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Abstract

Carbon-based nanostructured materials (CNMs) exhibit fundamental interest and are promis-
ing candidates for numerous applications in hydrogen production, storage, and use in clean en-
ergy applications. Extensive research on carbon nanotubes, fullerenes and graphene has dramat-
ically improved our knowledge about these materials. However, a wealth of other CNMs provide
opportunities for technological advances while also presenting scientific challenges. There is
strong evidence that complex nanostructures, nanoporous and disordered carbon phases, with
or without other chemical substitutions, adsorb hydrogen more efficiently. Difficulties in con-
trolling synthesis conditions, in characterization, and the complexity of these materials make
their detailed theoretical study imperative.

Among these CNMs, the mixed phase of amorphous carbon (a-C) and diamond nanocrystals
(n-D) has been less studied and characterized, with many of its properties remaining unexplored.
We perform atomistic simulations with empirical potentials in order to create several a-C-n-D
samples with different n-D sizes and a-C densities, and samples of ultra-nanocrystalline diamond
(UNCD) with various grain sizes. We analyze the structure, stability, and mechanical properties
of these nanocomposite materials and our results compare well with experiment and previous
simulations. Furthermore, we study their dynamical properties to find that some pronounced
features of their vibrational spectra may be observed in experiments. Finally, the effects of hy-
drogen in the structural and mechanical properties of these materials are investigated.

We also investigate CNMs for the adsorption and desorption of hydrogen. Recent studies
have shown that transition metal dichalcogenides (TMDs) MXs (M = Mo, W; X =S, Se, Te) are
rising candidates in the replacement of Pt as catalysts in the water splitting process. We focus on
the hydrogen evolution reaction (HER) part of this process and on how Hydrogen (H) interacts
with the TMDs. Specifically, we perform Density Functional Theory (DFT) calculations for MoSs as
free standing nanostructures or positioned on a graphene substrate. These MoS; nanostructures
as well as MoSs/Graphene hybrid systems are investigated for their stability. Our calculations of
the adsorption of H on the MoS,/Graphene hybrid systems indicate that the effect of graphene
in the adsorption process of H on MoSy nanostructures is quite significant.

Strain in the hybrid MoSs/Graphene systems, inherent due to lattice mismatch, plays an
important role in their properties. This leads into a theoretical investigation of the structural,
electronic and dielectric properties of single-layer TMDs under various types of strain. We find
that electronic band gaps decrease while dielectric constants increase for heavier chalcogens.
The direct gaps of equilibrium structures often become indirect under certain types of strain. The
effects of strain and of broken symmetry on the band structure are discussed. The DFT results
concerning the effect of strain in the dielectric properties are theoretically explained using only
structural parameters and equilibrium dielectric constants.
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Ab StraCt (EAANVIKG)

Ta vavodounuéva LALKA pe Bdon tov dvBpaka (Carbon-based Nanostructured Ma-
terials - CNMs) napovoldlouvv BepeAlwdec evblapépov Katl lval kaAol vmoyriplol yla
TIOAVAPLOUEG EQUPUOYEC OTNY MapaAywyr, anobrikevon Kat xprion tov vdpoydvou o€
EQAPUOYEC KaBaPAG evépyelag. EKTETAUEVEC €PEVVEC OTOUC VAVOOWARVEG dvBpaka,
OTO QOLAEPEVLA KL OTO YPAPEVLO £XOLY BEATIWOEL SPAUATIKE TIC YVWOELG HOC OXETIKA
ME Ta LAKA autd. Qotéoo, pa mAnBwpa amno dAAa CNMs mpoo@Epouv sukalpieg ya
TeXVoAoyLKH TMPB060o evw TavTdYPOovA MAPOLALALOLY EMIOTNUOVIKEC TIPOKANOELC. YTd-
PXOLY ONUAVTIKEG €VBE(EELC OTL MOAOTIAOKEC VOVOOOPEC, VAVOTIOPWOELS Kal ATAKTEG
HOPQPEC AvBpaKka, HE A XWPIG GAAEC XNUIKEG LTTOKATOOTACELG, TTPOTPOPOUY LEPoYdVO
TILO AMOTEAEOUATIKA. AVOKOALEG OTOV EAEYYXO TWY CLVONKWY CVVBECNG, OTOV XAPAKTNPL-
OMd, KABWG Kal N MOAUTIAOKATNTA AL TWY TWVY VALKWY, KaBLoTtolv avaykai{o TNV AEMTOWE-
pri OewpnTIKA HEAETN TOUG.

MeTag&b avTwyv Twv CNMs, n pektr @don and duopeo dvbpaka (a-C) HE VAVOKPL-
OTAAAOLG BLapavTLoL (N-D) elvat Atydtepn HEAETNHEVN KOL XOPOAKTNPELOKEVN, LUE TIOAAEC
and TIC WBLOTNTEC TNG va MAPAUEVOLY ABLEPebVNTEC. MPAYUATOMOLO0UE ATOULOTLKEC
TIPOCOUOLWOELG HE EUMELPLKA BUVAULKE TIPOKELUEVOL va BNULOLPYHOOLUE APKETA delyua-
T a-C - n-D pe dlagopeTikd peyéOn n-D Kol dlagpopeTikég mMukvdTNTEG a-C, KABWC
eniong kot delypata vMEP-VAVOKPLOTAAALKOD Slauavtiod (UNCD) ue idgopa Heyédn
KOKKWY. AvaADOuUE TN doun, TN oTaBepdTNTA KAl TG HNXAVIKEG LOOTNTEG TWV VAVO-
O0OVOETWY ALTWY LALKWY KAl TA AMOTEAETUATAE HaG ouyKpivovTal KOA& pe To mel{paua
KOl TIPONYOUEVEG TTPOCOUOLWOELC. ETmAéov, peAeTAUE TIC SuvakEG TOuG BLETNTEG
KOl DLATILOTWVYOUE OTL KATIOLX £VTOVA XAPAKTNPLOTIKA TWY S0VNTIKWY TOLE QATUATWY
MTIopoUVY va mapatnenBolv os nelpduata. TEAOC, dlepevvdTal n enidpaaon tov vVdBpoyo6-
VOU OTLC OOMLKEG KOl INYXOVLIKEC BLOTNTEG TWVY LALKWY QUTWV.

Altepevvolpe eniong CNMs yla npoopdenaon kat ekpdenaon vdpoydvou. MpdopaTeg
MEAETEG €xouv Oe(€el OTL Ta HLyaAKoyev(BLa HeETABATIKWY PETAAAWY (Transition Metal
Dichalcogenides - TMDs) MX, (M = Mo, W; X = S, Se, Te) elvat avepydevoL bTIOYAPLOL
yla TNV avTikatdotoon tou Pt w¢ KataAlTeg otn dadikaoia didonaong Tov vepPoO.
Eotidlouvpue oto pépoc auTtAC TNG dladlkaoiag mov agopd otnv avtidpaon €kAvong
v6poydvou (Hydrogen Evolution Reaction - HER) kal oTo nw¢ to udpoydvo (H) aAAnAEmL-
0pd pe ta TMDs. ZuyKeKPLPEVA, EKTEAOVUE LTTOAOYLOUMOUG Bewplag ocuvapTnoLAKOL
nukvétntac (Density Functional Theory - DFT) yia eAe00epeg vavodouéc MoS, i Tomobe-
TNUEVEC OE LOCTPWHA Ypaeeviov. AUTEC oL vavodouéc MoS, kKabwg Kot ta LRPLELKA
ovotiuaTa MoS,/ypageviov SlepevvwvTal yia Tn otabepdtntd Toug. OL uoAoyLapol
MOC OXETIKA pe TN mpoopdenon tou H ota vBpLBIKE cuoTAuaTta MoS,/ypagpeviov Hei-
Xvouv 6TL N enidpaacn Tov ypageviov otn dladikaoia tng npoopdéenonc H e vavodouég
MoS, elval apkeETA ONUAVTLKA.

H pnxaviki napoudpgwon (tdon) twv uBpldlkwwy cuoTnUdTwy MoS,/ypageviov, n
omnola elval eyyevAc AOyw TNG MAeyHaTIKAG avavtioTolylag, mailel onuavtiké péAo
OTIC WBLTNTEG TOLG. AuTd 0dnyel og BewpNnTIKA dlepebivnon TWY BOULKWY, NAEKTPOVL-
KWV Kal BINAEKTPLKWY LBLOTATWY TWY HOVOSTPWHATIKWY TMDs vmné dtdpopa £{(6n napa-
HOpewaonG. Bpilokovue OTL Ta NAEKTPOVIKA €VEPYELOKA XAOUATO HELWVOVTOL EVW N
dnAekTplkA oTOoBOepd avEAveTal yia peyaADTeEpa XaAKOoyevr. Ta Aueca XGOUATA TWY

Xi



douwv Looppomiag ouxvd PeTATPEMOVTAL OE EUPETA LTIO TNV eMibpacn KATOLWY ELOWVY
nopapdpewaong. AvaAbovtat enlong ot eEMOPACELC TNG MAPAUOPPWONG KAL N ATIWAELX
OLUMETPlOC OTNY Sour TWY evePYELAKWY CWVWVY. Ta anoteAéouata TN DFT oXeTIKA PE
TNV enidpaon TG MapaudPEwaonc oTIC SINAEKTPLKEC WBLOTNTEC €ENyolvVTaL BeWpPNTIKA
XPNOLOTIOLVTAG HOVO BOULKEG TTAPAETPOLG KAL Th BINAEKTPLKA oTaBepd Looppotiag.
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Chapter

Introduction

Excessive use of fossil fuels has resulted in their near depletion as well as the
increase of international interest in new technologies of renewable energy sources.
Apart from the political and economic problems this issue has caused , the long lasting
environmental effects (air pollution and the consequential climate changes) are more
important. In the last decades, the interest has been directed towards alternative en-
ergy sources. Despite the fact that there are several options (solar and wind power,
hydro-power, geothermal energy, biomass, nuclear power), there are also many prob-
lems that first have to be dealt with, from the lack in efficiency to even possible dan-
gers. A potential solution to some of these issues is given with hydrogen. Though it's
difficult to find it isolated mainly because of its lightness, its abundancy is ensured due
to its existence in water, hydrocarbons biomass, etc.

At the moment, the vast amount of hydrogen used as a fuel is produced from hy-
drocarbons. Steam methane reforming (CH;+H,O — 3H,+CO) is a well developed
technology. Although other options, such as:

* Renewable Electrolysis, where water is separated into hydrogen and oxygen gas,

* Glasification, where biomass ( CH, 0, + (1 — y)H,0—CO-(1 + 0.5z — y)Hs) or coal
( C+H,0—CO+H,) under heat and pressure produce H,,

* Biological, where microbes extract Hy from green algae, cyanobacteria or even
biomass,

* Nuclear High-Temperature Electrolysis, which enhances the efficiency of water elec-
trolysis, since the increase in the temperature of water requires less electricity,
thus energy and
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* High-Temperature Thermochemical Water-Splitting, which exploits the same princi-
ple by using solar concentrators for the temperature increase

are available, they are not yet in the level of mass use, mainly due to large cost and ef-
ficiency issues. Also, some of them cannot be considered **clean' since the byproducts
of the H, production can be CO and CO,.

The final goal is a production method that can be used on-site and help in avoiding
any distribution problems from the current distribution methods, like pipeline net-
works, high pressure cylinders and cryogenic tanks.

Compressed gas, cryogenic liquid and solid materials comprise the three main ap-
proaches in hydrogen storage. Hydrogen storage in solid materials can be achieved
through two options, chemisorption and physisorption. When chemisorption occurs,
molecular hydrogen is split in hydrogen atoms and interacts with the surface of the ab-
sorbate. Materials proposed, using chemisorption, for hydrogen storage are Metal Hy-
drides and Intermetallic materials. Temprerature issues, slow kinetics and low capac-
ity are some of the drawbacks of these materials. Whereas with physisorption molec-
ular hydrogen is adsorbed beyond the surface (e.g. filling of micropores) and it offers
fast kinetics and complete reversibility. Physisorption occurs in cryogenic isolated or
high pressure tanks and porous materials (Metal Organic Frameworks (MOFs), micro-
porous polymers, zeolites and carbon nanostructures). In these materials efficiency is
the major issue.

All these materials need to be engineered to accommodate the standards that are
set in order for hydrogen to be able to be considered a clean and usable energy source.
These guidelines include gravimetric and volumetric standards, fast loading/unloading
time, cyclability and of course safety. Despite this fact, carbon nanostructures, still at-
tract scientific interest mainly for practical reasons, particularly their light weight.
The need for materials that adsorb hydrogen in high quantities and desorb it with low
cost in energy is still high and carbon nanostructures are investigated in that context.

The initial experimental reports [1] turned interest towards nanotubes, although
the results were overestimated. Pure carbon nanotubes are not efficient in storage
capability. Recent experiments show that other carbon nanostructured materials yield
the same or even better results as solid structures for hydrogen storage.

The end of the line for hydrogen is its use in fuel cells (FCs). FCs combine oxy-
gen and hydrogen and produce energy with water as a byproduct making hydrogen
a completely environment-friendly fuel (by current standards). Molecular hydrogen
goes through the negatively charged anode and splits into electrons and positively
charged hydrogen atoms (protons). The flow of electrons from the anode to the cath-
ode produces electricity. The positively charged protons go through an electrolyte



to the cathode and then recombine with oxygen (assisted by the electrons that have
reached the cathode) and give water. Usually FCs are categorized by the type of elec-
trolyte used. The FCs that replace internal combustion engines are usually Polymer
Electrolyte Membrane (PEM) FCs. On each side of the electrolyte, in between of the
electrodes, there is a catalyst which is usually a precious metal (Pt). This leads to an
unwelcomed increase in the cost of a FC. For this reason, alternative materials to re-
place these catalyst are under investigation.

The objective of this work is the scientific assistance in some of the challenges men-
tioned before. The storage of compressed or liquid hydrogen demands a lot of energy
and thus results in low efficiency. That is why we are going to focus on the character-
ization of carbon nanostructures having in mind the possible storage of hydrogen in
carbon nanoporous materials. Disordered carbon nanostructures allow hydrogen to
interact with the structure at room temperature and relatively low pressure which is
why they are considered one of the best approaches. Additionally, they adsorb hydro-
gen more efficiently when they contain a small number of pores. High storage capa-
bility has been reported also in mechanically treated nanocystalline graphite, carbon
nanofibers [2], [3] ,[4], [5], or even, as some studies suggest more exotic forms, like
nanocones. Imperfections and pores in a structure create areas of more effective hy-
drogen adsorption in the structures, even though the involved mechanisms are not yet
clear. Particularly the addition of metal alloys seems to improve the adsorption ability
and gives new perspective to the use of composite metal-organic materials[c].

Carbon nanostructures have also been proposed as catalysts for the adsorption
and desorption of hydrogen in metal hydrides, giving new potentials to these mate-
rials for hydrogen storage[7]. However, experiments often give difficult to verify or
even contradicting results since the fabrication and the characterization of amorphous
and nanostructured carbon is not easy. The uniqueness of Carbon lies in its ability to
exist in various forms. Also, different forms, either natural or composite (diamond,
graphite, amorphous carbon, fullerenes, nanocrystalline diamond, graphene, etc.) dis-
play individual properties (density, hardness, conductivity, etc.). In the first part of
this thesis a non invasive characterization method is introduced. The presence of hy-
drogen alters the structural, mechanical, electronic and optical properties. Although,
this creates bigger challenges in the understanding of the mechanisms behind these
changes, it also presents new technological advancements.

Another objective is the replacement of the FC's catalyst with a less expensive ma-
terial. Transition Metal Dichalcogenides (TMDs) have already been proposed as pos-
sible alternatives as catalysts for the Hydrogen Evolution Reaction (HER). Here we in-
vestigate the effect of a graphene substrate on the TMDs, the effect they have in their
stability and efficiency as catalysts.
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The structure of the thesis is indicated below.

In the second chapter of this thesis, a brief summary of the different methodologies
used is presented.

The third chapter covers the evaluation of the simulation method used, (by com-
paring our results with previous works), the introduction of the characterization method
of carbon nanostructures and finally the introduction of Hydrogen in nanostructured
Carbon.

In the fourth chapter the stability of the hybrid TMDs/Graphene system is esti-
mated. For this we use various MoS, structures, from the 2D infinite sheet to the 1D
nanoribbon and the 0D nanoflakes. After the stability of each structure is examined,
Hydrogen is added in various edge sites. The stability and activity of each of these sites
is also investigated.

Since the TMD structure in the hybrid system is submitted to strain as a result of
the lattice mismatch, which seems to affect its properties, the fifth chapter is dedicated
to the investigation of the TMDs under strain. The changes in the structural, electronic
and dielectric properties of the structure under strain are examined.

In the final, sixth chapter, the general conclusions and the future aspirations of
this work are presented.



Chapter

Methodology

“If we were to name the most powerful assumption of all, which leads
one on and on in an attempt to understand life, it is that all things are
made of atoms, and that everything that living things do, can be
understood in terms of the jigglings and wigglings of atoms"

Richard Feynman

Since the focus of this work is neither the implementation nor the manipulation of
any computational method, a concise description of the main aspects of each method
used will be attempted, with more details in each part of this thesis.

There are three basic categories of atomic-scale materials computer simulations.
The first category are the Empirical/Classical Simulations which use parameters such
as the bond length/angle between atoms, etc. derived either from other more accurate
simulations (first principles) or from experimental data. These have the advantage of
low computational cost, making them useful in large systems but a big disadvantage is
that they cannot describe quantum phenomena. They use potentials like Lenard-Jones
(pair potential), Morse, Tersoff (many body potential).

The next category are the semi-empirical potentials which include some quantum
mechanical properties making them more accurate but with a higher cost in compu-
tational power. Such is the Tight-binding method.

The final category are the simulations from first principles (ab-initio) which are al-
most completely based on theoretical assumptions. This makes the method extremely
expensive in computational power and thus used only for small systems. This is im-
plemented through Density Functional Theory

Depending on the demands and the complexity of the system the right approach

5



Chapter 2. Methodology

is used.

2.1 Molecular Dynamics (MD)

In a molecular dynamics simulation the evolution of a system of atoms in time is
observed through the equations of motion. Newton's law F; = m; - a; is followed for
each atom ¢, with m; and a; = Cf;t’;i its mass and acceleration due to the interaction
with the other atoms of the system. The basic numerical implementation of an MD

simulation is shown in fig. 2.1

Move Particles
by time-
step At

Calculate
force on
each Particle

Set Particle Assign Particle
Positions Velocities

Save current Reach max. -
" Stop Sim- Analyze data
position and number of ; i
" . ulation - print results
velocities timesteps

Fig. 2.1: Molecular Dynamics numerical implementation

For a system with N atoms in a unit cell of volume V the total energy is £ = K + U
with K the kinetic and U the potential energy, as given from the equivalent formulas
in eq.2.1.

N
1

where r;, m; and u; are the position, the mass and the velocity of the atom i.

The forces F; are connected with the kinetic and potential energy through eq.2.2

du; ou
F=m; —, F,=— 2.2

these equations create a coupled system of differential equations too complicated to
solve. A simple solution is presented when time is discretized ( n steps of At timestep).
ri(to) = ri(to + At) —, ..., — ri(to + n - At) with the use of a Taylor expansion (Verlet
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central difference method) !

T’i(to + At) = Ti<t0) + Uz(to) . At -+ % . CLi<t0) . AtQ + ...

2.3

the new positions of the atoms can be determined if we know the present (¢,) positions,
the positions of the previous timestep (f; — At) and the accelerations a;.

To obtain the accelerations we need according to the left formula of eq.2.2 the
force F;, for which we need to define, according to the right formula, a potential or
as mentioned otherwise a force field. The definition of this potential presents various
challenges in the implementation of the method.

At this point it is important to mention the significance of the chosen timestep
(At), which remains constant during the simulation. For a good description of the
atomic bond vibrations the timestep needs to be small enough for the vibrations to be
modeled correctly. One way to estimate the timestep is by considering the oscillation

frequency of a harmonic oscillator:
k
W=/ (2.4)
m

2 .
At < 2T (2.5)
w

so,

Even then, vibrational properties of particularly light atoms may be extremely
high and demand an even smaller timestep leading to higher computational cost. This
leads to the Timescale Dilemma, which states that "Even though the number of atoms
in a simulation can be easily increased by adding more processors (e.g. using parallel
computing), time cannot be parallelized" [¢].

In an MD simulation, since the system evolves in time, the time unit is an important
parameter. In each simulation, the time unit depends on the units used for the energy,
mass and distance. For example, if we use eV, amu, and A as the energy, mass and
distance units the time unit is calculated as:

2 .m.u.)-L2(A
Ek:zn = %mu2 = %% — 1= ma.mu)-L?(A) ?gk)m (4)
— tunit = ) ZEA 5 10 = 35.28fsec (2.6)

In our simulation the timestep= 0.02 - ¢,,,;; = 0.707 f sec.

!Apart from the Verlet algorithm, the Leap-frog and the Beeman's algorithms are also used for up-
dating the positions of the atoms
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For the translation of the microscopic quantities (positions, velocities) to macro-
scopic observable properties of a material, such as energy, heat capacity, pressure, etc.
the statistical mechanics character of the MD is required. All quantities are obtained
as averages under a statistical ensemble. By integrating the Verlet equations (2.3) the
total energy, F, of the system is preserved. Since the number of atoms, N, and the unit
cell volume, V, are kept constant, the micro-canonical ensemble (NV FE) is realized.

The canonical ensemble (NVT) is reached by changing the equations of motion

since,
2 K

T3 N kg

(2.7)

Another challenge in the implementation of the MD algorithm is the choice of the
interatomic potential. For this several approaches exist. The choice of the potential
for the good description of the system depends on the system itself. In this work, we
used two different interatomic potentials who are both Morse type (e~*") potentials
(with many-atoms interactions); the Tersoff potential and the Brenner potential. Both
are empirical potentials, meaning that their mathematical form is chosen in such a way
as to describe the system correctly and several parameters are adjusted in each case to
improve representation of the system. There is a constant improvement of these two
potentials, for their implementation in various other systems, such as graphene. The
Tersoff potential is implemented through the Ames Laboratory MD code[¢] and the
Brenner potential through the open source software LAMMPS[10]. A brief description
of both will follow.

2.1.1 Tersoff Potential

The Tersoff potential [11] is a pair potential that includes effects of the *“environ-
ment''. Parameters exist for C, Si, Ge.

The basic idea is that the strength of a bond between two atoms depends not only
on the in-between distance but also on the local environment.

The energy of the system is given by eq. 2.8
1

with the potential V defined as
Vij = fo(rij) - [fr(ri) + bij - fa(ry)] (2.9)

where fr(ri;) = A-e274) and fa(r;;) = B-e(7*274) are the repulsive and attractive
part respectively.
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The coefficient of the attractive part is the one that represents the effect of the
local environment (where the many-body potential character comes from).

by = (1+ 8" )~ (2.10)
Gij = Z fe(riz) - 9(Oiji) - X (ris=rin) (2.11)
k£i,j
02 02
9(0ix) =1+ (2.12)

@2 &+ (h— cosbyp,)?
The summation on the ¢;; formula is done for the k£ neighbours of atom i. Also the
cut-off piecewise function is defined as
r<R-D
[1—sin[Z-22]] R—-D<r<R+D (2.13)
r>R+D

fe(rij) =

O NI =

The cut-off radius of the system is R+D, meaning that Tersoff potential doesn't take into
account long range interactions.

In all the above equations the i, j, k denote the interacting atoms, r;; is the distance
between the i and j atoms, and 6, is the angle between the i, j and k atoms. All the
other parameters are derived from experimental data.

Parameters ‘ 11
A(eV) 1393.6
B(eV) 346.7
MAY) 3.4879
w(A=1) 2.2119
B 1.5724 - 1077
n 0.72751
C 3.8049 - 10*
d 4,384
h -0.57058
R(A) 1.95
D(A) 0.15
A3 0

Fig. 2.2: Carbon parameters for the Tersoff potential

While this potential is good for the representation of carbon systems, there are two
basic things missing. The first is the lack of variety in the type of chemical elements we
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can include in the simulation, and the second is lack of the representation of torsion.
Both these problems are somewhat solved with the Brenner potential.

T
&
—

Fig. 2.3: Schematic illustration of the functions involved in the implementations of the
Brenner potential

2.1.2 Brenner Potential

The Brenner potential [12], [13] is another bond order empirical potential, widely
used for hydrocarbons, with the potential energy of the system given by eq. 2.14

Vij = fo(ry) - [fr(ris) + bij - fa(ryy)] (2.14)
where
fr(rij) = (1 + %) A elmerTi) (2.15)
and
fa(riy) = 23: By, - el (2.16)
=1

are the repulsive and attractive part respectively.

10



2.2 Density Functional Theory

The coefficient of the attractive part is the one that again represents the effect of
the local environment and is defined as:
1
2l
where b7, ™ and b}; " are terms that depend on the local coordination and bond angles
for the i and j atom respectively. With the last term given by the formula:

bij = = - [b; "+ 05| + b (2.17)

b =11 + b0 (2.18)

where the first term is there to determine whether the bond between atoms i and j
is part of a conjugate system and the second term depends on the dihedral angle of
carbon-carbon bonds. The local coordination and angle contribution is given from the
equation:

DT = (14 S (i) - Gleos(Bix)) - X9 + Py(NE N 772 (2.19)
ki,

The above, are the basic equations implemented in the Brenner potential, in which
i, j, k denote the interacting atoms, r;; is the distance between the i and j atoms and
0, is the angle between the i, j and k atoms. A full schematic of all equations involved
is shown in fig.2.3. All the other parameters are derived from experimental data.

2.2 Density Functional Theory

Classical simulation methods like Molecular Dynamics or Monte Carlo do not take
into account the presence of electrons and cannot describe electronic properties. For
this, Quantum Mechanics comes into play.

For a system with M nuclei (n) at positions Ry, ..., Ry and N electrons (e) at
positions rq, . .., ry, the many-body, non-relativistic, time-independent Schrodinger's
equation is:

H-Y(ry,...,ry)=E-¥(r,...,ry) (2.20)
with the Hamiltonian
H = e+ T, + Uee + Uen + Unn (221)
where
3 PoOSa
T, = — N v 2.22
L (2.22)
is the kinetic energy operator for the electrons of the system,
) Mo p2 ,
T = — v 2.23
nzl HTRAL (2.23)

11
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the kinetic energy operator for each nucleus and

N
. 1 1 e?
Uee = = Z =7 (2.24)
4. TEQ 2 Iy |7"Z' — ’f’j|
Onn = T XMD Zy Int (2.25)
nn 4'7T602nm=1n7ém‘ﬁn_R:n| .
and .
. 1 Z, - €
Uepp = — _— 2.26
Tt 22 ) (220

are the Coulombic repulsions between electrons-electrons, nuclei-nuclei and the Coulom-
bic attraction between electrons and nuclei of the system, respectively.

The exact solution of these equations is very difficult to find and that is why ap-
proximations are required. Since m,, > m., the electrons adjust to the movement
of the nuclei almost instantly so, the degrees of freedom connecting the motion of
the nuclei with the motion of the electron can be separated (Born-Oppenheimer approx-
imation(B0)). Within the BO approximation, the wavefunction can be separated in the
electronic and the nuclear part.

Uyt (7, R) = U, (R)U,(7) (2.27)

From the electron point of view the T,, term can be neglected and the U,,, term can be
considered a constant.

Density Functional Theory (DFT)[14] is based on two basic theorems proven be Ho-
henber & Kohn[15] and a set of equation introduced by Kohn & Sham[16]. The first
theorem states that: “‘The ground state energy from Schrondiger's equation is a unique func-

tional of the electron density"
Ey = E(no(7)) (2.28)

The second theorem states that:"'The electron density that minimizes the energy of the over-
all functional is the true electron density corresponding to the full solution of the Schrédinger
equation"(Variational principle).

Eq = minE(n(7)) (2.29)

The electron density n(7) represents the probability that IV electrons are at a par-
ticular set 7 of coordinates.

What is expressed according to these theorems is that the energy functional can
be separated into two different terms the known part and the exchange-correlation(XC)

12



2.2 Density Functional Theory

part, which includes all the not known quantum-mechanical effects. Still, the solution
of the resulting equation is very difficult to find. This obstacle can be bypassed with the
equations proposed by Kohn & Sham, which focus on a single particle wave function
solution.

Now, eq.2.21 becomes:
h2
2-m

[— V2 4 Ve (7) + Vi (F) + Vo (P)]ihi(7) = s (7) (2.30)
where V,,. is the Coulombic interaction between the electron and the nuclei, V} is the
Hartree potential defined as V(7)) = €* [ @E—’;)'d%?’ which describes the repulsion of
an electron and the electron density of the system, the self interacting character of
this potential emerges from the fact that the electron described has also been taken
into account in the electron density of the system. The last potential is the exchange-
correlation potential defined as the functional derivative of the exchange-correlation

energy.
SExc(7)

T(F) (2.31)

Vxe(r) =
The self consistent cycle of solving the Kohn-Sham equations consists of the fol-
lowing steps:

* Guess n(r)

» Solve the Kohn-Sham equations to find v;(7)

* Calculate ngg =2, ¥ (7)i(r)
o If ngs(7) = n(7) then nkg(7) is the ground state electron density nq(7)

« If not, then we change the electron density and try again.

For this self consistent solution we need to define an exchange-correlation functional.
The only case that this functional is known is the electron gas, where the electron
density is constant for a point in space. So the exchange-correlation potential can be
written in the form

VXC(F) _ V)e(lgctron gas [TL(F)] (2.32)

Since only the local density is used in the definition, this functional is called Local
Density Approximation(LDA) functional[17] and is one of the most popular exchange-
correlation functional along with the Generalized Gradient approximation(GGA)[ 1 3] which
not only takes into account the local electron density of a system but also its local gra-
dient.

Vxe(F) = V& [n(P)] - Fn(7)] (2.33)

13
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unitcell:a, b, c, a, B,y
space group

4{ Structure 0pt11111zat1011 ‘

\,

" Kohn Sham
1terat10n 7 b
o k = IBZ (irred.Brillouin zone)
am

i | DFT Kohn-Sh:

[ 5 V‘ +V(P)lv, = By,
Vip)=VtV, Ponsson,DFT

W" = Z C-""nq)kir
kn
no = 0
Variational method .5(: A
yes

Generalized eigenvalue problem

Ett force

S HC = ESC
4L Minimize E, force—0 ‘ _______Se—

p= DWW, v

Fig. 2.4: Schematic illustration of the major steps in DFT electronic structure
calculations:self-consistent field (SCF) cycle; Kohn-Sham equations solved
within a k-points loop. [19]

A schematic illustration with a DFT electronic calculation can be seen in fig. 2.4.

In this work the implementation of the DFT codes is done through two different
softwares. The commercial VASP (Vienna Ab initio Software Package)l and the open
source GPAW (Grid-based Projector Augmented-Wave Method) &. Both are base on
the projector augmented wave (PAW) method &J.

14


http://www.intechopen.com/books/selected-topics-in-applications-of-quantum-mechanics/computation-of-materials-properties-at-the-atomic-scale
https://www.vasp.at/
https://wiki.fysik.dtu.dk/gpaw/
http://www.theoretical-physics.net/dev/quantum/paw.html

Chapter

Vibrational Properties of Carbon
Nanostructures

Modern methods in materials synthesis take advantage of the ability of carbon atoms to
form bonds with different hybridizations and result in a variety of allotropic forms of car-
bon. Carbon-based nanostructures exhibit fundamental interest and have promising appli-
cations. Among these nanostructures, the mixed phase of amorphous carbon (a-C) and dia-
mond nanocrystals (n-D) has been less studied and characterized, with many of its properties
remaining unexplored. We perform atomistic simulations with empirical potentials in order to
create several a-C-n-D samples with different n-D sizes and a-C densities, and samples of ultra-
nanocrystalline diamond (UNCD) with various grain sizes. We analyze the structure, stability,
and mechanical properties of these nanocomposite materials and our results compare well with
experiment and previous simulations. Furthermore, we study their dynamical properties to find
that some pronounced features of their vibrational spectra may be observed in experiments. Fi-
nally some effects of hydrogen on the properties of these materials are discussed.

3.1 Introduction

Carbon's ability to form composite structures with various properties makes it one
of the most interesting elements. This ability is due to its different possible hybridiza-
tions (shown in fig. 3.1).

Apart from the fundamental interest and its important biological role, there are
many promising applications based on carbon. Hydrocarbons are used as fuel, fibers,
paints, solvents, etc. Most common forms like graphite are used in pencils and as
brushes, while activated charcoal plays an important role in the purification/ filtra-
tion of water. Lightweight and strong carbon fibers are also extensively used. De-

15
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109.5°
180° 1200 '

Fig. 3.1: Carbon hybridizationstl

pending on the allotropic form the properties of carbon materials vary. Recently,
technological and scientific advances have taken advantage of the huge variety of al-
lotropic carbon forms to create, study and use more exotic nanostructures (nanotubes,
fullerenes, nanofoams, nanocones, etc). Carbon Nanotubes (CNTs) and fullerenes have
been extensively studied for many applications, including hydrogen storage. Last but
not least, atomically thin graphene, easily exfoliated from graphite, has turned the
scientific interest to its direction with many promising properties as a stand alone
structure or as a heterostructure.

Among the most interesting of the bulk carbon structures are the amorphous (a-
C) and crystalline carbon (diamond). Even though these two phases have been studied
extensively their mixed phase is less studied, with many difficulties in its characteriza-
tion, especially in structures were Hydrogen is present introducing further difficulties.

Amorphous carbon is a complex phase that consists of carbon atoms with different
hybridizations forming rigid three dimensional networks. Extensive research showed
that the percentage of sp?, sp? and sp' atoms is mainly dependent on density. Dif-
ferent synthesis methods result in a variety of amorphous structures with different
mechanical and optoelectronic properties [20], [21], [24], [22], [23].

In this work, we study the stability and some properties of this mixed phase in two
main different configurations. The first one is the embedded spherical nanocrystals in
an amorphous matrix and the other one is ultra-nanocrystalline diamond, which has
recently attracted the scientific interest due to its interesting mechanical properties.
The unit cell of the crystalline/diamond lattice consists of eight carbon atoms (fig.3.2).
In our calculations the lattice constant of a single unit cell is 3.56A and the carbon-
carbon bond is 1.54A. Also the density in this phase is 3.54gr /cm?.

For the structural characterization one of the most popular techniques is Raman
spectroscopy, with many models (phonon confinement model (PCM), elastic sphere

16
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3.1 Introduction

Fig. 3.2: Crystalline diamond structure of a Carbon super-cell

model (ESM) etc.) for the interpretation of the results. All these models mainly focus
on the area of the D and G bands associated with the sp? and sp® content, respectively.
In one of this studies, by Osswald et al. [25], they study the effect of phonon confine-
ment in the Raman spectrum and observe a broadening and a shift to the left of the
peak at 1250cm ! as the size decreases from 10nm to 3nm.

In this work we propose that the size of a nanostructure can be obtained from the
vibrational spectra. The idea is simple and comes from the known wave equation, the
mathematical formula connecting the speed u of a wave with its wavelength A and its
frequency f as shown in 3.1:

u

W=\ f o = [ =

(3.1)
where d is the diameter of the nanostructure and f is the vibration frequency. In or-
der to compare our results with theoretical data, we use as reference that the sound
velocity in diamond is around 12000m/s.

Understanding of the structural/mechanical properties and the spectroscopic sig-
nature of the structures before the addition of hydrogen is important in order to isolate
the effects of hydrogen.

17
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3.2 Results and Discussion

The evaluation of the Tersoff interatomic potential is done separately for the pure
amorphous and crystalline phase of Carbon. We use properties like vibrational modes,
bulk modulus, thermal expansion coefficient, radial distribution function, etc. to both
demonstrate the cases where the Tersoff potential gives a good representation of the
system in both phases, and also pinpoint its shortcomings.

3.2.1 Crystalline Carbon

Vibration Spectra

The vibrational spectra are used mainly for mining basic structural information.
They are usually used in crystallography in order to determine the distance between
two planes and the crystal structure, as well as in Chemistry for the identification of
molecules and in Medicine for substance tracing. Experimentally the spectra are de-
rived from techniques like Raman Spectroscopy and Infrared Spectroscopy. Compu-
tationally, the spectra are calculated from the change of the velocities over a period
of time. For the transition from the time domain to the frequency domain we use the
Discrete Fourier Transform(DFT)[2¢]. *

Tersoff potential slightly overestimates the vibrational frequencies of Carbon. A
detailed comparison of the characteristic peaks of diamond can be found in table 3.1.
We compare our results with computational [27] and experimental techniques [11]
(such as Raman spectroscopy). As we can see, our results are within the acceptable

1000 atoms
LTO (I') 1331 1561 1428
LOA (X) 1191 1300 1266
TO (X) 1077 1121 1110
TA (X) 801 804 924

Table 3.1: vibration modes of carbon, Tersoff from [11] ALCMD with our MD simula-
tions.

! In a simulation the calculation of the vibrational spectrum can be easily done, as we mentioned
before, with the DFT. So, in order to do that we have to figure out the Nyquist Frequency which is given
by the equation: f. = ﬁ where A is our time step. A = 10 - 0.02t,,,;+ = A = 0.2 - 35.28 fsec =
A = 7.07fsec, so, the Nyquist Frequency is: f. = 3z = fo = 21_(7).1057Hz = f.=T70.72THz = f. =
2358.2388cm ™ if A = 7 0.02tynit = f. = 3378.9496cm 1)

13
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error margins, compared with the other known values. A shift to higher values with
the Tersoff [11] potential in comparison with the experiment is observed. This shift is
also found when using the Brenner potential [31] but as it is mentioned, the main fea-
tures are retained (such as the three peaks above 800cm ™). In the spectra from our MD
simulations we can observe a deviation of almost 100cm ! (for the peak @1600cm 1)
and 65cm ! (for the peak @1100cm ') whereas with the ab initio, tight-binding method
the shift is less than 60cm 1.

High activity in the low frequency region begins at approximately 350cm !, That
makes it difficult to differentiate frequencies that are above 300cm ! and consequently,
as we'll see later, spherical nanostructures with diameter smaller than 1.35nm.

Bulk Modulus

Bulk Modulus is the property of a material that describes its compressibility. When
pressure is applied to a material its volume will decrease and when the pressure is re-
leased the material will tend to return to its original state. The equation that expresses
this is

oP

B=-VZ_ 2
V@V (3.2)
where P = %/E. In order to calculate the bulk modulus of Diamond Carbon, we use
the following formula;
O’FE
B=V<_ .
Vo (3.3)

According to bibliographic data[32], the bulk modulus of diamond carbon is B = 442G Pa.
For the calculation of the bulk modulus of crystalline carbon we use a sample of 4096
atoms, the volume relaxation of which is shown in graph 3.3. After regressing the data,

74T ]
>
2

m TALL .
8
<
=

—7.42 ¢ .

L L L
2.2 2.3 2.4

Volume (A3)  .10%

Fig. 3.3: Diamond Carbon relaxation

the equation that connects the energy per atom with the volume of the cellis: E (V) =
0.21—6.59-10~4-V +1.42-10~%- V2 (with a minimum at (E, V) = (—7.4218, 23100.42)
or (E,a) = (—7.4218,3.56)).
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With this the bulk modulus is calculated to be B = 432G Pa with an approximately
2% underestimation from the expected value. All the following values of bulk moduli
are calculated in the same manner.

Thermal Expansion Coefficient

For the investigation of the behavior of the Tersoff potential with temperature
we calculate the Thermal Expansion Coefficient (T.E.C.). Diamond has the smallest
thermal expansion coefficient of any semiconductor [33]. The T.E.C. is calculated using

the formula:
1 oV

av =17 (a_T)P (3.4)
and oL
ar = % (55 (3.5)

for the volumetric and linear approach respectively. The reference values for the T.E.C.
of Diamond range from 1.1 - 107 5K ~'[34] to 1.18 - 107 K~! (T, = 0K)[35], With ex-
tremes at 2 - 107K ~!. These values changes the length of the sample less than 0.03%,
which is almost undetectable from the Tersoff potential. That's why an evaluation of
the T.E.C. is needed.

Frequency Shift vs Temperature Temperatuge Dependence - 1000 atoms
~ 10~
‘S 0 [T ‘ ‘ - 2+ ‘ ‘ ‘ 2 || —e— Tersoff
% § TB[27]
S 10| R ~
% S 1) 1
& 20 | |
5 2 | A
&
L 30 ! ! ! g Of = ! ! ! ]
- 0 500 1,000 1,500 2,000 500 1,000 1,500 2,000
Temperature (K) Temperature (K)

Fig. 3.4: Frequency Shift vs Temperature and the temperature dependence of the lattice
parameters of a sample with 1000 atoms

By observing the spectra of graph 3.5 “ we detect a red shifting of the peaks with the
increase of temperature. A detailed graph with the frequency shifts vs Temperature,
of the main peak (@1400cm 1) that can be distinguished from the spectra, can be seen
in fig.3.4

“The spectra in the image 3.5 have been filtered with a Lorentz-Cauchy distributionWhose proba-
bility density function is given by the following formula, f(z;x¢,v) = [7 -7 [L + ((z — 20)/7)?]~*. In
our case the location parameter xy = 1435¢m ™! and the scale parameter v = 100
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In the work done by Clen et al. [22] and Schelling et al. [29] with the use of the
Tersoff potential the thermal expansion coefficient is calculated at around 6- 106 K1,
Here the T.E.C. is calculated to be 1.28 - 107¢K ~! with a deviation less than 10% from
the bibliography.

1000 Carbon Atoms

1
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

1 |
0 200 400 600 80 1,000 1,200 1,400 1,600 1,800 2,000

—— T=1000K
1

0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

—— T =1300K
T

|
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

T T T T T T T
—— T=1800K

1
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

Fig. 3.5: Spectra for various temperatures in a sample of 1000 atoms. The y -axis denotes
intensity in a.u.

The right graph in fig. 3.4 describes the temperature dependence of the lattice
parameters and from which we calculate the T.E.C.. The graph on the left show the
frequency shift compared to the temperature for the peak at around 1400cm 1.

As mentioned in other works [27] using Tight-Binding Molecular Dynamics (TBMD)
the shift of the LTO (I') peak (which is found around 1250c¢m ) from T=100K to T=850K
is about 20cm ™. In other recent experimental results [20] the frequency shift of the
same peak (which is measured at around 1332cm ™" from T=280K to T=600K) is about
9cm ™. In our data, the down-shift of that peak, found at 1428cm ! from T=300K to
T=1000K is 12cm™".

21



Chapter 3. Vibrational Properties: Carbon

3.2.2 Amorphous Carbon (a-C)

Sample Preparation

For the examination of the Tersoff potential's behavior with amorphous carbon
(a-C) structures, we prepare samples with different densities. The preparation proce-
dure mimics the experimental process for the creation of an a-C sample. In order to
extract some of the mechanical and structural properties of the material, each of the
samples has different initial density. First we heat the crystalline carbon sample and
let the system evolve at 12000K for 14psec. An a-C structure is generated by cooling
the above liquid to the final temperature of 0K at the rate of 140K/psec. A schematic
representation of the procedure described above can be seen in image 3.6

Heat at 12000K for 14psec

‘/C

Fig. 3.6: Schematic representation of the preparation procedure. The grey atoms de-
note Carbon atoms in crystalline or amorphous phase, while the hybridizations
are denoted with red, white and blue for sp?, sp? and sp? respectively. The re-
sulting densities shown in the right, center and left image above are 3.00, 2.59,
2.28 gr/em3 respectively

Typical Sample

A fully detailed description of all a-C samples' input and output values can be found
in Appendix A.3. In this section, we describe a typical a-C sample. In fig.3.7 we can see
the input and output values related to this sample, as well as a snapshot of its final
atom configuration.

It can be seen that the size of the unit cell increases from the crystalline phase to
the amorphous phase as expected. So, the density decreases. As it is already shown[3¢],
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afinai(A) 3.66
prinar(gr/cm?) 3.25
spl(%) 0.07
5p*(%) 33.4
sp°(%) 65.9
R(A) 1.52
m.c.n 3.644
Bulk modulus(GPa) 336.47
Total Energy (eV/atom) | -6.9156

Fig. 3.7: Final configuration of a typical a-C sample. The sp!, sp? and sp® atoms are
denoted with red, white and blue respectively

most of these values are correlated with density. For each sample apart from the prop-
erties shown in the table of fig.3.7, the radial distribution and vibrational spectrum are
also calculated. Specifically for this specific sample these graphs can be seen in fig.3.8

Depending on which of the sp® and sp? percentages is dominant, the vibrational
spectrum for all atoms displays the equivalent properties, i.e. the D and G peaks which
are characteristic of the sp? bonds or the peak at around 1400cm =" of the LTO(I") vi-
bration mode, characteristic of diamond.

T T T T
|

| | |
0 500 1,000 1,500 2,000 2,500 3,000

T T T T
sp3 atoms

0 500 1,000 1,500 2,000 2,500 3,000

‘ : ‘ ‘ : ‘ ‘ —— All atoms
1 15 2 25 3 \—‘

a (k) 0 500 1,000 1,500 2,000 2,500 3,000

g(r)

Fig. 3.8: Radial distribution function and Vibrational spectrum of the a-C typical sample

The overall analysis of the a-C samples follows.
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Radial Distribution Function (R.D.F.)

It has already been observed[¢] that the nearest neighbour distance (estimated
from the radial distribution function(R.D.F.)), should increase when the density of the
structure increases. This shift is indeed observed with the Tersoff potential. This is
an expected result since the nearest neighbour distance for graphite (which consist
mainly from sp? atoms) is 1.43A whereas in diamond (a fully sp® structure) is 1.54A.

‘ i T 1 1 1 717"
——d = 2.60gr/cm3 3 A:299 glem®
d = 3.00gr/cm3 B: 2.66 glem®
| ——d = 3.30gr/cm? - C: 223 g/cm‘ |
= D:1.93 g/cm
30 E: 1.20 glem® |
S~ M
: ‘ : SA_JM
1 1.5 2 2.5 3 5
A il T
a(A) L5 2 25 3 35 4

e
Fig. 3.9: Radial Distribution Function calculated with Tersoff and the Environment De-
pendent Tight-Binding[36]

Mean Coordination Number and Sp*® Fraction

The mean coordination number Z of a system describes the average number of the
nearest neighbours of a system and it can be experimentally determined by various
techniques (e.g Extended X-ray Absorption Fine Structure (EXAFS) experiment, and
X-ray Computerized Tomography (CT)[37])

M.C.N vs Density sp® vs Density
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density (gr/cm?) density (gr/cm3)

Fig. 3.10: Mean coordination number versus density. TB results from[36]

From this analysis we see that the Tersoff potential underestimates the mean coor-
dination number. Consequently, the sp? fraction is underestimated as well. In the ** sp?
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3.2 Results and Discussion

vs density'" graph of fig.3.10, the results of Tight-binding Molecular Dynamics [3¢] are
also compared with the results of the Tersoff potential. As shown in the graph on the
right, our curve is not a good representation for low densities, but Tersoff potential is
suitable for high density a-C.

Bulk Modulus vs Mean Coordination Number (m.c.n.)

For the calculation of the bulk modulus we follow the same procedure described
before. As we can see from diagram 3.11 Tersoff potential overestimates the bulk
modulus, with an almost linear dependency between the bulk modulus and the m.c.n.
This comes in contrast to the results obtained with the EDTB model where: B =
167.3 * (2 — 2.33)15.

Bulk Modulus vs Density Bulk modulus vs Mean coordination number
’g 350 | N g ‘ ‘ ‘ ‘ ‘ +E[e)rTs];)ff
~ 300 | . ~ 300¢ |
= =
E i | E
-é, 250 -é 200 |- ,
Z 200 1 ~
S B |
M 150 b I | = 2 100 ! | | I |
2.5 3 3 32 34 36 38
density (gr/cm?) mean coordination number

Fig. 3.11: Bulk modulus graphs

Vibration Spectra

From the vibrational spectra of amorphous structures we can extract various use-
ful information about basic lattice properties. A typical graph can be seen 3.8, where
we can observe the two characteristic wide peaks D ( disorder ) and G ( graphitic ),both
from sp? bonds. Usually [32], the D peak is observed at 1350cm ™! and the G peak is
observed at 1580cm ™. These two modes (fig. 3.12) are really important in the char-
acterization of an amorphous carbon sample, since their shifting can be used in the
estimation of the sp® and sp? content. From the sp3/sp? ration many structural pa-
rameters can be estimated. Moreover, from the shifting of the G mode we can calcu-
late the Tauc gap, which is often used to characterize optical properties of amorphous
materials.
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Raman intensity

]

diamond J \
-—
graphite /\
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Wavenumber (cm-") B) A+ D breathing mode

Fig. 3.12: In the right panel a comparison of typical Raman spectra of Carbon is
shown [23] and in the left panel a schematic representation of the two vi-

bration modes [35]

26



3.2 Results and Discussion

3.2.3 Free Spherical Nanostructures(n-D)

Here we present the results of free spherical carbon nanocrystals (**free'" n-D).
With this term, we define spherical nanocrystals with diameters varying from 2.00nm
up to above 5.00nm. Each unit cell has an at least 1nm vacuum in each direction. A typ-
ical image of an n-D is shown in fig. 3.13. The preparation protocol for these structure
is as follows. We heat each sample at 200K for about 2psec. All the structural values
are calculated after the structure is cooled down to 0K, while the vibrational density
of states (VDOS) is obtained after a canonical (NVT) ensemble at 200K during a micro-
canonical (NVE) ensemble. With thermal annealling up to 1500K we verify that these
structures are stable. The resulting size of each spherical nanostructure can be calcu-

Fig. 3.13: Typical n-D sample

lated in two ways. In the first we use the first neighbour distance obtained from the
g(R) curve to estimate the volume and consequently the diameter of the nanostruc-
ture (Dy(r)). In the second way we measure the distance between two diametrically
opposed atoms of the spherical nanostructure (D,,,cqsurea), Since the nanospheres are
well defined. A small contraction in the size of the n-D after annealing is observed.
In table A.4 all input and output parameters are presented. Next, the VDOS for each

Thermalized State

—— A06 - d = 2.40nm
A08 - d = 4.00nm
——— A10-d =5.10nm

Intensity (a.u.)

|
0 200 400 600 800 1,0001,2001,4001,600 1,800 2,000

frequency (cm 1)

Fig. 3.14: Spectra for Free-n-D
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Chapter 3. Vibrational Properties: Carbon

sample is calculated. In fig. 3.14 we see the spectra for three samples with diameters
2.40nm, 4.00nm and 5.10nm in their thermalized state (200K). In these we can clearly
observe the characteristic diamond peak at around 1400cm~(LTO(T')) and also, a slight
tilt in the spectrum indicates one more peak close below 1000cm ! (TA(X) or TO(X)).

Another interesting peak is observed in the low frequency region, which becomes
more prominent in an “excited" state of the structure as shown in fig. 3.15. This
“excited" state refers to the state of the structure after minor isotropic expansion.

“Excited" State

—— A06 - d = 2.40nm
A08 - d = 4.00nm
—— A10-d =5.10nm

Intensity (a.u.)

|
0 200 400 600 800 1,0001,2001,4001,600 1,800 2,000

frequency (cm™1)

Fig. 3.15: Spectra for Free-n-D

The theoretical assumption we made, that connects the vibration frequency with
the size of the nanosphere is verified for the free n-Ds. Figure 3.16 on the left shows
the Frequency versus Diameter graph and on the right shows the graph of Frequency ver-
sus 1/Diameter, both for the measured diameters and the ones estimated from the g(R)
curve. In the same graphs we also see the frequencies that correspond to these diam-

Frequency vs Diameter Frequency vs 1/Diameter

diameter (nm)

1/diameter (nm 1)
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Fig. 3.16: Frequency vs Diameter and 1/Diameter graphs of the free spherical nanos-
tructures (n-D)

eters according to the theoretical prediction, where 12000m/s is use as sound velocity
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3.2 Results and Discussion

in diamond. By fitting our data to a least squares curve we estimate the sound velocity
to be 13613m/s.

We also see that this theory fits better for spherical nanostructures with diameters
close to 3nm, which is the size of the nanostructures mostly observed in experiments[39].
For smaller samples the size is underestimated whereas for bigger samples its overes-
timated.
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3.2.4 Spherical Nanocrystals Embedded in Amorphous Carbon (n-
D - a-C)

Although the results of the n-D samples show a clear agreement with the theoret-
ical assumption, they are an isolated system difficult to be observed experimentally.
We investigate samples with spherical carbon nanocrystals (right image in fig.3.17)
embedded in a amorphous carbon matrix (a-C - n-D)(right image in fig.3.17) which are
obsreverd in experiments[39]. Theoretical studies of optical properties of a-C - n-D
have shown that these are dominated by the optical properties of the a-C phase that
surrounds the n-D structure[40]. In this section, we present the results concerning
these structures. Our samples consist of spherical nanocrystals with various diame-
ters varying from 2.00nm up to above 7.00nm, within amorphous carbon with various
initial densities.

Fig. 3.17: Typical a-C - n-D sample. On the left we see the full structure and on right
only the embedded spherical nanocrystal

For the preparation of each sample, we start from a crystalline carbon structure
which we heat at 12000K for 14psec maintaining motionless the atoms of the embedded
sphere. An a-C structure is generated around the sphere by cooling the above liquid
to the final temperature of 0K at the rate of 140K/psec. At this point we release the
sphere atoms and reheat the sample at 700K for about 2psec and finally reduce the
temperature at OK. From this point on, the preparation protocol followed is the same
as the one for the free spherical nanocrystals.

For each sample, various parameters are tested, such as the quenching rate, the
initial density of the amorphous matrix, the initial density of the embedded nanos-
tructure and the relation between the size of the nanostructure and the size of the
unit cell. For our final results, as we will see later, we consider various factors. A fully
detailed table with the input and output data of the a-C - n-D samples is presented in
table A.5.
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3.2 Results and Discussion

A detailed analysis for some individual properties of a sample is presented next. In
figure 3.18 we can see the input and the output parameter related to the sample, as well
as an image of the input unit cell, where d;,;; is the initial size of the n-D sphere, p;,i:

dinit(nm) 2.03
Cell Length (nm) 3.01

pinit(gr/em?®) | 3.45/3.00
QR(K/ps) 140
Niot 4096

Ncinit 633 Output Data

iSéple O3] Output Data Fom(em ™' | 1740
Nc 775 Flgim(em™) 194.02

Na 3321 deviation1 (%) 10.32

R(A) 1.57 F2im(em™h) 184.32
dfinal(nm) 2.07 deviation2 (%) 5.60
pe(gr/em3) 3.33 F3gim(cm™h) 163.14
pa(gr/em3) 2.97 deviation3 (%) 6.66

Fig. 3.18: Input data and initial atom configuration of a typical sample, as well as the
output structural values at 0K and vibrational values at 300K

is the initial density of the n-D sphere and the amorphous (initally crystalline) matrix.
QR is the quencing rate mentioned in the preparation protocol, Ny, is the total number
of atoms and N¢;,;; is the number of crystalline atoms (n-D sphere atoms).

In the output data at 0K, Nc and Na are the number of crystalline and amorphous
atoms, R is the position of the first peak in the g(R) curve of the crystalline atoms as
shown in fig. 3.20(c) and d ;4 is the resulting from it size of the nanosphere. Also, p,.
and p, are the final densities of the crystalline and the amorphous phase respectively.

In the output data at 300K, F,;,, is the position of the first prominent peak as seen
in fig. 3.20(b), in the low frequency region of the Vibrational Density of States(VDOS).
F1gm,F24m and F3;,, is the expected position of this peak with the assumption that
the velocity of sound in carbon is 12000m/s, 13613m/s and 10620m/s respectively as
taken from the bibliography[“ 1], and the mean and fitted values estimated from the
free n-D spheres. deviationl, 2 and 3 are the equivalent deviations of the simulation
from these values.

The graphs in figure 3.20 are obtained in two different stages of the preparation
process. The R.D.Fs are obtained after the canonical (NVT) ensemble at 300K and 0K
during a micro canonical (NVE) ensemble. Whereas, the VDOS graph was produced
after a canonical ensemble at 300K followed by a micro canonical ensemble.

For precision, all the structural details (densities, number of amorphous and crys-
talline atoms) are obtained at 0K after an NVE ensemble. While, the vibrational spec-
trum is calculated after the NVE ensemble at 300K.
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Chapter 3. Vibrational Properties: Carbon

@®: crystal ®: amorphous

Fig. 3.19: Output configuration for the typical a-C - n-D sample

Concequently, the significant graphs are shown in fig.3.20. In the VDOS graph the
diamond character, with the characteristic peak at 1400crm !, of the crystal atoms is
evident and also the characteristic D and G peaks, at 800cm ! and 1500cm ™! respec-
tively, in the spectrum of the amorphous atoms can be slightly observed. What is quite
obvious in the low frequency(<300cm ') region is a clear pear at 174cm ™! which coin-
sides with our predition regarding the size of the nanocrystal. A graph with the spec-
trum of all atoms can be seen in fig. 3.21.

Using the firts peak of the radial distribution function of crystal atoms (R=1.57A)
at 0K, we can calculate the size of the nanocrystal. In addition, we note the dispersion
of the curve of the R.D.F at 300K, due to the increase in temperature.

In total we examine 32 different samples. The initial conditions for some of these
samples can be seen in the table A.5. With these samples we examine the effects of dif-
ferent quencing rates, various combinations of initial densities for the a-C matrix and
the n-D sphere. As mentioned before, a lower limit as far as the size of the nanostruc-
ture is concerned has been established, due to the difficulty to differentiate frequen-
cies that are above 300cm ™!, thus, nanostructures with diameter smaller than 1.35nm
are not included in the final study. The two neighbouring nanospheres are connected
in samples with thin (less than 0.5A) a-C matrix around them, after the preparation
procedure. Another factor that affects our samples is the initial difference between
the density of the sphere and the matrix. We focus on high a-C densities where Tersoff
gives correct results.

The final difference between amorphous phase's density and the density of the
crystal phase's seems to be at around 0.30gr /cm?®. This is can be seen in fig 3.22 in the
Density vs Diameter graph, while the detailed distribution function is shown in 3.23.
Our final sample sizes extends from 1.5nm to 6nm in diameter.
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Fig. 3.20: Radial Distribution Function and Vibrational Density of States in different
stages of the preparation protocol
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Fig. 3.21: VDOS of the typical sample at 300K for all the atoms of the sample
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Fig. 3.22: Diameter versus density for all the a-C - n-D samples
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Fig. 3.23: Density Distribution for the a-C - n-D samples

Bulk Modulus

The bulk modulus is calculated for each sample, both for 0K and 300K. The bulk
modulus (at 0K) of a structure that contains both the amorphous matrix and the dia-
mond nanocrystals doesn't depend on either the total density of the structure or on
the diameter of the nanostructure that is embedded in the a-C and remains almost
constant at aroung 300GPa.

Formation Energy

For the stability of the a-C - n-D samples the formation energy of the nanocrystals
is calculated. We define the formation energy as shown in equation 3.6
Ntotal : EtotalSim(ev/Atom) - Na . Ea - Nc : Ec
Ntoml

Eform(eV Jatom) = (3.6)
where Ny, N, and N, are the number of the total, amorphous and crystal atoms
respectively, Fiyas:m is the total energy obtained from the simulation and E, and E.
are the total energy of the amorphous and the crystal atoms respectively as estimated.
A structure is concidered stable when its formation energy is below zero. A metastable
structure has positive formation energy. In the left graph of figure 3.24 we see two
different versions of the formation energy. In the first one (denoted with blue) £,
and E. are calculated from the "Energy vs Density" graphs of the respective phase,
already shown in the previous sections. In the second one (denoted with yellow) the
E, and E, are extracted directly from the simulation. Both diagrams show that for
most of our structures formation energy is below or very close to zero, which indicates
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Formation Energy vs Diameter
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Fig. 3.24: Formation energy vs diameter graph

that our structures are stable or metastable. It is also observed that the more stable
nanostructures are those around 3.00nm and that nanostructures above 6.00nm tend
to be less stable.

Vibrational Density of States

Graph 3.25 is a typical VDOS graph of our samples. We observe the clearly dis-
tinguished peak that corresponds with the size of the nanostructure (n-D) at around
75cm ™. We also see the two characteristic peaks of the amorphous phase of the sam-
ple. The latter two, can be seen at around 1100cm ! and 1350cm ™!, It is interesting to
note that those two peaks are further apart. Usually the D and G peaks can be found at
around 1380cm ™! and 1580cm ™! respectively.

Maw'”wy “ /"" \
\
A \ / \

p \
- \ \

Intensity (a.u.)

L L L L
0 500 1,000 1,500 2,000 2,500 3,000

frequency (cm™1)
T

—_— All Atoms
Amorphous Atoms
——  Crystal Atoms

0 50 100 150

frequency (cm™!)

Fig. 3.25: VDOS for sample B31
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Frequency -- Size of n-D

We have already "proved" that we can obtain the size of a free n-D. In figure 3.26 we
can see a comparison of the vibration frequency versus the diameter of the nanocrystal
that is embedded in the a-C, for our samples. We can see that the theoretical prediction

Frequency vs Diameter
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° a °
\
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Diameter (nm)

Fig. 3.26: Diameter versus frequency for final Samples

is very close to the data obtained from the simulation, especially for n-Ds with size
greater than 3nm, which are better defined, as we can be seen from image 3.27.

B09 B25 B20 B21 B22 B23 B24 B30 B31

1.85 2.45 3.11 3.60 3.86 4.34 4.85 5.32 5.77

Fig. 3.27: Images of the embedded nanospheres of the a-C - n-D samples, with their la-
bels and sizes(in nm)

The vibrational density of states for all of the final samples can be seen in im-
age 3.29 We can clearly observe the decrease in frequency of the low-frequency peak.
Also we can observe the sharpening in the diamond-peak (1350cm ') menionted in
this work [25]. But the pattern concerning the shift of this peak (to the left as the size
of the nanostructure get bigger) is not observed. The peak seems to remain in the
same position for nanocrystals smaller then 3nm in diameter and shifts to the right
for nanocrystals bigger then 3nm. This pattern is also displayed in image 3.28
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Peak frequency vs Diameter
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Fig. 3.29: Spectra for n-D-a-C
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3.2.5 Ultra-Nanocrystalline Diamond (UNCD)

Our assumption that the size of a nanocrystal can be determined by observing
the peaks in the low region of the vibrational spectrum has been proven correct for
nanocrystals embedded in an amorphous matrix. In this section we investigate whether
this statement is correct for Ultra-Nanocrystalline Diamond (UNCD).

UNCD is a popular material due to its good mechanical properties. In average the
size of a UNCD grain ranges from 2 to 5nm [43] . In this work the average grain size
ranges from 3.5 to 5nm. Each sample contains eight randomly oriented grains and is
created by the Voronoi diagram construction method as provided by the CAMPOS ASE
algorithm [414].

The preparation protocol is the following, the sample is heated at 300K and is
slightly compressed to eliminate the grain boundary voids. Next, the structure is an-
nealed at 800K for about 2ps and cooled to 300K with a quenching rate of 120K/ps. A

Fig. 3.30: Uncd typical samples. With blue spheres we denote the crystalline atoms and
with red the amorphous grain boundary atoms

second annealing at 1200K ensures equilibration and finally a full relaxation is allowed
at 300K. At this stage the velocities are obtained (that are needed for the vibrational
spectrum) during a period of 10.6ps.In a previous work by Adiga et al. [45] in which they
study the vibrational properties and specific heat of UNCD, they obtain the velocities
after a 2.5ps period, but as we saw in the previous section, we get more clear results in
the low frequency region if the sample remains in the micro canonical assembly for at
least 10ps. Again all the structural parameters are obtained at OK.

In fig. 3.30 we can see two typical samples. It can be seen that the size of the grains
is random. Some grains are oval shaped and some are elongated. Table A.6 contains all
the input and output details of our samples. Each unit cell contains from 25000 atoms
up to 160000 atoms. The bulk modulus is estimated at 0K and 300K. Figure 3.31 shows
the results of this calculation. As we can see our structures are much softer that the
ones presented in [46] calculated with Monte Carlo (MC) Tersoff potential and the ones
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Bulk Modulus vs Average grain size

Average grain size (nm)

N3 vs Diameter

~ 400 ‘ - 16— ‘ |
D? @ Tersoff MD(0K) | X °
2 Tersoff MC %) | ®
= 320 - 14
__3 o 0°,° o °° oo § o, oo o
. | -

3 240t S 12 .,
s! 3 .
E 160 - g 10] o
E E:
m 80 | | | F‘ 8 [ ) ‘ ‘

3.5 4 4.5 3.5 4 4.5

Average grain size (nm)

Fig. 3.31: Average grain size versus Bulk modulus for the UNCD samples at 0K and 300K,
compared with the theoretical model [46]

whose bulk modulus is estimated using the REBO II[13] potential with Molecular Dy-
namics by Adiga et al. [45]. This is due to the higher percentage in threefold atoms, in
comparison to the other two works, which leads in a softer structure and consequently
in lower bulk modulus. As seen in fig. 3.31 samples with small average grain sizes are
softer than those with big grain sizes.
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Fig. 3.32: VDOS of the typical UNCD sample at 300K

The vibrational density of states(VDOS) of a sample, shown in fig. 3.32 is presented
next. The two characteristic peaks of diamond are visible at 1100cm~! and 1400cm—!.
Also in the low frequency region an high activity area is observed. In the right panel
of the same figure we can observe in detail what happens in that area. Even though
the grains have random shape they are well defined structures for an estimation of the
average grain size. The average grain size for this sample is 3.55nm. For this size we
would expect a peak at around 100cm™!. Instead, various peaks around that area are
observed, which correspond to the actual grain sizes.

By taking the average frequency of these peaks we can compare our results with
the theoretical prediction. In fig.3.33 the respective graph is presented. An interesting
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Fig. 3.33: Average grain size versus average frequency for the UNCD samples

correlation between the expected grain sizes and the average grain size obtain from
the simulation is noted.

As ageneral note, when a grain is enclosed around a thick layer of amorphous atoms
the corresponding frequency is quite prominent in the spectrum. If a particularly elon-
gated grain is observed, two more intense peaks at frequencies corresponding to the
width and the height of the grain are observed, this leads us to the conclusion that
not only the sise of a spherical nanocrystal can be estimated from the spectrum but
also the size of oval shaped nanostructures. Also, in samples with average grain size
less than 3.2nm we couldn't observe any excited peaks in the low frequency region.
Which agrees with the conclusion in the previous section that embedded nanocrystals
smaller that 3nm are not measured correctly.
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3.2.6 H on 3D Carbon nanostructures

The presence of hydrogen in carbon nanostructures affects the structural and me-
chanical properties of carbon. Despite the fact the general acceptance that the hydro-
gen adsorption in metal hydrides is higher than that in carbon nanostructures, there
is still an excessive interest in both areas since carbon based materials attract big in-
terest because of their practical advantages, particularly their light weight.

Until recently theoretical studies, in an overwhelming majority, concern ideal nanos-
tructures like nanotubes [47]. This is not only due to the innovative experiments that
reported an excessive hydrogen adsorption that was attributed in nanotubes, but also
to the fact that established computational techniques from first principles can not be
used in the study of complex and disordered structures. Here we attempt to under-
stand these changes.

The simulation of this part are performed with the Brenner interatomic potential
as implemented in the open source software LAMMPS[ 10].

Free n-D with Hydrogen

(a) (b) (c)

Fig. 3.34: Carbon free n-D with Hydrogen in three stages of the calculation; the initial
configuration (left panel), the final configuration (central panel) and an image
showing the H atoms bonded on the surface of the n-D (right panel)

The free-n-D in fig.3.34 is used to investigate the effect of hydrogen in vibrational
spectrum is one that consists of 742 atoms of carbon. In the initial configuration, the
number of hydrogen atoms in the surface of the n-D are 604. After annealing the sys-
tem at 400K the hydrogen atoms remaining in the surface reduce to 302. The images
corresponding to these three states of the simulation can be seen in fig.3.34.

From the vibrational spectum of the Free n-D with Hydrogen we can see the cha-
rasteristic peak of diamond at 1400cm ™!, the peak corresponding to the size of the n-D
at 200cm ! and the peak in the range of 2800 — 3000cm ~! associated with the vibration
mode of methane (hydrogated sp®). Also, as seen from fig. 3.35 the peak near zero is
attributed to the free hydrogen atoms.
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structure (b) Fig.3.34
structure (c) Fig.3.34
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Fig. 3.35: Vibrational Spectrum of a Free-n-D with Hydrogen

H in amorphous carbon

13% H

Fig. 3.36: a-C samples with 1000 atoms of carbon in two diffefree concentration of H.
The first with 150 and the second with 250 atoms of H

The a-C sample we present here has 3.25¢gr /cm? final density, with 65.9% sp® atoms.
The bulk modulus of the structure is calculated with the Tersoff potential at 337Gpa.

With the introduction of hydrogen in the structure the bulk modulus reduces to
182.85GPa for the structure with the 150 H atoms and at 118.55GPa for the structure
with the 250 H atoms. Comparing with results obtained with Tight-binding MD[45] we
see that our structure are much softer.
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3.3 Conclusions

As a conclusion a comparison of all the different nanostructures studied is made.
In fig. 3.37 we see the spectra of a 4.67nm free n-D structure, a n-D - a-C sample with a

Free n-D sample with d = 4.67nm

Intensity (a.u.)

! ! ! | | | |
0 500 1,000 1500 2,000 2,500 3,000 0 100 200 300
Frequency (cm™!) Frequency (cm 1)

n-D - a-C sample with a 4.34nm n-D embedded

Intensity (a.u.)

.

| | | | |
0 500 1,000 1,500 2,000 2500 3000 o 100 200 300

Frequency (cm 1) Frequency (cm™1)

Uncd sample with 4.45nm average grain size

Intensity (a.u.)

! ! ! ! ! | |
0 500 1,000 1,500 2,000 2,500 3,000 g 100 200 300
Frequency (cm ™) Frequency (cm™1)
Fig. 3.37: vibrational Density of states for an free n-D, n-D - a-C and a UNCD sample
with similar nanocrystal and average grain sizes. The left panel we see the full

three spectra, while on the right panel the respective low frequency regions
of each spectrum

4.34nm n-D embedded and a UNCD sample with a 4.45nm average grain size. In all three
spectra the associated with diamond peaks in 1400crn~! and 1100cm ! are present.
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Fig. 3.38: Comparative image of the diameter of a nanocrystal or the average grain size
of a UNCD sample with the frequency that corresponds to that size

The presence of amorphous carbon can also be detected from these images. The n-
D - a-C sample with a higher percentage in amorphous atoms than the UNCD sample,
displays two wide peaks around 800cm ! and 1600cm . These positions are connected
with the D and G peaks of an a-C sample with the equivalent percentage in sp? atoms
(50%). In contrast the UNCD sample with only 11% sp? atoms has an opposite behaviour
in these areas.

Finally, the peaks in the low frequency region that correspond to the respective
size are observed more clearly in the n-D - a-C samples where the shape of the nanocrys-
tal is spherical rather than in the UNCD sample where the grains have random shape.
Obviously, that peak is clear in the spectrum of the free n-D, but as we mentioned be-
fore they are isolated and that is expected. A quantitative comparison is presented in
fig. 3.38. We see that for n-D sizes below 3nm the nanoparticle size is underestimated.
For the UNCD samples as we saw before, the average grain size seems to agree well
with the theoretical assumption.

Concluding, we can see that vibrational spectra analysis is a precise, non invasive
way to characterize carbon samples with embedded nanocrystals.
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Chapter I

Hydrogen Evolution edge-site activity of
MoS, and hybrid MoSs/Graphene
structures

Recent studies have shown transition metal dichalcogenides (TMDs) are rising candidates
in the replacement of Pt as catalysts in the water splitting process. In this study we focus on
the hydrogen evolution reaction (HER) part of this process and how Hydrogen (H) interacts with
the TMDs, specifically MoS,, as a free standing nanostructure or when positioned on a graphene
substrate. Our results are obtained through Density Functional Theory (DFT) calculations.

First we show the stability of the MoS, structures. We examine various nanostructures,
from a 2D infinite MoSs monolayer to the quasi-1D MoS, ribbons and the quasi-0D MoS- flakes.
Next, we calculate the adsorption of H on various sites of the TMD, including their Mo and S
edges and their respective corners. We also evaluate the activity of each site.

Furthermore, the MoS,/Graphene hybrid system is investigated for its stability. Additional
calculations of the adsorption of H in the MoSy/Graphene hybrid structure indicate that the
effect of graphene in the adsorption process of H on MoS, nanostructures is quite significant.

4.1 Introduction

Recent developments in the Hydrogen Economy have increased the interest in Fuel
Cells (FCs)(fig.4.1). FCs combine oxygen and hydrogen and produce energy with water
as the byproduct making hydrogen an environment friendly, by current standards,
fuel. Apart from the huge advantages in the use of FCs an unwelcoming downside is
the increase of the FCs cost with the use of precious metals (mainly Pt) as catalysts
during the water splitting process (eq. 4.1).
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Fig. 4.1: Membrane Electrode Assembly(MEA) Fuel Cell. (Snapshot taken from video
presentation B of S. Pazos-Knoop. University of British Columbia)

1
H,O — Hy + 502 — 237.1KJ/mol(2.456eV) (4.1)

The two half reactions involved in the process are the Hydrogen Evolution Reaction
(HER), shown in eq. 4.2 and the Oxygen Evolution Reaction (OER), shown in eq. 4.3.

2-Ht"+2.¢7 — H, (4.2)

1
H20—>§OQ+2-H++2~6‘ (4.3)

For the adsorption and desorption of Hydrogen during the HER on the catalyst, three
possible steps are considered [49]. The Volmer step, eq.4.4 refers to the adsorption
part. Then, either the Heyrovsky step, eq.4.5 or the Tafel step, eq.4.6 can achieve des-
orption.

HY4+e — Hyy (4.4)
H"+ H,, — H, (4.5)
2- Had — Hg (4-6)

The success of this adsorbed-transition-desorbed process can be achieved with either
the Volmer-Heyrovsky or the Volmer-Tafel mechanism. [The first is supposed to be
the rate-limiting step for the electrochemichal desorption [50]]

Up to now, the catalyst used in the HER, is mainly Pt. Despite the fact that Pt's
efficiency is almost perfect, it's a very expensive and rare material. That is why alter-
native catalysts for the HER would be more practical and favorable.
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4.1 Introduction

For the evaluation of a material as a feasible catalyst in the HER, there are various
quantitative ways [51]. One is by calculating the stability of the adsorbed H in a crystal,
represented by the binding energy of the system (A Ey) and estimated from equation
4.7,

__ perystal+H crystal Ho
AEy = Etot - Etot — 57 Etot (4-7)

N | —

where BV s the total energy of the system with the adsorbed H, EZ7#*™ is the
total energy of the system without the H and E? is the total energy of the Hydrogen
molecule.

Another quantity that can be used for the evaluation of a material is the Gibbs free
energy difference (AGY,), which represents the possibility/probability of the process
and which is estimated from equation 4.8

AGYy = AEy + AEzpp — T - ASY (4.8)

where AE;pi and ASY, are the zero point energy and the entropy respectively. These
two terms used to be considered as a constant (0.24eV[52]), a more recent work by
Seo et al.[53] has estimated that these two terms can fluctuate from 0.36eV to 0.49¢V,
while in the work done by Pandey et al. [54] they estimate that the zero-point energy
difference (AE;pr) between the gas phase and the absorbed state is 0.12eV and the
term of the equivalent entropy difference at standard conditions (—7" - AS) is 0.20 eV.
Resulting in a constant value for the AE;pp —T'- AS part. Based on these, our indirect
estimation of the Gibbs free energy is going to encase values where the last two terms
of eq.4.8 fluctuate from 0.22eV to 0.49eV.

A functional catalyst's H binding energy should be big enough for it to be absorbed
but small enough for the desorption to occur and should also have AGY near zero,
meaning that H shouldn't bind too strongly or too weakly.

It has already been shown [55], [57], that MoS, is a good candidate for the HER, es-
pecially the nanostructures with active edges (quasi-1D ribbons). The renewed atten-
tion to TMDs as catalysts in the hydrogen evolution reaction is due to the interesting
properties recently observed in the edges of TMDs' particles[5¢], [57]. These recent
developments clearly have considerable impact. In this work we are going to estimate
the binding energy for hydrogen on top of an infinite 2D sheet of MoS,, as well as vari-
ous sites on an quasi-1D ribbon of MoS, and quasi-0D hexagonal and triangular flakes.
We investigate both the Mo and the S edge of the structures as well as their respective
corners. All these structures are also positioned on top of a graphene sheet.
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4.2 Methodology

The calculations are carried out using the Vienna Ab initio Simulation Package
(VASP) [58]- [61]. The projector augmented wave method (PAW) [62], [63], [64] with
both the Perdew-Burke-Ernzerhof(PBE)[ 1 2] and the Local Density Approximation (LDA)
[17] exchange-correlation functionals were used. After the convergence tests, we con-
clude to a 480eV E.,, for the plane waves and a I'-centered 3x3x1 k-point mesh for
the Brillouin Zone. Also for the geometric relaxation we use the conjugate-gradient
approximation. All our systems are modeled with an at least 12A vacuum in the out of
plane direction.

4.3 Results and Discussion

4.3.1 Free Standing MoS, nanostructures

2D MoS, 1D Ribbon || 0D HexFlake | 0D S-TFlake 0D Mo - T Flake
(1)

) (4) (5)

-7.78 -7.38 -7.03 -6.31 -7.50

Fig. 4.2: Free Standing MoS; structures. The Mo atoms are denoted with blue and the S
with yellow. The x axis of these structure is along the lines to the right and the
y axis is perpendicular to them

During this study we are going to use various MoS, nanostructures. In this section
we demonstrate the shape and evaluate the stability of each of them. In fig. 4.2 we see
all the MoS, structures we are going to examine alone or with the graphene substrate.
The stability (E,,;) of each structure is calculated according to equation 4.9,

Ecoh = }f&tolsm — l . EMO —m - ES (4.9)

where, E}7, s is the total energy of the MoS, nanostructure I are the number of Mo
atoms, m the number of S atoms and F;, and Ejs is the total energy of the Molybdenum
and the Sulfur atom respectively.

The stability of a single-layer MoS, structure, whose unit cell consists of one Molyb-
denum atom and two Sulfur atoms is calculated (eq. 4.9) at -7.84eV/atom. As shown
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in fig. 4.2 the stability of a MoS, structure whose unit cell consists of 9 Mo and 18 S
atoms is very close to the small unit cell at -7.78eV, inside the margin of error of the
method.

Quasi-1D ribbons, systems already observed experimentally[©5], are an interesting
structure since they allow the exploration of their exposed edges. The ribbons we use
are constructed as shown in the work done by Bollinger et al. [55]. We start with
an orthogonal unit cell that consist of 2 Mo atoms and 4 S atom with 2 additional S
atom that saturate the exposed Mo edge. With x repetitions in the x-direction and y
repetitions in the y-direction we create each Ribx,y ribbon. As far as their stability is
concerned we can see that the ribbons with greater y are more stable (as shown in table
A.7). Riby» and Ribs 5 have E,, -7.12 and -7.18 eV/atom respectively, whereas Rib, 3
and Ribs 3 have cohesive energy -7.38 eV /atom.

The hexagonal flake (Hex flake) we use consists of 12 Molybdenum atoms and 24
Sulfur atoms, retaining the stoichiometry of MoS,. Its shape is a hexagon with con-
secutive Mo and S edges. While, the triangular flakes (T flakes) we use, can either be
S-edge flake or Mo edge flakes. In fig. 4.2 we also see the two triangular flakes. The
Mo terminated flake, has 10 Mo atoms and 12 S atoms, the stoichiometry of which is
broken with Mo in excess (Tmo). Realistically, this configuration is difficult to exist in
an experimental setup since the environment which can be rich in Sulfur and possibly
Oxygen won't allow a highly, as we will see, active Mo edge to be available for H ad-
sorption. On the other hand, the triangular flake has 6 Mo and 20 S atoms, resulting in
excess in Sulfur(Ts).

When the stoichiometry is retained the triangular flakes instead of being equilat-
eral are isosceles (T), on one of the sides of the triangular flake Mo or S will have to
be added to complete the stoichiometric analogy. In this case, two sides will be simi-
larly terminated with the third having the opposite termination, either S or Mo. For
this work, we examine one triangular flake with a 4x4x4 S edge (Fo5Ts) and one with a
4x4x4 Mo edge (F22Tmo) as shown in fig. 4.2.

As far as their stability is concerned, we see that the quasi-0D structures with the
Mo edges are the most stable(F22Tmo has -7.50eV/atom). Less stable, but more stable
that the structure with S excess ( F30Hex has -5.54eV/atom cohesive energy) are the
structures whose stoichiometry is retained (F9Hex has -6.46eV/atom and F36Hex has -
6.31eV/atom cohesive energy). Additional information about the structures not shown
in fig. 4.2 can be found in tab. A.7.
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4.3.2 MoS; on Graphene

The hybrid MoS,/Graphene system has attracted interest not only on a theoretical
level [66], [67], [62], but also in very interesting experimental set ups [69], [70], [71],
[72] where the hybrid system is used for catalysis [50], storage purposes [73] and other
applications [74]. MoS, and Graphene interact with van der Waals forces. Usually the
interlayer distance in hybrid systems with Graphene is in the range of 0.3-1.0nm[75].
Specifically for MoS, the distance between the two layers, d¢_g, distance between the
C layer and the nearest to it S layer is close to 0.34nm[7¢].

The stability of these structures is assessed through eq. 4.10,

EB _ Et)gt}/—hyb’r‘ld _ Ei)gt—str _ Et};t—st’l” (4'10)
where, Ej; is the binding energy of the structure, E;\} """ is the total energy of the

MoS,/graphene structure, EX 75" is the total energy of the MoS, structure and EY st

is the total energy of the graphene sheet.

2D infinite sheet

Fig. 4.3: C32MogS;15 and C50Mo16S32 structures, Carbon, Molybdenum and Sulfur atoms
are denoted with gray, blue and yellow color respectively. The x axis is along
the vector d of the unit cell as shown in the images and z axis is vertical to the

page

We use two different hexagonal unit cells for this structure shown in fig.4.3. The
first is a 4x4 super-cell of graphene (Cs,) with a 3x3 super-cell of MoS,. The structure
consists of 32 atoms of Carbon, 9 atoms of Mo and 18 atoms of S (C3:Mo0¢S;5 struc-
ture). The second structure is a 5x5 graphene super-cell(C3,) with a 4x4 MoS, super-
cell. The structure consists of 50 atoms of Carbon, 16 of Mo and 32 of S (C50M0;S32
structure). For the 2D MoS, infinite sheet on graphene two possible configurations
are proposed[c2]. The TS configuration where a S atoms is directly on top of a C atom
and the TM configuration with a Mo atom is positioned on top of a C atom. We exam-
ine both configurations with both LDA and GGA-PBE exchange correlation functionals.
In table 4.1 we see the relaxation results of the C33Mo04S;5 structure in both configu-
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c-C 1.42A 1.41A 1.41A 1.41A 1.40A
ccc 120.0° 120.01° | 119.82° | 119.94° | 120.04°
Mo-$S 2.43A 2.43A 2.43A 2.41A 2.40A

S-S 3.15A 3.07A 3.07A 3.01A 3.04A
SMoS 81.07° 78.40° 78.39° | 77.24° | 78.41°
de_g — 4.34A 4.33A 4.46A 3.30A

Strain M oS, +1.98% | +2.09% | +4.70% | -1.33 %
Strain Graphene -1.01% -0.91% 0% +3.31 %

adppp 9.59/9.88 9.78 9.79

aipa 9.36/9.80 9.80 9.67
Ez (eV) -0.21 -0.25 -0.17 -1.15

Table 4.1: C33MogS;g relaxation results, using PBE and LDA potentials in TS TM config-
uration

rations with both exchange correlation functionals. The lattice constant mentioned,
refers to the supercell. The lattice constants of MoS, are 3.20A and 3.12A with GGA-PBE
and LDA respectively. For graphene the respective values are 2.47A and 2.45A. What
is observed is that despite the good representation of the structure with the PBE func-
tional as far as the in plane parameters are concerned, the out-of-plane distance d¢_5
is described correctly only with the LDA functional in the TM configuration. For the

- CsoMoieSy, | Free Standing Structures | TSppy | TMppp | TSioa | TMipa

c-C 1.42A 1.44A | 1.4248A | 1.42A 1.44A
coc 120.0° 120.34° | 119.9374° | 119.86° | 119.93°
Mo-S 2.43A 2.34A | 2.3753A | 2.37A 2.37A

S-S 3.15A 3.17A | 3.1459A | 3.14A 3.14A
SMoS 81.07° 82.83¢ 82.9370° 82.94° 82.93¢
do—g — 4.22A 3.32A 3.32A 3.32A

Strain Graphene +0.89% -0.24% 0.49% 0.56%
Strain MoS, -2.50% | -3.60% | -1.36% | -1.29%
appr (A) 12.35/12.78 12.46 12.32
arpa (R) 12.25/12.48 12.31 12.32
Eg (eV) -0.55 -0.38 -3.62 -3.65

Table 4.2: C5yMo;6S3. relaxation results, using PBE and LDA potentials in TS TM con-
figuration

bigger structure (C50Mo14S32) we see that the out-of-plane parameter d_ g is described
correctly in the TM configurations (for both LDA and PBE) and in the TS configuration
with LDA (shown in table 4.2). What is interesting to see is the strain each configura-
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tion results in. We see that with PBE the strain the MoS, structure undergoes is bigger
than with the LDA functional. The structure with the minimum strain is the TM con-
figuration with LDA. Our results agree well with previous calculations, where the d¢_
distance is calculated in at 3.32A[¢5] and 3.35A[¢¢], and is experimentally measured at
around 3.4A[76]. Consequently, from here on we use the TM configuration with the
LDA functional for further analysis, which seems to be preferable for transition metal
dichalcogenides hetero-structures[77].

In fig.4.4 we see the band structure of the hybrid Graphene/MoS, system in the big
supercell configuration.

Energy (eV)

Fig. 4.4: Electronic band structure in the K — I' — M — K path of the Brillouin Zone
of the C50Mo16S32 structure. The red points correspond to the contribution of
graphene

The direct gap at K-point is 0.037eV for graphene, in agreement with previous cal-
culations [62], [77] and for MoS, is 1.84eV, pointing to small compressive strains, ac-
cording to the analysis of the next chapter and verified by the structural analysis of
table4.2.

The stability of these two structures is examined through eq.4.10. As shown in
table A.7, C50M014S32, with the smaller graphene strain, is more stable than C3,Mo09S;5.

1D ribbons

As mentioned before, the ribbons we study have a saturated with dimers of Sulfur
Mo-edge, the two different unit cells shown in figure 4.5, differ in the size of the sub-
strate, while the MoS, ribbon is the Ribs 3. The width of the ribbon is important for
tuning various of its properties, but as shown [73] the effects of its edge are retained
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Fig. 4.5: Ribs 3 on top of C7; and Cys graphene substrate. Carbon, Molybdenum and
Sulfur atoms are denoted with gray, blue and yellow color respectively, the y
axis is parallel to the text lines and the x axis vertical to them

even with the width change. The ribbon we use has three y repetitions of the arm-
chair edge unit cell. The ribbon is also repeated in the zig zag edge (S-edge) direction
three times (x repetitions) in order to match the size of the orthogonal unit cell of the
graphene substrate. So, the MoS, (Ribj 3) ribbon has 18 Mo atoms and 36 S with 6 extra
Sulfur atoms that saturate the Mo edge.

The size of Ribs 3 unit cell is 9.29A in the x-direction and 28.68A in the y-direction
(the distance from edge to edge is 16.61A and the vacuum between the edges is 12.07A).
The orthogonal graphene unit cells we use consists of 72 and 96 atoms of Carbon. Its
initial dimensions are; 8.54A in the x-direction and 22.2A and 29.6Ain the y-direction
for the C;; and the Cy graphene substrate respectively. The initial lattice mismatch
in the x direction is 8.1% and in the y direction the ribbon should be "compressed"
when positioned in the C;» graphene substrate. The y- direction vacuum is reduced
to 5.6A instead of 12.07A. When the ribbon is positioned in the Co graphene substrate
the ribbon has 7.4A of extra vacuum in the y direction. In the final configuration, the
Cro substrate is strained by -1.26% in the y direction and 1.76% in the x direction with
a 5.00A vacuum between the edges. On the other hand, the Cy substrate is strained by
-1.25% in the y direction and by 1.33% in the x direction with the distance between the
saturated Mo edge and the S edge at 12.42A. The strain the ribbon undergoes is -6.45%
in the C, substrate and -6.85% in the Cys substrate in the x-direction.

By comparing CosRib; 3 and CoRibs 3 we see that the more stable structure is the
one with the ribbon edges further apart, a fact which is verified when we position a
ribbon with smaller width on a Cys graphene substrate (CogRibs 3 structure).

0D Flakes

Even though ribbons with their infinite edges let us exploit the edge effects to the
maximum, finite-size flakes present the opportunity to study possible effects of the
MoS; corners.

We are going to use two different shapes for these quasi-0D structures. One with
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hexagonal shape and one with triangular. Each shape can be either stoichiometrically
correct, with an analogy of 2 S atoms per Mo atom, or have an excess of either Mo
or S. Both shapes have already been observed experimentally [55], [30], [¢1], [79]. In
order to achieve realistic results in the hybrid system of graphene and the quasi-1D
flake of MoS,, we first study the orientation between the two structures. In figure

A7 5 AR

Fig. 4.6: Various MoS; molecule orientations on a orthogonal Co4 graphene substrate.
The gray colored atoms denote Carbon atoms, the yellow Sulfur atoms and the
green the Molybdenum atoms

4.6 we present the orientations of a single MoS, molecule in respect to Carbon atoms
of the graphene substrate that are examined. In the first two orientations, the MoS,
molecule is positioned in the center of the graphene hexagon, the first one along two
opposite sides and the second along two opposite corners. The third orientation has
the MoS; molecule perpendicularly on top of a C-C bond and in the final orientation
the molecule is positioned on top and in parallel to a C-C bond. The binding energy
of the structures is calculated through eq. 4.10 at -0.58, -0.58, -0.59 and 0.23 eV/atom
for each of the orientations respectively. This means that some orientations are more
preferable than others.

[In the work done by Huang et al. [32] they obtain a monolayer of MoS, by using a
controllable etching process. PL and Raman spectroscopy results between exfoliated
samples of monolayer MoS, and samples treated with the etching technique are in
good comparison. ]

The hexagonal flake (Hex flake) we use consists of 12 Molybdenum atoms and 24
Sulfur atoms, retaining the stoichiometry of MoS,. The shape is a hexagon with con-
secutive Mo and S edges. We maintain the TM configuration, where a Molybdenum
atom is aligned with a Carbon atom and position the flake on a rectangular graphene
sheet of 96 carbon atoms, as shown in figure 4.9.

The flake is rotated counterclockwise by 20°, 40°, 60°, 80°, 100° and 120° degrees
around the Mo-C axis of the TM configuration. Structures with 0° and 120° rotation can
be considered equivalent, a fact which is verified by the results with the only noticeable
change between them is in the d¢_s distance a difference of 0.01Ain graph 4.7 we plot
the total energy of the structure versus the rotation angle of the MoS, flake. Also all
the relaxation details can be seen in table 4.3. It can be seen that the structure with the
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2D MoS, 0° *20° 40° *60° 80° 100° 120°
c-C 1.42A 1.41A | 1.41A | 1.41A | 1.41A | 1.41A | 1.41A | 1.41A
CCC | 120.0° | 119.90° | 119.8° | 119.62° | 119.96° | 119.93° | 120.32° | 119.85°
do_g — ~3.33A | ~3.30A | ~3.19A | ~3.25A | ~3.354 | ~3.30A | ~3.34A
Mo-S | 243A | ~2.38A | ~2.31A | ~2.384 | ~2.37A | ~2.38A | ~2.37A | ~2.39A
S-S 3.15A | ~3.02A | ~3.04A | ~3.03A | ~3.03A | ~3.02A | ~3.02A | ~3.01A
SMoS 81.07° 78.88° | 81.99° | 79.23° | 79.12° | 79.06° | 79.11° | 78.89°

Table 4.3: Relaxation results of the different orientations of the F;6Hex flake on top of
the Cyg graphene substrate

lowest energy is the one with the counterclockwise rotation of the flake by 40°, were
dc—s = 3.19. We must also note that the difference in the total energy between the
structures is 14 meV which can be considered almost negligible. Nevertheless, we use
this configuration for our further studies of this hybrid system. The resulting strain of

-1232.9

-1232.941-

-1232.95-

Etot (eV)

-1232.96

-1232.97;

| | |
20 40 60 80 100 120
rotation angle (degrees)

Fig. 4.7: Total energy (eV) of the hexagonal MoS, flake rotated around the C - Mo axis
of the TM configuration, denoted with the black curve

the graphene substrate is less than the two previous configurations (with the 2D MoS,
and the quasi-1D Ribj 3) with -0.75% strain in x-direction and -0.91% in the y-direction.
The binding energy of the structure is —1.26¢1” which shows that this structure is a bit
more stable than the hybrid structure with the infinite MoS, sheet in the small con-
figuration. The main difference is the strain the two components of the hybrid system
undergo. Also the MoS, flake seems to be coming closer to the graphene substrate by
at most 0.1A. By observing the flake more closely, we see that it shrinks in favor of the
substrate. Especially in the edges of the flake the distance of the Sulfur atoms (S-S)
reduces to 3.04A and the Mo-S distance to 2.36A. This compression of the flake seems to
be more prominent at the edges. The triangular flake (T flakes) we use are the ones
described in the previous section. All three quasi-0D flakes positioned on the graphene
substrate are shown in fig.4.8.  Details on the stability of the MoS,/Graphene sys-
tems can be found in table A.7 Comparing the quasi-0D structures we can see that the
hexagonal flake is the more stable structure with the Mo-edge flake close to zero sta-
bility. We also see that the quasi-1D ribbons that undergo higher strain are not stable.
From the two configurations with the 2D MoS, we see that the bigger one is more sta-
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Stoichiometry is retained Excess of S Excess of Mo
Hexagonal Triangular Triangular

Fig. 4.8: Quasi-0D structures (Hexagonal and triangular) on a Cys graphene substrate.
Carbon, Molybdenum and Sulfur atoms are denoted with gray, blue and yellow
color respectively

ble. This increase in stability seems to depend on the strain the two structures of the
hybrid system undergo.

From the structures examined(see table A.7) here we see that the stability of the
MoS,/Graphene structure is not a straightforward issue. It seems to depend on several
parameters, such as stoichiometry, strain and dimensionality.

4.3.3 H with MoS,

In this section we present the results of the adsorption of H on MoS, structures.
The structures we consider are the MoS, structures mentioned in the previous sub-
section. The adsorption sites of Hydrogen(s), where H is positioned on top or below
the sulfur atoms of the edges, have been examined by Bollinger et al. [55] concerning
the MoS, (2,6) ribbon structure, since their ribbon has a smaller, in width, edge, our
results cannot be quantitatively compared, but as a general observation we see that
the activity of the edge sites of an MoS, ribbon depends on the concentrations of both
the Sulfurs and the Hydrogens at the edge.

Here we examine the stability and activity of the sites, where H is initially in the
level of the Mo plane, in between the four neighboring sulfurs, In our final configu-
rations, the hydrogen atoms move from the center of the square, created by the edge
Sulfurs, to the side at the edge of a Sulfur layer. A similar resulting configuration is
also observed in the structures examined by Bollinger et al. [55] although the ratio of
Sulfurs and Hydrogens is higher.

The adsorption energies in the table of fig.4.4 are calculated using equation 4.11,
n

_ perystal+n-H crystal
AEﬁads - Etot - Etot 92

E[ (4.11)
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structure AE.q(eV) eq.4.11
MoS;H, 1.66
2 | MogSi6H,0 1.17
Ribs 3H, 0.57
A | Ribs3Hy -0.25
™ | Ribs 3H,3 -0.14
Ribs 3Hp24 3 0.20
F3oHexH, 0.37
F3sHexH, 0.41
F3sHexH,5 -0.12
A | FssHexHyg -1.36
© | FagHexH,s, 6 -1.42
FysHexHg -4.04

Table 4.4: Adsorption energies of Hydrogen on MoS, structures

where, AE, 4, is the adsorption energy of H in the equivalent structure, n is the number
of Hydrogen atoms adsorbed in the structure and EZYs“!tmH - pervstal gnd pH2 ape
the total energies of the structure with the Hydrogen(s), of the structure without the
Hydrogen and of the H, molecule respectively.

As we can see, Hydrogen cannot bind on a basal site (p0) of the MoS, structure. The
hexagonal flake we study, as shown in figure 4.9, has three S-edges(p5) and three Mo-
edges(p6) that remain unsaturated. From the results of table 4.4 we conclude that the
H adsorption site in the Mo-edge is more stable than the site in the S-edge. When we
position the H atom on site p7 as shown in fig.4.9 after the relaxation of the structure
the H has moved to the pé6 position.

2D infinite sheet 1D ribbon oD flake

P7

o ° p6
P5

Fig. 4.9: MoS; structures indicating the initial Hydrogen sites. Molybdenum, Sulfur and
Hydrogen atoms are denoted with blue, yellow and red respectively

If we try to add a second Hydrogen in the F3sHex on the S-edge, when one has
already been adsorbed in the Mo-edge, the binding energy of the structure is -0.06 eV.
This means that the probability for a second Hydrogen to stably bond to the structure
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Chapter 4. H in MoSy/Graphene

is low. On the other hand, the adsorption energy of a second Hydrogen in Mo-edge of
the F3sHex flake, when the first has bonded in the S-edge is -1.30 eV, further proving
the high activity of the Mo-edge.

4.3.4 H - MoS, Graphene

Next, we add Hydrogen in the hybrid system of MoS,/Graphene. The positions we
examine are the edge sites of the structures mentioned before. The four possible sites
on the 1D ribbon coincide with the sites of H in the free standing ribbon. Positions p1,
p2 and p3 are sites in between the Sulfur dimers that saturate the Mo-edge. The only
obvious differentiation between these three positions is the relevant position of the
Sulfur dimers in respect to the graphene substrate, where p2 is on top of the center
of a graphene hexagon, p3 on top of a C-C bond and p1 on top of a C atom. Site p4 is
initially in between the MoS, structure and the graphene substrate below the p2 site.

For both the hexagonal and triangular flakes the positions of H are in the plane of
the Mo layer either in a Mo- or a S- edge.

’ structure ’ AFEy(eV/H atom) (egs.4.7) ‘
CraRibs sHyp 3 -0.17
CraRibs sH,) -0.31
CroRibs 3H, 3 -0.60
C72Rib3’3Hp4 -0.89
C96Rib373Hp3 -0.72
C96F36Hmofedge -1.34
C96F36Hs—edge -0.09

Table 4.5: Adsorption energies of H on the hybrid system of MoS,/Graphene

As far as the adsorption of H on MoS; ribbon positioned on a graphene substrate
is concerned we can see that Hydrogens in the sites p2 and p3, which are equal if we
consider only their position in relevance to the MoS, ribbon, have quite different ad-
sorption energies. The adsorption of H in p2 is -0.31 eV, whereas in p3 is -0.60 eV. By
considering the substrate, where p2 is on top of a C-C bond and p3 is almost on top of
a Carbon atom, we conclude that graphene significantly affects the adsorption of Hy-
drogen(s). If we try to position a Hydrogen closer to the graphene substrate (p4) we
see that it binds stronger with an -0.89 eV adsorption energy. All final configurations
of the ribbon can be seen in fig. 4.10.

We increase the distance between the two edges of the ribbon, by taking a bigger
cell for the graphene substrate and by comparing the adsorption energies of the same
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p3

pl

p4
p2+p3

Fig. 4.10: Final configurations of Hydrogen in the Graphene/MoS, system. Carbon,

Molybdenum, Sulfur and Hydrogen atoms are denoted with grey, blue, yel-

low and red respectively
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Fig. 4.11: Graph of the adsorption energy of H on a hybrid Graphene/MoS, structure
(denoted with blue dots) and the possible area of the Gibbs free energy change
AGy(gray area). The minimum of the area is calculated with the value of 0.24
eV[52]forthe AE;pr—T-AS of the AGy and the maximum with the 0.49eV

[53] value.
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4.4 Conclusions

site (p3), that is on top of a C-C bond, we see that the adsorption energy increases from
-0.60 eV (Cr, substrate) to -0.72 eV (Cys substrate). In the small graphene substrate
the distance between the Sulfur dimers of the S-edge and the ones that saturate the
Mo-edge is 5.00A, whereas the distance for the big graphene substrate is 12.42A.

Two Hydrogen atoms in sites p2 and p3 seem to bind too weakly at -0.17 eV. If we
contemplate what happens when one Hydrogen is already adsorbed in p2 and a second
Hydrogen gets adsorbed in p1 then the adsorption energy of the second hydrogen is
0.14 eV meaning that the adsorption of the second Hydrogen is not favored energeti-
cally.

For the evaluation of the F3sHex as the MoS, structure on the graphene substrate,
we consider two possible sites for the adsorption of Hydrogen on MoS,. Both positions
are in the level of the Molybdenum layer. One is on the side of the Sulfur dimmers (p5)
and the other on the side of the Molybdenum atoms (p6). The adsorption energy on
the S-edge is -0.09 eV and on the Mo-edge is -1.34 eV. This shows that the binding on
the Mo edge is too strong and not helpful in the HER. All these results can be see in
table 4.5.

4.4 Conclusions

Concluding, as far as the free standing MoS, is concerned, we observe that higher
MoS, dimensionality increases the structural stability with an exception in the Mo-
edge triangular flake which achieves the highest stability. When MoS, is positioned
on the graphene substrate this pattern is reversed, with MoS, structures with lower
dimensionality being more stable with a clear exception again in the Mo-edge flake
which shrivels and loses its stability. Also we must note that due to the lattice mis-
match with graphene, the MoS, structure on top of it gets compressed. As shown in
fig.4.11 the stability of H increases when the graphene substrate is present. A clear
indication of the importance of the substrate is the different effect it has in the p1 and
p3 sites whose main difference is the relevant position in regards to the substrate. Also
the distance between the edges seems to slightly influence the adsorption of H. From
this diagram we also conclude that the optimum edge sites are on the 1D ribbon and
the 0D S-edge of the flake.
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Chapter

Electronic Properties Engineering of
TMDs: strained monolayer

We present Density Functional Theory (DFT) results for the electronic and dielectric properties of
single-layer (2D) semiconducting transition metal dichalcogenides MXo (M = Mo, W; X = S, Se, Te) under
isotropic, uniaxial (along the zigzag and armchair directions), and shear strain. Electronic band gaps
decrease while dielectric constants increase for heavier chalcogens X. The direct gaps of equilibrium
structures often become indirect under certain types of strain, depending on the material. The effects of
strain and of broken symmetry on the band structure are discussed. Gaps reach maximum values at small
compressive strains or in equilibrium, and decrease with larger strains. In-plane dielectric constants
generally increase with strain, reaching a minimum value at small compressive strains. The out-of-
plane constants exhibit a similar behavior under shear strain but under isotropic and uniaxial strain they
increase with compression and decrease with tension, thus exhibiting a monotonic behavior. These DFT
results are theoretically explained using only structural parameters and equilibrium dielectric constants.
Our findings are consistent with available experimental data.

5.1 Introduction

For the last decade, two-dimensional materials have attracted a lot of interest.
Since the appearance of graphene [23] single layer MoS, has been excessively studied.
The monolayer structure was first observed by Lee at al. [34], with the first success-
ful mechanical exfoliation from the bulk structure a little later by Mak et al. [35] in
2010. Due to strong surface effects there is a drastic change in the properties of this
material with the change in the number of its layers. The characterization of the struc-
ture showed a transition of the material from an indirect semiconductor(bulk MoS-)
to a direct-gap material[36]. Since then, their electronic and magnetic properties[57],
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Chapter 5. Strained TMDs

[28],[29], [90], [91] have been extensively studied with more recent studies focusing on
MoS, and WS, [92], [93].

Bulk Transition Metal Dichalcogenides (TMDs) are layered, anisotropic materials,
known for various of their properties[94], [95]. Their ability to be easily exfoliated
into separate layers makes them great candidates for many applications, such as opto-
electronics, photovoltaics, photocatalysis and of course lubrication applications. Their
general type is MX,, where M:Mo,W and X:S, Se, Te. These materials have hexagonal
symmetry (*Hexagonal, hP6, P63 /mmc, No 194" space group) and the parameters that
characterize them are the distance between neighboring Mo atoms in the x-direction
(a), in the z-direction (c) and an internal parameter u which describes the relative dis-
tance between the M and the X atoms. The distance between the M-plane and the
X-plane is (3 — u) - ¢ [96], usually mentioned as internal parameter z.

The bulk MX, structure is computationally represented with a unit-cell of 6 atoms;
two atoms of a transition metal and four of a chalcogen. The left image in figure 5.1
shows a 4x4x1 top view of the unit cell and the on the right image a side view of the unit-
cell of molybdenum disulfide. As seen from the top view the atoms create a hexagon
similar with the one of graphene, only here the atoms are not in the same "layer".
Bulk MX; consist of two trilayers. Each trilayer has a monolayer of M atoms sand-
wiched between two monolayers of X atoms. The trilayers interact with each other (
the neighboring X monolayers) with weak van Der Waals interactions. There are vari-

e’e

Fig. 5.1: MoS; bulk unit-cell where Mo and S atoms are denoted with blue and yellow
spheres respectively

ous references in literature about the value of the lattice parameters. We can see some
of them as well as the resulting values for each parameter of our calculations in table
A.7 for MoS,, in A.8 for MoSes, in A.9 for MoTe,, in A.10 for WS, in A.11 for WSe, and
in A.12 for WTe,. It can be seen that GPAW overestimates the in-plane lattice param-
eter a by about 1%, apart from the W T e, structure, where it is underestimated by 1%.
As far as the out-of plane parameter u is concerned the behavior is the same for all the
structures; an overestimation of about 1.2%. It is already shown, that PBE functional
is better for describing the in-plane behavior of the structure, compared to the LDA
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which is best for the out-of-plane behavior.

MX; as bulk materials are indirect semiconductors with their band gaps shown
in table 5.1 as calculated in this work. The valence band maximum (VBmax) is al-
ways located at the I'-point of the Brillouin Zone (BZ) and the conduction band min-
imum(CBmin) at or near the K-point. In the second column of the same table we can
see some experimental values of the band gap. The last column contains the results of
experimental works on the in-plane dielectric constant. The electronic band structure

’ Structure ’ E,(eV) \ E -exp(eV) \ €1 ’ g \ Eeff ’ e(exp) ‘
MoS, 1.34 | 1.29[97],1.23[98] | 12.3 | 7.2 | 9.4 | 17.0[99]
WS, 1.29 1.35[95] 11.0 | 7.2 | 8.9 | 13.5[100]
MoSe, 1.24 | 1.10[97],1.09[92] | 14.0 | 9.0 | 11.2 | 18.0[99]
WSe, 1.21 1.20[98] 12.3 | 8.6 | 10.3 | 14.0[100]
MoTe, 0.87 1.00[97] 19.2 | 13.0 | 15.8 | 20.0[29]
WTe, 0.88 16.7 | 11.7 | 14.0

Table 5.1: MX; bulk band gap, theoretical and experimental values, dielectric constant
for in-plane and out-of-plane polarization and the respective effective value

for bulk MoS, and WS, is shown in fig.5.2.

The weak van der Waal interaction between the tri-layers makes it possible to eas-
ily obtain a monolayer[101] by mechanical exfoliation with no impurities as well as
the Chemical Vapor Deposition (CVD) method[79]. In detail the atom positions and
the vectors of the unit cell for a MX; monolayer can be seen in figure 5.3, as well as an
image (a) of the lattice structure and (b) the respective Brillouin Zone(BZ).

There are many studies focusing on the electronic properties of TMDs [102], [103].
The value of the gap depends on the method used for the calculation. For example, for
MoS, it varies from 1.53eV to 2.84eV [104], [105], [106], [107], [102], [94], [¢7] with the
experimental values at 1.90eV [35] and 1.75eV [36]. The band gap for these structures

Exp 1.90[85] | 1.75[36]

GW 2.76 [94] | 2.14![157]
GGA+vdW | 1.63 [107]

HSE06 | 2.10[106]

LDA 1.87 [108] 1.89 1.9[157]

PBE 1.78 [104] | 1.72[87] | 1.58 [108] | 1.70 [106] | 1.69

Table 5.2: MoS, single layer calculated and experimental band gap values

as calculated in this work is shown in table 5.3. All TMDs display similar electronic
behavior with a direct gap at K-point as shown in figure 5.4 and a decrease in the value
of the gap for heavier TMDs.
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Fig. 5.2: Electronic band structure for bulk MoS; and WS,
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(a) lattice structure (b) 2D Brillouin Zone

M: (1/3,2/3,1/4) A= (—a/2,aV/3/2,0)
X: (2/3,1/3,1-u) Ay = (a,0,0)
X: (2/3,1/3,u-1/2) A3 = (0,0,¢)

Fig. 5.3: Atom positions and unit cell vectors for the single layer MX, with (a) a top and
side view of the unit cell and (b) the respective BZ

This dependence is also reflected in the values of the dielectric constant as shown
in table 5.3. These values are almost halved, compared to the values of the respective
bulk structures. As shown previously [110], the dielectric constant also depends on the
vacuum(space in the z-direction, between two consequent monoloayers, used in the
calculation). The dielectric constant for in-plane polarization decreases with a slower
rate than the dielectric constant for out-of-plane polarization. The effect of vacuum on
the dielectric constant makes it difficult to compare results of different studies [111],
[112]. In this work vacuum=12A.

MoS, 3.20 | 0.635 3.15 133.56 1.69 6.1 | 3.6 | 4.3
WS, 3.19 | 0.630 3.18 134.13 1.85 53 | 34| 4.2
MoSe, 3.30 | 0.631 3.35 145.13 1.51 7.0 | 41| 54
WSe; 3.31 | 0.628 3.39 146.06 1.63 6.0 | 3.8 | 4.8
MoTe, 3.56 | 0.628 3.59 170.68 1.07 9.1 | 48 | 6.6
WTe, 3.56 | 0.629 3.62 171.05 1.06 82 | 46| 6.1

Table 5.3: M X, single layer lattice parameters, band gap and also dielectric constant
for in-plane and out-of-plane polarization and the respective effective value

The tuning of the electronic properties of the TMDs structures is interesting for
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MoS MoSe M o._.mN

WTe

M r KM r KM r KM r KM r KM

Fig. 5.4: TMDs band structure along the M-I'-K path in the Brillouin Zone
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electronic and optoelectronic applications. There have been various attempts either
by using alloys of the TMDs [113] or with strain [114], [102], [106], [115], [116] achiev-
ing a switching of each material from semiconducting to metallic. This tuning is quite
useful when trying to create hetero-structures, exploiting the quantitative differences
of these six materials and also graphene, hexagonal Boron Nitride(BN) and fluoro-
graphene, using them as 'Lego-blocks' [117]. An attempt[115] has also been made in
understanding the behavior of the dielectric constant under strain for in-plane polar-
ization.

Materials with this type of anisotropy can be consider as transverse isotropic[11°]
materials since one direction (z-axis) differs from the other two. If d (0,0,1) is the unit
vector in the direction of the distinction then the dielectric tensor for each material,
which connects the dielectric displacement D with the electric field E as shown in eq.
5.1, can be written in the form of eq. 5.2

D; = ¢ eibiy (5.1)
where ¢ is the permitivity of free space and
EikZSJ_'CSZ'k—l-(EH—€L)-di-dk (5.2)

where ¢ is the dielectric constant for E applied along the c axis direction (E||c) and ¢ |
is the dielectric constant for perpendicular to the c axis excitation (E_Lc). The value of
the constant for out-of-plane polarization and for in-plane polarization as well as the
effective dielectric constant as given by the equation ¢ = /21 ~¢| [95] are shown in
table 5.1.

The aim of this work is to expand the calculations, with strains, that up to now, as
far as we know, haven't been studied yet. We offer a new point of view for the elec-
tronic properties of the materials under strain, by studying the shifting of the positions
of the CBmin and VBmax. Since these materials under strain become fully anisotropic
we also study and attempt to qualitatively explain the behavior of the dielectric con-
stant not only for in-plane polarization but also for out-of-plane polarization, making
it possible to estimate an effective value for the dielectric constant.

5.2 Methodology

In this work we use the Density Functional Theory (DFT) through the open source,
Grid-based Augmented-Wave (GPAW) implementation, [120],[ 12 1] which uses real space
grid for electron densities and wave functions. We implement the GGA-PBE exchange-
correlation functional[122]. The atomic relaxation is done with the conjugate gradient
approximation and the dielectric constant is calculated through the linear response
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theory [

]. Electron-electron interactions are taken into account using the random

phase approximation (RPA). For the in-plane polarization the wave-vector of the in-
cident light is taken to be parallel to the MX; layer (E_Lc) and for the out-of-plane
polarization the wave-vector is perpendicular to the MX, layer (E||c).

5.3 Results and Discussion

5.3.1 Strain definitions
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Fig. 5.5: 2D representation of strain deformation[

Normal strain in the x direction is defined as
A'B'— AB
g = —————
AB

~

According to figure 5.5 A'B’ = \/(dx + Sudy)? + (Sidr)? ~

]

(5.3)

(14 %“)dz. We also

know that AB = dx so with that and by following the small deformation theory, we

can see that
ou
Ep = —
ox

in the same way we can see that
_Ov
=9

Ey

(5.4)

(5.5)

Apart from normal strain we can also have shear strain. Shear strain is defined
as the change in the angle between the two orthogonal directions. Keep in mind that
engineering shear strain is different from pure shear strain. Engineering shear strain
is the total measure of the shear strain eg. 7., = €,y + €z = 2 - €4 SO 4y is the total

shear strain in the x-y plane
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For example, in the two dimensional case, as shown in figure 5.5 the shear strain
in the xy direction is defined as v,, = § — C'A’B’ = o + (3. For small deformations,
a ~ tan « and 3 ~ tan (3, so shear strain can be written:

%dw g—zdy _Ou  Ov

= =—+ (5.6)
dr + ¢dx  dy+ g—;dy dy Ox

P)/zy

By interchanging = and y and v and u, we can see that v,, = 7,,. Having in mind the
above, the general deformation matrix of engineering strain is defined as:

Exz Vay Vaz
S = VYzy  Eyy  Vyz (5.7)
Vez  Vzy Ezz

Focusing in our structures, if the initial vector matrix is

almo G/QIO agzo
R = Cblyo agyo CLgyO (58)

alzo CLQZO agzo

then the final vector matrix is going to be given by the equation R’ = (I +e¢-5)- R.
where e is the strain. Fig. 5.6 shows the effect each strain has on the unit cell of MX,.

CUANR RS

Fig. 5.6: Effectof a) isotropic, b) uniaxial x, ¢) uniaxial y and d) shear xy strain on the unit
cell of MX5. With black we denote the relaxed structure, with red the expanded
and with blue the compressed structure.

5.3.2 Structural details of strained structures

The effect of strain in the TMDs is interesting both as a suspended material and a
material positioned onto a substrate, as we already mentioned. The strains we apply
in the six transition metal dichalcogenides are; isotropic strain (since the structure is
2D it can be considered bi-axial), uniaxial strain on x-axis, on y-axis and shear strain
in the xy-direction. The strain applied ranges from 12% compressive to 12% tensile.
Previous experiments[125] with MoS, reach values up to 11% out-of-plane isotropic
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strain and others [126] prove that the material conveniently has high elasticity for the
creation of hetero-structures with other less flexible materials, such as graphene. All
the structure relaxations are performed with the Simplex Algorithm [127].The energy
dependence on strain can be seen in figure 5.7 as well as the behavior of u lattice pa-
rameter.

For the sake of brevity, we discuss the effect of strain on the structural properties
only for MoS,. Apart from the change in the relative positions between the atoms in
the z direction, indicated from the u parameter, it is important to consider the change
in the shape of the unit cell and the effect it has on atoms in neighboring cells. In
figure 5.7 we can see the angle SMoS, the S — S distance and the Mo — S distance of
the M oS, molecule in relation to strain. In the graphs, that distance is denoted as the
Mos — S distance.

For isotropic strain, both the SMoS angle and the S - S distance decrease with
expansion, while the distance between the Mo atom and the 6 neighboring S atoms
(Mo, — S, Moy — S and Mos — S) increases. Uniaxial x strain has almost the same be-
havior with isotropic strain, apart from the Mo-S distance of one set of S atoms where
instead of increase with expansion the distance decreases. Uniaxial y strain behaves
the same for the S 0S angle and the S - S distance, while the Mo-S distance for one set
increase but for the other two the distance remains almost the same. Shear xy strain
has a more complicated behavior with the expansion of the structure. The SMoS an-
gle increases, the S - S distance remains relatively the same, one set of Mo - S distances
remains the same, one increases and the other decreases with expansion, which is ex-
pected if we take into consideration the effect of shear strain in the unit cell, as we
mentioned before 5.6.

5.3.3 Effect of strain on electronic properties

As we already mentioned, there are some works done, concerning the tuning of
the electronic properties with strain. Results of the calculations done in this work are
shown in figure 5.8. We observe a similar qualitative behavior for all TMDs. While,
the band gap decreases with both compressive and tensile strain, compressive strain
has a less drastic effect on it. MS, structures achieve a metallic character for high
values of tensile isotropic strain(>10%), while MTe, structure reach these values only
for compressive (>8%) isotropic and uniaxial x strains.

For the MSe, structures, the band gap decreases with any type of strain, whereas
the other structures have a gap increase with small compressive strain. For all MX; we
have the same values for uniaxial x and uniaxial y tensile strain, for compressive shear
xy with compressive uniaxial y and for compressive isotropic with uniaxial x strain, for
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Fig. 5.8: Band gap, E,, versus strain for all TMDs and all types of strain. Results from
calculations are shown with black circles for isotropic strain, red for uniaxial
X, green for uniaxial y and blue for shear xy. For MSs (top two plots) the direct
gap at K-point of the BZ is also shown with open circles and dotted lines
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5.3 Results and Discussion

which we must also note that we have a steeper decrease of E, than with tensile strain.
Shear xy strain's effect on the band gap is significantly smaller than all other types of
strain. We also observe a similar behavior of the structures with the same chalcogen,
while the transition metal doesn't seem to affect the band gap.

Strain also affects the positions of the CBmin and VBmax of each structure. We
already mentioned that for 0% strain the structures are direct gap semiconductors,
with both the CBmin and the VBmax positions at K-point of the Brillouin Zone. Focus-
ing again on MoS,, if we apply a small tensile strain, the position of the VBmax shifts
from the K-point to the I'-point, making the structure an indirect gap material. Since
these shifts become more complicated with bigger values of tensile strain and with
compressive strain, we present the diagrams shown in figure 5.9

For very small strains the band structures and, thus, the CBmin and VBmax posi-
tions, are usually the same forthe'- K — M -T, T - K'—-M'—-TandT'— K"— M"-T
paths within the accuracy of DFT. However, for shear xy and large uniaxial strains the
degeneracy of these paths is lifted. This is also suggested for K,K' and M,M' in previous
calculations[115]. This effect is not present with isotropic strain, where the symmetry
is retained.

In detail, for shear xy strain, we examine the Brillouin zone under strain. If the
unit cell for an unstrained lattice has the form shown in eq.5.9,

alzalx-:ﬁ+a1y-g)~l—alz-2
a2:a2x-£+a2y~?)+agz~2 (5-9)
ad = Qs - T+ asy -y +as, -2

then the general form of the unit cell under shear xy strain, taking into consideration
the values for each a; ,, (where i=1,2,3 and n=x,y,z) coefficient, is as shown in eq.5.10

al=% - (1+s-V3)-2+%-(V3+s)9
a2=a-T+a-s-9 (5.10)
ad=c-z

where a is the lattice constant and s is the percentage of strain, then the unit vectors
of the Brillouin zone are estimated from eq.5.11

- 1y X (= - 12 X a1 - 11 X ae
51:2'W'%7 5222'71"%7 b3:2'ﬂ'% (5.11)
aj - (a3 x az) ay - (a3 x az) as - (a3 x ay)
to be (shown in eq.5.12):
N 4-7-s S W N
by = a-v/3-(s2—1) "L a-v/3-(s2—1) Y
N 27r(f+s) 2.7-(1+51/3) A
by = — syt sy U (5.12)
b3 == 2m 2

C
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Fig. 5.9: CBmin-VBmax diagrams for all six TMDs structures. The black (very small) cir-

Chapter 5. Strained TMDs

cles denote the CBmin and VBmax positions for isotropic strain, the red (small)
for uniaxial-x, the green (large) for uniaxial-y and the blue (very large) for
shear strain. The triangle and square symbols denote the CBmin and VBmax
positions along theI' — K’ — M’ —T'andT' — K" — M" — T path of the Bril-
louin Zone, respectively, and are marked when they differ from the ones along
the ' — K — M — T path. The dashed lines indicate the positions of the high
symmetry points of the BZ. The top area of each diagram shows the CBmin and
the bottom the VBmax positions
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5.3 Results and Discussion

The effect of shear xy strain on the shape of the Brillouin Zone can be observed in
fig.5.10 We can see the effect of both large(15%) and small(%) for compressive and ten-

-15% strain -3% strain 0% strain 3% strain 15% strain

Fig. 5.10: Effect of shear strain in the shape of the BZ

sile strain, in comparison with the BZ of the unstrained structure. The brake in the
symmetry is obvious. A detail image with the changes of the conduction and valence
band with strain can be seen in fig.A.1 for MoS,, fig.A.4 for WS,, fig.A.2 for MoSe,,
fig.A.5 for WSe,, fig.A.3 for MoTe, and fig.A.6 for WTe,.

The points corresponding to the different CBmin and VBmax along the I' — K’ —
M'—TandI'— K" — M" —I" paths are marked with triangles and squares, where K-M
are replaced by K'-M' and K''-M", respectively. Figs.5.8 and 5.9 contain all essential
information for the electronic behavior of strained MXj structures. For instance, for
WS, (bottom left plot of fig. 5.9), even very small compressive isotropic strains bring
the CBmin from K to a point between the I and K. The VBmax remains at K (only for ex-
treme strain it goes to I') so that the gap is indirect. Very small tensile isotropic strain
shifts the VBmax to the I" point and leave the CBmin at K, so that the gap is indirect.
Thus, even small isotropic strain makes WS, monolayer an indirect gap semiconductor
(at ' — K) for tensile strain. The conclusions are very similar for uniaxial strains in
the range of -10% to 10%, in agreement with recent experiments [122]

The positions of CBmin and VBmax seem to depend on the chalcogen part of the
structure (diagrams in the same column of figure 5.9). Excluding the MSe, structures,
all other TMDs remain direct gap semiconductors for small strains. For shear xy strain
the position of VBmax remains at K-point, for any value of strain. Apart from the
MS, structures, the VBmax doesn't shift from K-point for small values of any type of
strain. Generally an erratic behavior of these positions is observed for larger values
of compressive strain, in contrast to the smooth shifting of these positions for tensile
strain.

5.3.4 Effect of Strain on dielectric constant

In regards to the dielectric constant, as we already mentioned, we have a similar
qualitative behavior for all TMDs. Since the materials under strain become completely

77



Chapter 5. Strained TMDs

anisotropic, all three diagonal elements of the dielectric tensor need to be included in
our analysis.

Qualitatively, for out-of-plane polarization, we can see from the results (shown
in the right panel of fig.5.11), that the each type of strain has a different effect on
the dielectric constant. We can see that shear xy strain's effect on it is small, with a
constant increase. For all three other types of strain the dielectric constant decreases
with tensile and increases with compressive strain. We must also note that uniaxial x
and uniaxial y strain have the same quantitative effect.

For in-plane polarization ( either in the x or y direction), the effect of strain is
more complex. Primarily, we observe a similar behavior for structures with the same
chalcogen. Also we must note that with isotropic strain the structure retains the in-
plane isotropy of the undeformed structure.

Specifically for in-plane polarization in the y-direction, uniaxial x strain displays
a linear increase with the expansion of the structure that becomes more prominent
as the chalcogen gets 'smaller'. All other types of strain result in the increase of the
dielectric constant. As we can see in the graphs, as the chalcogen gets 'heavier' the
rate with which the dielectric constant increases is faster, resulting in a wider range
of values, especially under compressive strain.

For in-plane polarization in the x-direction the behavior of the dielectric constant
is a reflection of the polarization in the y-direction.

Quantitatively, the effect of strain in a structure is described through the displace-
ment vector U(x). Following [129], we can link the dielectric tensor ¢ with the strain
tensor u; ; through eq. 5.13

ik = €9, + O (5.13)

where the general form of ¢ is shown in eq. 5.14, ¥ is the dielectric tensor for the
undeformed structure, wy,, is the rotation tensor (which in our case is zero) and a,z,,
and ;. are fourth order electrostriction tensors which depend on the structure of
the undeformed material.

0Sik = Qikim, * Uim + Vikim * Wim (5.14)

A linear description of eq. 5.14 is usually used in thin films [130] by replacing d¢
in eq. 5.13 with Ae of eq. 5.15

Ae =ay - Axy/x, +ay- AV/V, n:zy, 2 (5.15)
where Az, is the film thickness and AV /V the volumetric strain (dilatation). The

electrostiction [131] coefficients a; and a, are associated with material parameters.
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Chapter 5. Strained TMDs

For an isotropic material they can be calculated through the dielectric constant of the
undeformed structure (egs. 5.16, 5.17).

a; = —% (e 1) (5.16)
1 2 )
a2:—§-(e—1)(s+2)+1—5-(e—1) (5.17)

where ¢ is the dielectric constant of the unstrained structure. Fitting this linear
equation 5.13,5.15 to our data results in deviations <2% for small deformations and ~
8-10% for finite deformations, the latter can be considered high.

|o isotropic * uniaxial x uniaxialy e shear xyl

4.5 4 4.25 —
4l i
13.75H
135
3.25

3 1 ] ] 1 ] ] 1 ] ] 3 1 ] ] 1 ] ] 1 ] L
-10-8-6-4-20 2 46 810 -10-8-6-4-20 2 4 6 810
strain (%) strain (%)

Fig. 5.12: Out-of-plane static relative permitivity for MS, as a function of all types of
strain. Points are DFT results and continuous curves are theoretical predic-
tions in the linear regime

Therefore, for a better description of the dielectric tensor and since the deforma-
tion applied to our structures cannot be considered small, higher order terms need to
be included in the strain tensor. This entails the Green strain tensor implementation
(rather than the Cauchy one) which includes quadratic terms, and can be applied both
for small and finite deformations. Its general form in tensor notation can be seen in
eq. 5.18

(5.18)

1 (8UZ~ LUy, AUy 8Uk)

Uij - 5 8@ al’z + 8IZ 8@

With this method the deviation between the dielectric tensors (theory and calcu-
lation) for finite deformations is reduced to about 5%.
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5.4 Conclusions

For a full description description of the dielectric tensor a different approach is re-
quired. Eq.5.3.4 show a full description of the elements of the dielectric tensor (omit-
ting the rotation term).

gk = €% 4 (11 ik Otm + 72+ Ot * Opm + 73 * O+ O
+r4'5ik'dl'dm+T5‘6il'dk'dm+r6'5im'dk’dl+r7'5kl‘di'dm
+rg  Opm - di -~ dy + 79 - Oy - di - dig + 110 - d; - di - dy - diy) - Upy,

where d is the direction of anisotropy of the unstrained structure (d = [0,0,1]), u;
is the strain tensor, r; ... 7o are scalar coefficients linked with material parameters
and ¢, ; is Kronecker's delta.

The above equation (eq.5.3.4) can be simplified when we take under consideration
the symmetries of the strain tensor (u; ; = u;;) and the elements of the strain tensor
equal to zero due to the initial unit cell of the structure (u; 3 = us 3 = ug; = uzs = 0.
With this the resulting equations for the elements of the dielectric tensor are shown
in eq.5.19.

55171 =7T" ('LL171 + U2,2 + ’LL373) + (7"2 + 7"3) s U1 + Ty - Uus 3
(581’2 = (7”2 + 7”3) “ U211

de13 =10

562,1 = 581,2

dgg0 =11 - (U1, + Ugo +ugg) + (T2 +73) - Upo + T4 - Us 3

dea3 =0

degq1 =0

dezo =0

dezg = (r1+19) - (g +Uso +ugs) + (ro+rs+rs+1rs5 +16+77+18+710) - Us3

(5.19)

From this we see that the change in the in-plane terms of the dielectric constant
has an extra term regarding the change with strain of the structure in the z- direction
(us 3). By fitting these terms to our DFT results we obtain an almost fit for all eigenval-
ues of the dielectric constant. This fit is shown in fig.5.13. It is interesting to note that
des3 3 of eq.5.19 is equivalent with Ae for n = z of equation 5.15.

5.4 Conclusions

We have studied the effects of the different types of strain on the electronic band
structure and the dielectric constant of 2D semiconducting TMDs. At zero strain, elec-
tronic band gaps are direct for all MX; and while they generally decrease with strain
and for heavier chalcogen X, we find rich variation of electronic properties depending
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Fig. 5.13: In-plane¢,,, ¢,, and out-of-plane ¢, , static permitivity of MoS; as a function
of strain. Points are DFT results and dotted lines are the fitting to the theoret-
ical predictions. Black color refers to isotropic strain, red to uniaxial x, green
to uniaxial y and blue to shear xy strain

on X and the type of strain. For MS, the direct gap changes to indirect for isotropic and
uniaxial, whereas for shear, these structures remain direct gap up to very large strains.
MSe; remain direct gap semiconductors under tensile isotropic and uniaxial moder-
ate strain (up to 5%) and become indirect in all other cases. MTe, remain direct for all
types of moderate tensile and very small compressive strains. The effects of broken lat-
tice symmetry for uniaxial and shear strain on the band structure were discussed. We
also present results for the in-plane ¢,,, €,, and out-of-plane ¢, diagonal elements of
the static relative permitivity tensor. All three constants increase with heavier X and
are strain dependent. The in-plane constants, which are equal in unstrained monolay-
ers, generally increase with strain, exhibiting a minimum at small compressive strains.
The out-of-plane constant under isotropic and uniaxial strain increases with compres-
sive and decreases with tensile. Under shear strain, it exhibits a similar to the in-
plane constants variation. These results are theoretically explained solely based on
structural parameters and equilibrium dielectric constant values. Many of our predic-
tions for band structure and dielectric constant are in agreement with available data
or could be verified by experiment.
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Summary and Perspective

Molecular Dynamics simulations with Tersoff and Brenner interatomic potentials
describe the structural and vibrational properties adequately, in both the single phase
systems (crystalline and amorphous carbon, free n-D) and the mixed phase systems
studied (n-D - a-C and UNCD).

Interesting peaks are observed in the low frequency region of the vibrational spec-
trum, correlating the dynamical properties of the structure with the size of the nanocrys-
tals and even the average grain size for the UNCD.

Investigation of the effect of Hydrogen (H) in the bulk modulus of amorphous car-
bon shows that the structure gets softer with the increase in the percentage of H. The
vibrational spectrum of free n-D with H seems to display interesting features related
to H along with the expected peaks of carbon. On-going work shows that H affects
the structural and mechanical properties of the carbon nanostructures studied in this
work and modifies vibrational spectra.

Density Functional Theory (DFT) calculations on the interaction of H with the ex-
posed edges and corners of quasi-1D MoS, ribbons and quasi-0D MoS, flakes, verify
the stability/activity of the Mo-edge. At the same time, they are consistent with the
experimentally observed stability/activity of S-terminated edges. The investigation of
the hybrid MoS,/Graphene structure with DFT shows that the graphene substrate af-
fects stability/reactivity of MoS, significantly. The lattice mismatch between the com-
ponents of the hybrid MoS,/Graphene systems results in strained MoS, layers. Even
though we saw that there is no particular preference in the way the MoS, nanostruc-
ture is oriented onto the graphene substrate, the strain some of these heterostructures
undergo is high. More work is needed to further clarify the exact role of the graphene
substrate on H adsorption on MoSs nanostructures.

Finally, the effects of strain in the MoS, and other TMD monolayers were investi-
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Fig. 6.1: Effect of uniaxial-x strain in the quasi-1D ribbons, Rib; 3 and Rib; ¢

gated. We saw that the electronic and dielectric properties are mainly affected from
the chalcogen part of the TMDs. Broken lattice symmetry due to strain, results in
interesting modifications of the electronic structure of the strained TMDs. The dielec-
tric properties were investigated for all 6 semiconducting TMDs and under 4 different
types of strain. Theoretical model explains the out-of-plane dielectric constant almost
perfectly for small strains. Further in depth investigation should provide a theoretical
model for all the components of the dielectric tensor.

Preliminary results on the effect of strain in the dielectric properties of MoS, nanorib-
bons show that the out-of-plane dielectric constant reduces as the ribbon uniaxialy ex-
pands (fig.6.1), while the behavior of the in-plane component of the dielectric tensor
is more complicated.
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Appendix

Appendix A

LDA - PerdewZunger || -12.1833 eV | -30.9062 eV -6.5396 eV

GGA - PWI1 -12.5769 eV | -31.7951eV | -6.6413 eV

LDA - VosWilNus -12.1776 eV | -30.8996 eV -6.5444 eV

PSR s | & | AP

pot-LDA I -0.073826 eV | -6.740073 eV | -6.592421 eV
pot-GGA -0.076616 eV | -6.846612 eV | -6.693380 eV
potpaw-LDA -0.109574 eV | -6.799253 eV | -6.580105 eV
potpaw-GGA-PWI1-F || -0.690468 eV | -6.916690 eV | -5.535754 eV
potpaw-GGA-PBE -0.116508 eV | -6.871964 eV | -6.638948 eV

Table 1.1: Hydrogen Reuslts

VASP-PAW-LDA || -0.52eV (-0.42¢eV) | -0.16eV (-0.48eV)

VASP-PAW-PBE || -0.38¢eV (-0.41eV) | -0.17eV (-1.00eV)

VASP-PAW-PWO1 || -0.40eV (-0.38eV) | -0.17eV (-3.97eV)
GPAW - PBE -3.85eV -0.94eV

Table 1.2: Atomic energies for Mo and S atoms with various potentials and softwares.
In the Mo-pv results the semi core p states are treated as valence and in the
S-h potentials a very small core radius is used
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Input Data

N 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
init (R) 4.30 4.25 4.20 4.10 4.00 3.90 3.80 3.70 3.60 3.50 3.40 3.30
Pinit(gr/cm?) 2.01 2.08 2.15 2.31 2.49 2.69 291 3.15 3.42 3.72 4.06 4.44
Output Data

Q final (&) 4.18 4.12 4.11 4.01 3.95 3.87 3.82 3.76 3.72 3.66 3.65 3.62
prinar(gr/cm?) 2.18 2.28 2.30 2.47 2.59 2.75 2.86 3.00 3.10 3.25 3.28 3.36
Temp. (K) 300 300 300 300 300 300 300 300 300 300 300 300
Sp1 (%) 4.6 3.8 2.8 2.7 2.3 0.9 0.7 0.6 0.9 0.7 0.9 1.6
Sp2 (%) 88.8 88.0 87.8 85.4 81.2 76.7 69.3 59.5 48.9 33.4 23.3 15.5
Sp3 (%) 6.6 8.2 9.4 11.9 16.5 22.4 30.0 39.9 50.2 65.9 75.8 82.9
R(A) 1.46 1.46 1.45 1.45 1.46 1.47 1.47 1.49 1.50 1.52 1.53 1.54
m.c.n. 3.02 3.044 3.066 3.092 3.138 3.213 3.291 3.391 3.481 3.644 3.731 3.785
Bulk modulus(GPa) 167.37 | 185.71 | 190.55 | 204.12 | 226.87 | 258.14 | 260.87 | 287.04 | 321.21 | 336.47 | 333.16 | 366.21
Total Energy (eV/atom) | -6.9457 | -6.9666 | -6.9573 | -6.9820 | -6.9839 | -6.9778 | -6.9865 | -6.9806 | -6.9233 | -6.9156 | -6.8727 | -6.8368

Table 1.3: Summary table for all the a-C Samples
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Samples B09 B18 B20 B21 B22 B23 B24 B25 B29 B30 B31
Input Data

dini¢ (nm) 2.03 2.50 3.00 3.50 4.00 4.50 5.00 2.50 2.03 5.50 6.00
Cell (nm) 3.01 3.76 4.42 4.78 5.26 6.02 6.77 3.72 3.01

Pinit(gr/em3) | 3.45/3.00 | 3.45/3.00 | 3.54/3.20 | 3.54/3.20 | 3.69/3.00 | 3.69/3.00 | 3.69/3.00 | 3.66/3.10 | 3.45/3.00 | 3.69/3.00 | 3.69/3.00
QR (K/ps) 140 140 140 140 140 140 140 140 140 140 140
Temp (K) 300 300 300 300 300 300 300 300 300 300 300
Ntot 4096 8000 13824 17576 21952 32768 46656 8000 4096 46656 54872
NCinit 633 1231 2293 3602 5011 7163 9897 1291 633 13079 16960
Output (0K)

Nc 547 1117 2653 4132 5009 7056 9943 1290 578 13197 16922
Na 3549 6883 11171 13444 16943 25712 36713 6710 3518 33459 37950
r(A) 9.25 11.74 15.57 17.99 19.32 21.71 24.26 12.27 9.37 26.58 28.87
dsinal (nm) 1.85 2.35 3.11 3.60 3.86 4.34 4.85 2.45 1.87 5.32 5.77
1/dina (nm=1) | 0.54 0.43 0.32 0.28 0.26 0.23 0.21 0.41 0.53 0.19 0.17
Lyos (A) 29.88 37.50 44.46 48.04 52.24 59.66 67.18 37.30 29.88 66.88 70.44
pe(gr/em?) 3.29 3.28 3.35 3.38 3.31 3.28 3.31 3.32 3.35 3.35 3.35
palgr/cm?) 3.03 2.99 3.09 3.10 3.01 3.02 3.01 3.03 3.02 3.03 3.04
prinat(gr/cm?) | 3.06 3.02 3.14 3.16 3.07 3.08 3.07 3.07 3.06 3.11 3.13
B(0K)(GPa) 292.93 308.69 309.59 320.51 304.11 302.41 295.83 298.64 296.99 311.74 0.00
Output (300K)

fim(cm™) 162.40 139.39 122.30 110.63 102.26 90.16 76.65 138.02 145.75 77.00 76.00
f1y(cm™1) 216.93 170.88 128.89 111.55 103.89 92.44 82.72 163.50 214.21 75.51 69.50
Dev1 (%) 25.14 18.43 5.11 0.83 1.57 2.47 7.33 15.58 31.96 1.98 9.35
2, nean(cm™1) 246.09 193.85 146.22 126.55 117.85 104.87 93.83 185.47 243.00 85.66 78.84
Dev2 (%) 34.01 28.09 16.36 12.58 13.23 14.02 18.31 25.58 40.02 10.10 3.61
f3e(em™1) 192.00 151.24 114.08 98.73 91.95 81.82 73.21 144.70 189.59 66.83 61.51
Dev3 (%) 15.42 7.84 7.21 12.05 11.22 10.20 4.70 4.62 23.12 15.22 23.55
B(300K) (GPa) | 253.484 | 287.414 | 178.411 | 372.173 | 327.833 | 237.861 | 113.801 | 325.264 | 285.616 | 339.899 | 313.599

Table 1.5: Summary table for all n-D--a-C samples.
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Fig. 1.1: Conduction and Valence bands under strain of the MoS; monolayer
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Fig. 1.2: Conduction and Valence bands under strain of the MoSe, monolayer
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Fig. 1.3: Conduction and Valence bands under strain of the MoTe, monolayer
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Fig. 1.4: Conduction and Valence bands under strain of the WS, monolayer
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WSe, SL isotropic
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Fig. 1.5: Conduction and Valence bands under strain of the WSe, monolayer
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Fig. 1.6: Conduction and Valence bands under strain of the WTe, monolayer



Chapter A. Appendix A

e [

GPAW - PBE 3.198 | 0.635 | 13.717 2.428 3.155 81.0 1.34KG | 12.3 | 7.2

VASP - PBE 3.1898 | 0.6215 | 14.745 | 2.4172 |3.1312| 80.73 | 1.4912KG | - 21.6/145.0

VASP - LDA 3.1238 | 0.644 | 12.0254 | 2.3839 | 3.1178 | 81.68 | 1.4715KG | - 1.4775 KG 24.5/148.9

[99] exp 17.0

[142] exp 3.1604 81.0

[98] exp 1.23

[97] exp 1.29

[155] 3.1600 12.294

[146] SIESTA - PBE 2.41 3.17 82.41 1.06 KG

[103]1[150][111]SIESTA - LDA(lo) | 3.13 2.39 3.12 81.74 0.75 12.8 | 8.9

[111]SIESTA - PBE(lo) 3.23 2.45 3.18 80.84 1.05

[149] 16.0 | 10.0

[97]LDA 3.1600 12.294 258

[97] ARPES 161£10

I — |4

GPAW - PBE 3.2003 | 0.6352 | 13.717 2.428 3.149 80.9 | 1.6539 KK UHA

VASP - PBE 3.1894 | 0.6288 - 2.4173 | 3.1321 | 80.76 | 1.6860KK | - 1.699 KK -/140.6

VASP - LDA 3.119 | 0.6306 - 2.3812 | 3.1164 | 81.74 | 1.8924KK | -

[146] SIESTA - PBE 2.41 3.17 82.41 1.70 KK

[90] SIESTA - LSDA 1.80

[150][103][111] SIESTA - LDA(lo) | 3.13 2.39 3.13 81.73 1.89 48 | 3.0

[118][111] SIESTA - PBE(lo) 3.23 2.39 3.18 80.88 1.55 4,91

[112] VASP - GoW, 3.18 2-1.56 4.26 2.82 KK 164

[112] VASP - HSE 3.18 2-1.56 2.05 KK 193

[112] VASP - PBE 3.18 2-1.56 1.60 KK 146
Fig. 1.7
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GPAW - PBE 3.5939 | 0.6276 | 14.7582 | 2.752 3.614 82.1 | 0.8713KL? | 19.2 | 13.047
[155] 3.5220 13.968
[99] exp 20.0
[97] exp 1.00
[142] exp 3.517
[140] 3.519 | 0.621 | 13.97
[103] SIESTA-LDA | 3.50 0.66
[111]SIESTA - LDA 16.9 | 13.0
[149] 20.5 | 14.0
[97]1LDA 3.522 13.968 331
[97] ARPES 238
(MoTe,-SL [ a(®  u [ c® [MXA) [ XX [ XMX [ E(eV) [ et [ [ FE-S0C [ split@K (mev) |
GPAW - PBE 3.5551 | 0.6283 | 14.7582 | 2.728 3.593 82.4 1.0657 KK | 9.1 | 4.8304
[103] SIESTA -LDA | 3.49 1.23
[111]SIESTA - LDA 8.0 4.4
[112] VASP - GoW, | 3.55 2-1.81 5.76 1.77 KK 266
[112] VASP - HSE 3.55 2-1.81 1.30 KK 344
[112] VASP - PBE 3.55 2-1.81 0.95 KK 216
Fig. 1.9
Ws,-buk  [a® | u [ c®) [MX®) [ XX [ XMX [ E(eV) [ ¢ | e [ E-S0C split@K (meV) |
GPAW - PBE 3.1968 | 0.6296 | 13.2361 | 2.438 3.896 81.6 | 1.2943KL | 11.0 | 7.2038 10.37/-
VASP - PBE 3.1815 12.013 1.5135 KG 1.4748 KL 52/398.5
VASP - LDA 0.7919 LG 0.8116 LG 28/476.4
[142] exp 3.154
[98] exp 1.35
[141] 3.1530 | 0.6225 | 12.323
[103] SIESTA-LDA | 3.14 0.89
[111]SIESTA - LDA 115 | 8.2

GPAW - PBE 3.1938 | 0.6297 | 13.2361 2.44 3.18 81.5 | 1.8537KK | 5.3 3.4
VASP - PBE 2.42 3.14 81.0 | 1.9113KL 1.7198 KK 395.8
VASP - LDA 2.39 3.13 81.9 1.8767 KL 1.6956 KK 403.7
[103] SIESTA -LDA | 3.14 2.05

[111]SIESTA - LDA 4.4 2.9

[112] VASP-GoW, | 3.19 2-1.57 413 2.88 KK 456
[112] VASP - HSE 3.19 2-1.57 1.87 KK 521
[112] VASP - PBE 3.19 2-1.57 1.56 KK 425

Fig. 1.10
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(ev/atom)
@i 1.17 po | 0.45 po | 0.57 po 0.41 p00.37 p8 TBD p10 TBD
H on MoS, pl -0.25 p5 -0.12 P9 TBD pl1 TBD
AFEqs - p3 -0.14 p6 -1.36
eq.4.11eV p2+p3 0.20 p5+p6 -1.42
Hé -4.04
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o8 66
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e ®
MoS; on Gr C32M0gS:8 C50Mo016S32 C72Mo012S98 | CgsM012S08 CgsMO012S94 CosM06S24 CosMO06S20 CosM010S12
Ep (eV) eq. 4.10 -1.15 -3.65 3.26 3.70 -1.26 -1.09 -0.08
pl+p2|-0.17 p5 -0.09 p8 TBD p10 TBD
H on Gr/MoS; p2|-0.31 p6 -1.34 p9 TBD pl1 TBD
AFEq45(eV) p3[-0.60 | p3[-0.72
eq.4.11 p4|-0.89

Chapter A. Appendix A

Table 1.7: Summary table for all structures. Position p0 of H refers to the site where H
is positioned on top of a Sulfur atom in the center of the basal plane of each
structure, p1-p4 are the positions of H in the quasi-1D ribbons and p5-p6 are
the positions of H in the Hexagonal flake (fig. 4.9) and p8-p11 the positions in
the triagular flakes.
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