coordinate of H adatom whereas x- and
y- coordinates of H together with all atoms of 1H-MoS, are relaxed. (c) Similar
to (b), but the diffusion direction of H adatom is calculated on Mo layer of 1H-
MoSs. Purple, yellow and white balls indicate Mo, S and H atoms, respectively.
(d) Total (TDOS) density of states of phonon frequencies of single H adsorbed
on 1H-MoSs,. The density of states which is projected to the modes of H atom
(PDOS).
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adatom to diffuse from Mo layer to GM site at S layer, it has to pass over an
energy barrier of 0.67 eV. However for vice versa, the diffusion barrier is 0.85
eV. Hydrogen adsorption on GM site on S-layer is energetically more favorable
by 0.18 eV than that of in Mo-layer. In Figure 5.5(c) we modeled the diffusion
of H adatom in Mo-layer. The highly symmetric paths we follow include hollow
to S site, S site to bridge and bridge to hollow site in Mo layer. In order for a
hydrogen atom diffuse between two HL sites in Mo layer, it prefers to pass from S
site in Mo-layer with a barrier height of 1.46 V. Diffusion of H atoms in Mo-layer
is unlikely. To sum up all, H atoms prefer to diffuse on S-layer, however if they
are trapped in Mo-layer, they will move up or down to either S-layers in order to

diffuse. The energy barrier in diffusion at Mo-layer much higher than others.

We now focus ourself to the most likely process of diffusion on the outer
S-plane and estimate the characteristic jump frequency v from phonon cal-
culations. Using the density of phonon states, which are projected to the
modes of H atoms in Fig. 5.5 (d) we estimate v—~ 600 cm™!. Then, the
diffusion constant D = va’exp(—AQ/kpT) on the S-plane is obtained to be
1.2121077(4.552107%)cm? /sec, which indicates a high diffusion rate even at room

temperature (600 K).

5.5.3 Interaction of two hydrogen on 1H-MoS, surface

On 1H-MoS, surface, Hy, molecule can not bind. Even when one places hydrogen
molecule ~ 2 close to S-layer, upon geometry relaxation, molecule is repelled from
the surface. In the previous subsection we also show that the minimum diffusion
barrier of hydrogen atom occurs on S-layer and is 0.31 eV. In this subsection
we carried out calculations and tried to model what happens when two separate
hydrogen atoms diffuse and come closer to each other. In Figure 5.6 balls shown
with orange color indicate hydrogen atoms relaxed only in z- direction. Blue ball
is the second hydrogen atom, but together with all 1H-MoS, atoms, it is fully
relaxed. Up to a threshold distance, orange and blue hydrogen atoms do not
interact in the geometry optimization calculations in (4x4) supercell. Diffusion

barrier passing from bridge site and neighboring GM cites are calculated as 0.25
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Figure 5.6: (a) The interaction energy between two hydrogen adatoms on 1H-
MoSy; one is initially adsorbed at GM site (shown by blue ball) on the surface,
the other (shown by an orange ball) moves on the path of minimum energy
barrier. Within the adatom-adatom distance of 1.97 A H adatoms begin to
interact. At the end both adatoms on 1H-MoS, form Hy molecule and release
from the surface. Purple and yellow balls are Mo and S atoms, respectively. (b)
Relevant atomic structures corresponding to some intermediate steps of ab-initio
molecular dynamics calculations at T= 600 K. Initial distance between hydrogen
atoms is taken as dy_pg—3.2 A longer than the threshold distance.
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and 0.31 eV, respectively. When the distance between H atoms are smaller than
~ 2, they begin to interact with each other and if the distance further decrease,
both H form hydrogen molecule and are released from 1H-MoSs surface. In
this case, the system is energetically 2.90 eV favorable than two hydrogen atoms
adsorbed on 1H-MoS, having distance greater than the threshold value. To check
if the energy value we obtain is correct, we also calculate the cohesive energy of
H; as 4.46 eV. The binding of H to S-layer is 0.78 eV. In order to break H-H bond
in vacuum we have to supply 4.46 eV, but when both H adatoms adsorbed on 1H-
MoS, surface, they will release 1.56 €V. As a result the energy difference between
the initial and final states is 2.90 eV which is the same as what we calculated
with other method. In addition to these, we carried out molecular dynamics
simulations at T=600 K and T=1000 K with 1 fsec time step. In both cases even
initial H-H distance is ~ 3 which is greater than the threshold value, both H
atoms diffused on the 1TH-MoS, surface, made a hydrogen molecule and released
from the surface. Geometric structures of some middle steps are indicated in
Fig. 5.6(b). These indicates that two hydrogen atoms on the most favorable
HyO adsorbed geometry, i.e. Fig. 5.2(a), can diffuse on 1H-MoS, and form H,
molecule without any need for additional catalytic reaction. These reactions are

spontaneous and release ~ 1.50 eV of energy after each Hy formation.

5.5.4 Can Hydrogen Tunnel between neighboring hexagons
of 1TH-MoS,

Hydrogen atom can be treated as a quantum particle.[253| In this section we
analytically solved the Schrodinger equation for the potential barrier found in the
previous section. We took the mass of the particle as the mass of hydrogen atom.
Even in particle in a box problem, where walls of the box assumed have infinite
potential, the energy levels are inversely proportional with mass. Since mass of
hydrogen is ~ 10* larger than that of electron’s, one can expect many states in

small energy levels. In Figure 5.7(a), we assumed that hydrogen atom diffuses
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Figure 5.7: Analytical solution to periodic Schrodinger equation with a potential
term taken as the diffusion barrier indicated in Fig. 5.5(a) In (a) the particle
(proton) is assumed to be diffusing between the nearest bridge (B) sites and
making cyclic motion around S atom. On (b) and (c¢) the most probable diffusion
paths of H atom are considered and passing over the diffusion barrier occurring
in between HL and T—=Mo cites. The diffusion paths for each case are indicated
on honeycombs at lower right corners, respectively. The white regions indicate

the vanishing of |@|%.

only through consecutive bridge cites and makes cyclic motion. Diffusion path
considered is shown on lower right corner of Fig. 5.7(a). Tunneling of hydrogen
atom around 0.25 eV potential barrier is only probable if one supplies ~ 0.24 eV

to hydrogen atom. Otherwise the wave functions always vanish around the bridge

cite.

In Figure 5.7(b) and (c) the most probable diffusion paths of H atom are
considered and passing over the diffusion barrier of height 0.31 eV. A diffusing H
enters the hexagon of MoS, from the bridge cite. Following the energy minimum
path, it passes from GM cite. In order to diffuse in certain direction, it passes
the energy minima in between HL. and T=Mo sites, indicated as X’ in Fig. 5.7
(b) and (c). At this point it can follow two different ways, one is to diffuse to the
nearest bridge cite (the path shown lower right corner in Fig. 5.7 (b)) or to the
nearest GM cite (the path shown lower right corner in Fig. 5.7 (¢)). In the latter
case the movement of H atom is symmetric around "X’ cite. Since the energy
barrier A is narrow, the probability of tunneling increases. As in the case in
Fig. 5.7 (b) and (c), a H atom excited by 0.25 eV can diffuse from this barrier.
Since the potential barrier between GM and bridge cites is wide, the tunneling
probability decreases. In the case of diffusion, H atom having ~ 0.25 eV excess

energy can diffuse over the bridge cite (passes from AQ2) and tunnels over AQ,
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barrier.

In concluding this section we show that desorption of adsorbed H atoms from
1H-MoS; may follow different reaction paths: (i) Hydrogen atoms can desorb by
the breaking of the S-H bonds from two folded S atoms surrounding the vacancy
and eventually form Hs. In this photochemical process one needs photon energies
hv=2.90 eV-3.08 €V, which lie at the maximum intensity range of visible light
spectrum. (ii) While the S-H bonds surrounding the vacancy are broken (with a
binding energy of 3.18 as in the case of H binding geometry in Fig. 5.2(c)), H
atoms can be adsorbed to GM-site (i.e. geometric minimum site near the center
of hexagon as shown in Fig. 5.5) with relatively weaker binding energy of 0.78
eV. Subsequently, these adsorbed H atoms diffuse readily on the surface of 1H-
MoSs,. An attractive interaction sets in between two H atoms when they are
within a threshold distance. Eventually these two H atoms form Hs molecule by
releasing 2.90 eV energy to the system. Owing to the weak repulsive interaction
Hy molecules are forced to escape from the surface. Through concerted processes
this reaction path may require lower photon energy in the range hv=2.12-2.30 eV

which is also in the visible light range.

5.6 H->0O splitting on MoS; Nanoribbons and
Other Transition Metal Dichalcogenides

Up to now our results are obtained from two dimensional infinite MoS; sheet. In
reality, the reactions may take place on flakes and nanoribbons. The difference
between infinite sheet and finite size MoS, sheets and nanoribbons are the edges
which may inhibit or activate effects on the reaction. The active edges of MoS,
flakes were the subject of interest|240, 87, 96] since it is reported that active edges
play the crucial role in evolution reaction (HER).[27] The active edges are like
Mo edges of zigzag nanoribbons|5| and extra S atom is adsorbed to Mo to form

a bridge between consecutive edge atoms.

In order to model the effects of dimensionality in splitting of HyO into its
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constituents, we consider a zigzag nanoribbon consisting of 12 MoS, basis in the
unitcell. As reported earlier by Ataca et al.[5], we take into consideration of recon-
struction of S dominated edges by making calculations on supercell consisting of
4 unitcell in the direction of the nanoribbon. The structure of zigzag nanoribbon
is shown in Fig. 5.8. The calculations carried out in the middle of the nanoribbon
resulted that this part of the ribbon behaves similar to 1H-MoS,. It repels Hs
and H2O molecules as indicated in left side of Fig. 5.8. In the case of S, S,,
Mo vacancies, H,O molecule does not split into its constituents and is repelled
from the surface. MoS and MoS, vacancy defects result in the splitting of the
water molecule similar to the geometries indicated in Fig. 5.2. The reconstructed
edge consisting of S atoms does not play any role in HER and it is not an active
and observed edge structure for flakes. For this reason they are not taken into
consideration. Active edge structures a S atom forming bonds with two adjacent
Mo atoms at the edge repel HoO molecule as shown in Fig. 5.8. This is due to
the fact that HoO molecule can not make significant charge transfer from edge
S atoms. In order for H,O to make charge transfer with Mo atoms, we created
a single S vacancy on S saturated Mo edge of the nanoribbon. In this case wa-
ter molecule make a weak binding to the five-fold Mo atoms on the edge with a
binding energy of 0.54 eV. In the case of bare edge where all the edge atoms are
four folded Mo, the splitting of water does not take place. The dangling bonds
of S atoms near the vacancy region in 1H-MoS, which create attractive field for
H atom to help breaking strong OH bonds in water are absent in the edges of
nanoribbons. Instead of splitting, water molecule tends to bind to the dangling
bonds of Mo atoms from O edge. To sum up all, middle of the nanoribbon shows
similar chemical atmosphere as 1H-MoS,. The active edge structures in Mo dom-
inated zigzag nanoribbons repel the water molecule, but bare edges results in
the binding of water molecule from O edge to dangling bonds of four-folded Mo

atoms.
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Figure 5.8: Zigzag edge MoSs nanoribbon with 12 MoS, basis in the unitcell.
S edge reconstructions are allowed and the calculations are done in supercell
consisting of 4 unitcells in the direction of the nanoribbon. On the right hand
site, bare and active edge structures are indicated. H,O molecule is repelled from
the defectless, S, Sy and Mo vacant regions in the middle and active edges of
MoSs nanoribbon. MoS, MoS, vacancy defects result in splitting of water, bare
Mo edge results in the binding of HoO without splitting. Purple, yellow, red and
orange balls are Mo, S, O and H atoms, respectively.

Theoretical investigations of Ataca et al.[239] predicting 52 stable honeycomb-
like transtion metal dichalcogenides let us think of whether there are other struc-
tures suitable for splitting of water. When work by Ataca et al.[239] is carefully
examined, electronic, magnetic, elastic, structural and vibrational properties of
MoS, are very similar with MXy (where M:Cr, Mo, W (transition metal); and
X:S, Se, Te(chalcogen)). Having the same transition metal atom, but different
chalcogen atom (increasing atomic number) result in a less charge transfer be-
tween transition metal and chalcogen atom. Similarly same chalcogen atom with
different transition metal atom in the same group (increasing atomic number)
results in a higher charge transfer in the bonding. In view of our findings in
previous sections, if we can find a compound having first and second ionization
energies comparable or smaller than Mo, and charge transfer in the M-X bond
smaller than Mo-S bond (transition metal atom will supply excess electrons to O
of Hy0), it would be more favorable to split water in the vacancies. In Table 5.1
we include the first and second ionization energies, electronegativity and electron
affinity of H, O, Cr, Mo,W, S, Se. Among CrX,, MoX, and WX5, one can expect

that Cr and Mo based structures will show similar effects on water splitting and
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Table 5.1: First and second ionization energies, electronegativity and electron
affinity of H, O, Cr, Mo, W, S, Se and Te for the search of other possible candidate
structures of HyO splitting.

Atom | 1°* Tonization Energy 277 Ionization Energy Electronegativity Electron Affinity
kJ/mole kJ /mole (Pauling Scale) kJ/mole
H 1312 - 2.20 72.8
0] 1313.9 3388.3 3.44 141
S 999.6 2252 2.58 200
Se 941 2045 2.55 195
Te 869.3 1790 2.1 190.2
Cr 652.9 1590.6 1.66 64.3
Mo 684.3 1560 2.16 71.9
W 770 1700 2.36 78.6

are more favorable since ionization energies of W and charge transfer in W-X
bond are higher. Since three dimensional structure of CrX, based compounds
do not have hexagonal structure and two dimensional analogues are not synthe-
sized, one has to wait for the experimental justification of these structures. Mo
based few layer structures are recently synthesized.[74] It is worth studying water
splitting on the vacancies of MoSe; and MoTey;. We carried out calculations on
MoSe; structure. Even though results of geometry relaxations suggests that HoO
is trapped in the MoSes vacancy, splitting of HoO does not occurred. Molecular
dynamics calculations carried at 600 K presented that HoO split into constituents
as shown similar to Fig. 5.2 (¢). The binding energy of H atom to both three
folded and two folded Se atoms are smaller than those of S, which results in a
smaller photon energy (~ 0.5 eV) requirement for the dissociation of Hy molecule.

Our work on the splitting of HoO at the vacancy of MoSe, is in progress.

5.7 Discussions

Recently synthesized[21] and showing promising[30]| properties for future nan-
otechnologic devices, 1TH-MoSs can be assumed to be material of future and a

contender of graphene. In this chapter, we focus our attention on the vacancy



CHAPTER 5. SPLITTING OF H,O AT THE VACANCIES OF SINGLE LAYER MOS,110

defects on 1H-MoSs and their interaction with HoO molecule. S, So-divacancy
(each S vacancy is on each S-layer) repel water molecule due to negatively charged
regions on S-layers. The water molecule can bind on the surface if there is So-
divacancy formed from the absence of neighboring S atoms in the same S-layer.
We demonstrated that a free water molecule is attracted by a MoS, vacancy of
1H-MoSs and is trapped in the hole. Concomitantly, HO is split into constituent
atoms. While O remains to be bonded to the dangling bonds of Mo atoms around
vacancy, H atoms are preferably attached to two folded S-atoms surrounding the
vacancy. Another H,O can also be trapped in the vacancy region. However split-
ting of HoO to OH and H is observed due to less charge transfer from five-fold
Mo atoms to O of H,O. This is the case in HoO trapping and splitting in MoS

vacancy defects.

Subsequent, to the splitting, H atoms bound to two folded S atoms can be
transferred to GM-sites by photocatalytic reaction. Owing to a small energy
barrier these H atoms diffuse readily and form Hy; molecule spontaneously. That
the ionization energy of Mo is smaller than that of H, so that it donates electrons
to O to free H atoms is crucial for the spontaneous splitting of water molecule.
Tunneling of H atom is analytically analyzed. Since H is ~ 10* times heavier than
electron, tunneling of H atom is only possible for very narrow energy barriers.
Figure 5.9 summarizes all of the steps observed in splitting of Hs in the vacancy
defects of 1H-MoS»

While advances in nanotechnology can provides us 1H-MoSy with high va-
cancy concentration, the removal of O bound to Mo through charging or other
means can allow us to recyclable use of the same system. Because of exceptional
properties similar to one revealed in this thesis, single layer MoS; honeycomb
structure has been considered as the contender of graphene. As revealed from a
recent study, several transition metal dichalcogenides form similar stable single
layer honeycomb structures|239] and are potential candidates for similar catalytic

reactions. The kinetics in the process above can be monitored by applied potential
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Figure 5.9: Schematic representation of HoO splitting in the MoS; vacancy defects
of TH-MoS,. A H5O is trapped and split in the vacancy defect. H atoms prefer
to bind to two folded S atoms, where as O atom is strongly bind to four folded
Mo atoms. By photon absorbtion, H atoms either releases or diffuses on 1H-
MoS; surface. When H atoms are closer to each other than a threshold value,
they combined and dissociated from 1H-MoS, surface. A second HoO can also
be trapped in the vacancy region. This time single H atom is released from H,O
molecule due to less charge transfer from five fold Mo atoms. Dissociation of Hy
is similar to previous case. Purple, yellow, red and orange balls are Mo, S, O and

H atoms, respectively.
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difference. We believe that the catalytic reaction predicted in this work heralds
a sustainable and clean energy resource and will initiate several experimental

studies.



Chapter 6

High Capacity Hy Storage

6.1 Preliminary Information

Realization of fuel cells has been a turning point for a clean and efficient source of
energy. Once hydrogen is chosen for a potential fuel of the future devices, one has
to consider its reversible storage and discharging mechanisms. Hs molecule can
be stored in various methods. The easiest one is to store in pressured tanks. It
takes energy to pump Hs molecule to high pressure levels and in case of explosion,
H is flammable even though the product is water. The other methods include

storage in low binding media.

Developing safe and efficient hydrogen storage is essential for hydrogen
economy.[254] Recently, much effort has been devoted to engineer carbon based
nanostructures|12, 13, 14, 15| which can absorb Hy molecules with high storage
capacity, but can release them easily in the course of consumption in fuel cells.
Insufficient storage capacity, slow kinetics, poor reversibility and high dehydro-
genation temperatures have been the main difficulties towards acceptable media
for hydrogen storage. In this chapter we will present high capacity hydrogen

storage on Li and Ca adatom adsorbed on graphene.

113
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6.2 High-capacity hydrogen storage by metallized
graphene

Adsorption of a single (isolated) Li atom on the hollow site of graphene (i.e. H1-
site above the center of hexagon) is modelled by using (4x4) cell of graphene
with 1.70 A minimum Li-graphene distance and with a minimum Li-Li distance
of 9.77 A, resulting in a binding energy of E;=1.93 ¢V. Upon adsorption Li atom
donates part of the charge of its 2s state to the more electronegative carbon
atoms at its proximity. Despite the ambiguities in determining the atomic charge,
Loéwdin analysis estimates that Li becomes positively charged by donating ¢ ~0.35
electrons (but ¢ ~ 0.9 electrons according to Bader analysis|54]). The energy
barrier to the diffusion of a single Li atom on the graphene sheet through top
(on-top of carbon atoms) and bridge (above the carbon-carbon bond) sites are
calculated to be AQ=0.35 eV and 0.14 eV, respectively.

Lithium atoms can form a denser coverage on the graphene with a smaller
Li-Li distance of 4.92 A forming the (2x2) pattern. Owing to the repulsive
interaction between positively charged Li atoms, the binding energy of Li atom is
smaller than that of the (4x4) cell. For H1 adsorption site (see Fig. 6.1(a)), the
binding energy is calculated to be £, =0.86 eV. The binding energies are relatively
smaller at the bridge and top sites, and are 0.58 and 0.56 €V, respectively. The
binding energy of the second Li for the double sided adsorption with H1+H2
and H1-+H3 configurations described in Fig. 6.1 (a), are E,—0.82 and 0.84 eV,
respectively. The same binding energies for H14+-H2, and H1+H3 geometries on
the (4x4) cell are relatively larger due to reduced repulsive Li-Li interaction,
namely £7=1.40 eV and 1.67 eV, respectively. The coverage of Li on the (2x2)
cell is ©=12.5 % (i.e. one Li for every 8 carbon atoms) for H1 geometry and
©=25 % for either HI-+H2 or H1-+H3 geometries. Metallic charge accumulated
between Li and graphene weakens the interaction between Li atoms which are

adsorbed at different sites of graphene. Further increasing one-sided coverage of
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Figure 6.1: (a) Various adsorption sites H1, H2 and H3 on the (2x2) cell (top
panel) and energy band structure of bare graphene folded to the (2x2) cell (bottom
panel). (b) Charge accumulation, Ap™, calculated for one Li atom adsorbed to
a single side specified as H1 (top) and corresponding band structure. (c) Same
as (b) for one Li atom adsorbed to Hl-site, second Li adsorbed to H3-site of the
(2%2) cell of graphene. Zero of band energy is set to the Fermi energy, Fr. Taken
from Ataca et al.|7]
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Figure 6.2: Adsorption sites and energetics of Li adsorbed to the (2x2) cell of
graphene and absorption of Hy molecules by Li atoms. Ej, is the binding energy
of Li atom adsorbed to H1-site, which is a minimum energy site. For H1-+H2 or
H1-+H3 configuration corresponding to double sided adsorption, £, is the binding
energy of second Li atom and E, is the average binding energy. For H1, H1+H2
and H1-+H3 configurations, £; is the binding energy of the first Hs absorbed
by each Li atom; E, (n—2-4) is the binding energy of the last n'* Hy molecule
absorbed by each Li atom; E, is the average binding energy of n H, molecules
absorbed by a Li atom. Shaded panel indicates the most favorable Hy absorbtion
configuration. Taken from Ataca et al.|7]

Li to ©=25% with H1 geometry (or two-sided coverage to 50 % with H1+H2 or
H1+H3 geometries) appears to be impossible due to strong Coulomb repulsion
between adsorbed Li ions and results in a negative binding energy (£ ~ - 2.5
eV). On the other hand, the total binding energy of all Li atoms adsorbed on
a(2x2) cell with the H14+H2 (H1+H3) geometry corresponding to ©—25 % is 3.23
eV (3.12 eV) higher than that of Li atom adsorbed on the (4x4) cell with the
same geometry corresponding to ©=6.25 %. Hence, since the cluster formation
is hindered by the repulsive interaction between the adsorbed ions, a stable and

uniform Li coverage on both sides of graphene up to © = 25 % can be attained.
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The charge accumulation and band structure calculated for the H1 and H1+H3
adsorption geometries are presented in Fig. 6.1 (b) and (c), respectively. Isosur-
face plots of charge accumulation obtained by subtracting charge densities of Li
and bare graphene from that of Li which is adsorbed to graphene, Ap™, display
positive values. As a result of Li adsorption, the charge donated by Li is accumu-
lated between Li and graphene and is accommodated by 2p7*-bonds of carbons.
The empty 7*- bands become occupied and eventually get distorted. Occupa-
tion of distorted graphene-7* bands gives rise to the metallization of semimetallic
graphene sheets. By controlled Li coverage one can monitor the position of Fermi
energy in the linear region of bands crossing at the K-point of the Brillouin zone.
Metallization is also important for zigzag and armchair graphene nanoribbons,
since both are semiconductors with their energy gaps depending strongly on the
widths of these ribbons.|[135] Segments of these ribbons metallized by Li ad-
sorption may be interesting for their electronic and spintronic applications. For
example, a junction of two nanoribbons with and without Li adsorbed segments

can serve as a Schottky barrier.

Sodium, a heavier alkali metal, can be bound to graphene with E,=1.09 eV
at H1 site. However, the energy difference between top, bridge and H1 sites
are minute due to relatively larger radius of Na. Upon adsorption, graphene and
graphene nanoribbon are metallized. Nevertheless, Na is not suitable for hydrogen
storage because of its heavier mass and very weak binding to Hy molecules. Two
dimensional BN-honeycomb structure, being as a possible alternative to graphene,
has very weak binding to Li (~ 0.13 eV) and hence it is not suitable for hydrogen

storage.

The absorption of Hy molecules by Li + graphene in H1, H1+H2 and H1+H3
geometries. A summary of our results about the Hy absorption are presented in
Fig. 6.2. The binding energy of the first absorbed Hy, which prefers to be parallel
to graphene, is generally small. However, when two or more Hy molecules are
absorbed by the same Li atom, the binding geometry and mechanism change and
result in a relatively higher binding energy. All Ho molecules are tilted so that one
of two H atoms of each absorbed Hy molecules becomes relatively closer to the Li

atom. A weak ionic bond forms through a small amount change (~ 0.1 electrons)
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transferred from Li and graphene to nearest H atoms of absorbed Hy molecules.
At the end, H atoms receiving charge from Li becomes negatively charged and
the covalent Hy bond becomes polarized. Weak ionic bond, attractive Coulomb
interaction between positively charged Li and negatively charged H and weak van
der Waals interaction are responsible for the formation of mixed weak bonding
between Hy molecules and Li+graphene complex. Here the bonding interaction is
different from the Dewar-Kubas interaction [255] found in Ho-Ti+Cgg or carbon
nanotube complexes.[13| As the number of absorbed Hs, n, increases, the positive
charge on Li as well as the minimum distance between Hs and Li slightly increases.
No matter what the initial geometry of absorbed Hy molecules would be, they
are relaxed to the same final geometry presented in Fig. 6.2 for any given n. We
found no energy barrier for a Hy molecule approaching the absorbed Hs when
n < 4. Note that the dissociative absorption of Hy molecules do not occur in
the present system. The energy barrier for the dissociation of Hy near Li to form
Li-H bond is ~ 2 eV.[256] Moreover, dissociation of Hy to form two C-H bonds

at the graphene surface is energetically unfavorable by 0.7 eV.

Maximum number of absorbed Hs per Li atom is four, and the maximum
gravimetric density corresponding to H1-+H2 geometry at ©=25 % coverage is
9a—12.8 wt %. This is much higher than the limit (g4—6 wt %) set for the feasible
H, storage capacity. Note that only for n = 4, H1-+H2 absorption geometry has
slightly lower energy than H1-+H3 geometry. This is a remarkable result indi-
cating another application of graphene as a high capacity storage medium. Here
Li+4graphene complex is superior to Ti4Cgy or carbon nanotube complexes since
Li is lighter. Even though graphene by itself is stable[19, 257|, more stable form
is obtained by Li adsorption on graphene due to strong Coulomb repulsion be-
tween adsorbed Li atoms. Moreover, Li covered graphene is resistant to clustering
of adsorbed Li atoms. Earlier, Durgun et al.[15] has predicted that ethylen+Ti
complex can store Hy up to gq=14.4 wt % per molecule. Later, their results have
been confirmed experimentally.[258] We believe that hydrogen storage by the Li
covered graphene is interesting, since it may not require encapsuling and hence

may yield even higher effective g,.
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6.3 Hydrogen storage of calcium atoms adsorbed

on graphene

In order to develop an efficient medium of hydrogen storage, carbon based nanos-
tructures functionalized by transition metal atoms have been a subject of active
study|[256, 259, 238, 15, 7]. Recently, Yoon et al.[260] have demonstrated that
covering the surface of Cgy with 32 Ca atoms can store 8.4 wt % hydrogen. Their
result, which is crucial for safe and efficient hydrogen storage|254|, inspired us to
consider graphene as the substrate material for Ca atoms. Graphene is precursor
to Cgp and carbon nanotubes, but being a single atomic plane of graphite its
both sides may be suitable for the adsorption of Ca atoms. Graphene by itself

has been synthesized showing unusual electronic and magnetic properties|16].

We first consider the adsorption of a single Ca on the graphene as the substrate
material. This is modeled by one Ca atom adsorbed on the hollow site (namely
H1 site above the center of hexagon) for each (4x4) cell of graphene (namely one
Ca atom for every 32 carbon atoms). The Ca-Ca interaction is indeed negligible
owing to large distance of ~ 9.84 A between them. A chemical bonding occurs
between Ca and C atoms with a binding energy of 0.99 eV and Ca-+graphene
distance of 2.10 A. Similar to the bonding mechanism of Ca on Cgy, Ca atom
donates part of its charge from 4s-orbital to the 7*-bands of graphene. Due
to the formation of an electric field between Ca atom and the graphene layer,
part of this charge is then back-donated[260] to the unoccupied 3d-orbitals of
Ca through their hybridization with 7*-states. The resulting positive charge of
Ca atom is calculated to be ~ 0.96 electrons|54|. The diffusion of the single Ca
atom adsorbed on the graphene has to overcome relatively small energy barriers
of @ =118 meV and 126 meV to diffuse to the top site (i.e. on top of C atom)
and bridge site (on top of the C-C bond), respectively. Ca atom adsorbed on the
top or bridge sites becomes less positively charged (~ 0.89 and ~ 0.92 electrons,

respectively).

A denser Ca coverage, which is energetically more favorable, is attained, if

one Ca is adsorbed on each (2x2) cell of graphene with Ca-Ca distance of 4.92
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Figure 6.3: (a) Top-right panel: A (4x4) cell of graphene having four Ca atoms.
As Ca at the initial position 0 is moved in the direction of the arrow, its z-
coordinate is optimized. The remaining three Ca atoms are fully relaxed. Beyond
the position 2 of the first Ca, the Coulomb repulsion pushes the second Ca atom
in the same direction through positions 3° 4" and 5 to maintain a distance with
the first Ca. Top-left: The variation of energy as the first Ca is moves through
positions 1-5. (b) Bottom-right panel: Two Ca atoms adsorbed on each (4x4) cell
of graphene with their initial positions 0 and 0". As the first Ca moves from 0 to 1,
the second one moves from 0’ to 1" having the Ca-Ca distance of 3.74 A, whereby
the energy is lowered by ~0.176 meV. Two Ca atoms are prevented from being
closer to each other and as the first Ca moves from 1 to 2,3,4 and 5 positions, the
second one reverses his direction and moves through 2', 3, 4" and 5" in the same
direction as the first Ca atom. Bottom-left: The variation of the energy with the
positions of Ca atoms. Taken from Ataca et al.[8]

A. Ca atom adsorbed on the top and bridge sites has a binding energy of 0.86
and 0.89 eV, respectively. However, energetically most favorable adsorption site
is found to be the H1 site, which is 2.15 A above the graphene with a binding
energy of 1.14 eV. Here, the Ca-Ca coupling is subtracted from the calculated
binding energy. In this dense (2x2) coverage, a stronger electric field is induced
between Ca atoms and the graphene layer, which, in turn, leads to a larger back-
donation of charge from the graphene layer to 3d-orbitals of Ca atom. Hence
by increasing Ca coverage from (4x4) to (2x2), adsorbed Ca atoms become less
positively charged, but their binding energy increases. As demonstrated in Fig.
6.3, even if it is energetically more favorable, the clustering of adsorbed Ca atoms

is hindered by the Coulomb repulsion.
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We next consider the double sided adsorption of Ca. The binding energy
of second Ca atom for the double sided adsorption with H1+H2 and H1-+H3
configuration indicated in Fig. 6.4 (c), is 1.27 and 1.26 eV, respectively. Since
the repulsive Coulomb interaction between Ca atoms on the upper and lower part
of the plane is screened by the negative charge around graphene, the binding
energy of Ca atom in the double sided adsorption is larger than that in the single
sided adsorption. It is also found that 3d-orbitals of both Ca atoms have higher
occupancies as compared with Ca atom in the single sided adsorption. It is noted,
however, that the partial occupancy of 3d-orbitals of Ca atom does not cause any
magnetic properties in the system. Our results indicate that a stable and uniform
Ca coverage up to ©=12.5 % (0= 25 %) can be attained for single sided (double
sided with H1+H2 or H1+H3) adsorption forming a (2x2) pattern.

Finite-temperature ab initio molecular dynamics simulations have also been
carried out for Ca adsorbed on the (2x2) graphene unit cell for H1 geometry.
Simulations are performed by normalizing the velocities of the ions and increasing
the temperature of the system gradually from 0 K to 900 K in 300 time steps. The
duration of time steps are intentionally taken as 3 fs, which is relatively longer
for a MD calculation. If the system is unstable, the geometry of the structure
can be destroyed much easier in long time steps. While the bonding between
adsorbed Ca atom and the graphene layer is sustained, the adsorbed (2x2) Ca
layer begins to diffuse on the graphene layer as the temperature of the system
rises over ~ 300 K. However, no structural deformation is observed indicating
that the Ca+Graphene system is found to be stable up to 900 K within 300 time
steps.

Other alkaline-earth metals, such as beryllium and magnesium do not form
strong bonds with graphene. Since Be has ionization potential of 9.32 eV|[11]
which is much higher than that of Ca atom (6.11 eV), the charge of its 2s-orbital
cannot easily transferred to the graphene layer. A similar situation occurs also
with Mg having an ionization potential of 7.64 eV. Besides, the hybridization of
m*—orbitals of graphene with the d- orbital of Ca atom, which is absent in both
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Figure 6.4: (a) The (2x2) cell of graphene lattice and the energy band structure
of bare graphene folded to the (2x2) cell. (b) Single Ca atom is adsorbed on
the H1 adsorption site of the (2x2) cell of graphene, energy band structure and
corresponding total density of states (dotted blue-dark curve) and partial density
of states projected to Ca-3d orbitals (green-gray). Isosurfaces of the difference
charge density, Ap, with pink (light) and blue (dark) isosurfaces indicating charge
accumulation and charge depletion regions. Isosurface charge density is taken to
be 0.0038 electrons/A?. (c) Similar to (b) (excluding the partial and total density
of states), but Ca atoms are adsorbed on both sides of graphene at the H1 and
H2 sites. (H1+H3 configuration is also shown.) (d) Partial densities of states on
H-s (red-dark) and Ca-3d (green-gray) orbitals for 2, 3, and 4 Hy absorbed in
H1 configuration, and also isosurface of difference charge densities corresponding
to 4Hy+Ca+Graphene configuration. Zero of band energy is set to the Fermi
energy, Ep. Taken from Ataca et al.[§]

Be and Mg plays an essential role in strong binding of Ca to graphene. However,
Ti and Co form strong bonds (with binding energies 1.58 and 1.20 eV for the
(2x2) adsorption pattern, respectively)[261|. The binding energies of Fe, Cr and

Mo are rather weak.

The above arguments related with the binding of Ca to graphene are con-
firmed by examining the band structure and the charge difference isosurfaces
presented in Fig. 6.4. Both H1+H2 and H1+4+H3 adsorption configurations are
included in our calculations because there is a small energy difference (H1-+H2

structure is 26 meV more energetic.) between them. Hence, both adsorption



CHAPTER 6. HIGH CAPACITY Hy STORAGE 123

configurations should be observable at room temperature conditions. Charge dif-
ference isosurfaces are obtained by subtracting charge densities of Ca and bare
graphene from that of Ca-+graphene, namely Ap = pcarar — poa — pPar- 1t 18 seen
that there is a significant charge accumulation between the adsorbed Ca atom
and graphene, which forms the ligand field. Partial occupation of 3d-orbitals of
Ca can be most clearly demonstrated by the projected density of states in Fig.
6.4 (b). The empty 7*—bands become occupied through charge transfer from 4s-
orbitals of adsorbed Ca and eventually get distorted due to 3d — 7* hybridization
between 3d-orbitals of Ca and the states of 7*—bands as a result of the charge
back-donation process. Occupation of distorted graphene 7*—bands gives rise to
the metallization of semi-metallic graphene sheets for all adsorption sites. It is
also seen that charge density around graphene layer increased significantly as a
result of double sided adsorption of Ca. The increase of charge back-donation to
3d-orbitals becomes clear by the increased 3d-projected density of states below
the Fermi level. Changing the adsorption configuration from H1+H2 to H1+H3
does not make any essential changes in the electronic structure. One notes that
the position of Fermi energy and hence electron density can be monitored by
the controlled doping of Ca atoms. Metallization process is also important for
graphene nanoribbons, which form conductive interconnects and spintronic de-
vices in the same nanostructure[261, 135]. It might be an interesting study to
investigate the magnetic and electronic properties of Ca adsorption on graphene

nanoribbons due to its different bonding mechanism.

We next study the absorption of hydrogen molecules by Ca atoms. A sum-
mary of energetics and geometry related with the absorption of molecular Hy for
H1, H1+H2, and H1+H3 sites for the (2x2) and H1 site for the (4x4) coverage
are given in Fig. 6.5. The binding mechanism of Hy invokes not only the adsorbed
Ca atom, but also the graphene layer. In the case of single and double Hy absorp-
tion, the absorbed molecules are parallel to graphene and all hydrogen atoms are
equidistant from Ca atom. As a result, both hydrogen atom of each absorbed H,

have the same excess charge of ~ 0.08 electrons. Once the number of Hy absorbed
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Figure 6.5: Sites and energetics of Ca adsorbed on graphene with the (2x2)
coverage and absorption of Hy molecules by Ca atoms. d. is the average C-C
distance in the graphene layer. E is the binding energy of Ca atom adsorbed on
H1-site, which is a minimum energy site. For H1-+H2 or H1+H3 configurations
corresponding to double sided adsorption, £y, is the binding energy of the second
Ca atom and Ej, is the average binding energy. For H1, H1+H2 and H1-+H3
configurations, £, is the binding energy of the first Hy absorbed by each Ca
atom; E, (n=2-5) is the binding energy of the last n'* Hy molecule absorbed by
each Ca atom; E, is the average binding energy of n Hy molecules absorbed by
a Ca atom. Last row indicates the sites and energetics of one Ca atom adsorbed
on each (4x4) cell of graphene and absorption of Hy molecules by each Ca atom.
Only the (4x4) coverage can absorb 5 Hy molecules. The shaded panel indicates
energetically the most favorable Hy absorption configuration. Taken from Ataca
et al.|8]
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by each Ca atom exceeded two, absorbed Hy molecules tent to tilt towards Ca
atom because of increased positive charge of Ca atom and the symmetry of the
bonding configuration of Hy molecules. The charge of Ca, H atom closer to Ca, H
atom farther from Ca and graphene are calculated for 8Hy+2Ca+Graphene sys-
tem corresponding to H1+H2 configuration in Fig. 6.5 to be ~ +1.29, ~ —0.06,
~ —0.11 and ~ —1.23 electrons. One hydrogen atom of tilted Hy, which is closer
to Ca has more excess charge than the other one. It is important to note that
charges transferred to absorbed Hy are not only from Ca atom. Graphene atoms
at close proximity also supply charge through back-donation process. At the end,
ionic bonding through attractive Coulomb interaction between positively charged
Ca and negatively charged H and weak van der Waals interaction are responsible
for the formation of mixed bonding between Hy; molecules and Ca adsorbed on
graphene. The above discussion is substantiated by the partial density of states
in Fig. 6.5(d). The excess charge on H-s and Ca-3d orbitals and their contribu-
tion to the states below the Fermi level increase with increasing number of Hs
molecules. Broadening of the molecular level of Hy at ~ —9 eV indicates signif-
icant Ho-Hs interaction, that in turn increases the binding energy. In fact, the
binding energy of the first Hy molecule to Ca atom which prefers to be parallel
to the graphene layer is generally small. Whereas the average binding energy
for two Hy molecules which are again located parallel to the graphene layer, and
for three or more Hy molecules which are tilted around Ca atom are larger. We
note that the adsorption of Ca atoms and also Hy molecules slightly affect the
underlying graphene lattice and C-C distance. The average C-C distance of bare
graphene is increased from 1.41 A upon adsorption of Ca and absorption of H,
to d. values indicated in all (2x2) structures in Fig. 6.5. Since Ca-Ca interaction

is negligible in (4x4) structures, there is no variation in average C-C distance.

Maximum number of absorbed Hy per adsorbed Ca atom is four for the (2x2)
coverage yielding a Hy storage capacity of 8.4 wt % and five for the (4x4) coverage
of graphene. The reason why we include the (4x4) coverage even if the resulting
gravimetric density is very low (~ %2.3 wt), is to mimic the Ca-Hy interaction
in the absence of Hy-Hy interaction occurring in the (2x2) coverage. Fifth Hy

molecule can be bound to the top of Ca atom in the (4x4) coverage with a



CHAPTER 6. HIGH CAPACITY Hy STORAGE 126

significantly high binding energy. Other 4 Hy molecules remain in quadrilateral
positions around Ca. When we compare graphene with Cgy[260], we can conclude
that Cgo with a single Ca adsorbed on the surface yields similar results with
the (4x4) coverage on graphene. However, increasing Ca coverage adsorption
results in lower binding energies of absorbed Hy molecules in the present case.
Unfortunately, we cannot comment on the case of high Ca coverage of Cg, since
Yoon et al.[260] did not give details on the energetics of Hy molecules in denser
Ca adsorption. They have just emphasized that adsorption of 32 Ca results in
full coverage of Cgg surface and this structure can absorb up to 92 Hy molecules
with binding energy of ~ 0.4 eV. Under these circumstances, single Ca atom can
hold only 3 Hy molecules. In graphene structures, while the charge on (ie. charge
depletion or positive charge) Ca increases with increased number of the absorbed
Hy molecules, the electric field around Ca increases. This, in turn, results in a
decrement in the distance between adsorbed Ca and polarized H, molecules. The

charge on graphene decreases, as well.



Chapter 7

Conclusions

My thesis work is dedicated to the design of nanomaterials for hydrogen econ-
omy using first-principles calculations. Some of these materials are found to be
suitable for obtaining Hy by splitting the water molecule, others convenient for
high capacity hydrogen storage. We predicted MoSs triple vacancies in the single
layer MoSy honeycomb structure can split HoO. Graphene functionalized by Li
and Ca atoms can store hydrogen molecule with a storage capacity larger than

the limit set by US Department of Energy.

Recently synthesized single layer 1H-Mo0S»[21] is now considered as the mate-
rial of future[30] and the contender of graphene. We first studied the electronic,
magnetic, mechanical and vibrational properties of single layer MoS, taking into
account the dimensionality effects. Having predicted several properties and re-
vealed their relations with the structural parameters of 1H-MoS,, we addressed
the question whether single layers of other transition metal dichalcogenides can
exist in free standing form. We carried out extensive stability analysis of several
MX, compounds and found out a large number of them can be stable in 1H-MX,

structure.

In case of vacancy defects of 1H-MoS,, we focused on their interaction with
H50O molecule. S, Ss-divacancy repel water molecule due to negatively charged

regions on S-layers. We demonstrated that a free HoO is attracted by a MoS,

127
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vacancy and is trapped in the hole. Concomitantly, HoO is split into constituent
atoms. H atoms of HyO are preferably attached to two folded S-atoms surround-
ing the vacancy, while O remains to be bonded to the dangling bonds of Mo atoms
around vacancy. This process by itself is exothermic and spontaneous. Two cru-
cial ingredients underlying this catalytic reaction are: (i) The electronegativity of
Mo is slightly smaller than that of H. (ii) The ionization energy of Mo is almost
half of H. Another H,O can also be trapped in the vacancy region. However split-
ting of HoO to OH and H is observed due to less charge transfer from five-fold Mo
atoms to O of HyO. Desorption of adsorbed H atoms from 1H-MoSs may follow
different reaction paths: (i) Hydrogen atoms can desorb by the breaking of the
S-H bonds from two folded S atoms surrounding the vacancy and eventually form
H,. In this photochemical process one needs photon energies hv=2.90-3.08 eV,
which lie at the maximum intensity range of visible light spectrum. (ii) While
the S-H bonds surrounding the vacancy are broken, H atoms can be adsorbed on
1H-MoS, with relatively weaker binding energies. Subsequently, owing to a small
energy barrier these H atoms diffuse readily and form Hy molecule spontaneously
when they are within a threshold distance. Through concerted processes this

reaction path may require lower photon energy in the range of hv—2.12-2.30 €eV.

While advances in nanotechnology can provides us 1H-MoSs with high va-
cancy concentration, the removal of O bound to Mo through charging or other
means can allow us to recyclable use of the same system. Because of exceptional
properties similar to one revealed, single layer MoS; honeycomb structure has
been considered as the contender of graphene. We believe that the catalytic re-
action predicted in this thesis heralds a sustainable and clean energy resource
and will initiate several experimental studies. As revealed in this thesis, sev-
eral transition metal dichalcogenides form similar stable single layer honeycomb
structures and are potential candidates for similar catalytic reactions. Not only
for HoO splitting, each stable structure requires detailed investigation both ex-
perimentally and theoretically. Hopefully this thesis will be a seminal study in

the research on single layer transition metal dichalcogenides.

The advantage of graphene over transition metal dichalcogenides emerges in

the case of high capacity hydrogen storage. The mass of graphene per unit area
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is much smaller than those of transition metal dichalcogenides. For this fact,
graphene can be used as a high capacity hydrogen storage medium upon adsorp-
tion of adatoms which can physisorb Hy molecules. For sustainable energy of
the future, not only production but also storage of Hy will take place in nanos-
tructures. In this thesis we showed that upon Li and Ca adatom adsorption,
graphene surface can be functionalized to physisorb Hy molecules with 12.8 and
8.4 % weight percentage. These results are much higher than what Department of
Energy (DOE) in US targeted for hydrogen capacity research (6 % wt.). Synthesis

of free standing graphene and MoS, were achieved recently.

Finally, we hope that our predictions in this thesis regarding to two dimen-
sional nanostructures and their functionalization will be realized by experimen-
talist in the near future and will contribute to the efforts discovering sustainable

and clean energy resources
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