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Abstract

The two-dimensional layered sulphides (M0oS;, VS, WS;) have activated acute scholarly
interest. In this study, we are computationally and theoretically studied 2D monolayer MoS; and
Ni doped MoS; materials. We found that the band structure and total density of states (DOS) using
Crystal 17 and Crystal 14 suit codes from these materials. After we have studied Ni doped MoS,
materials for the hydrogen evolution reaction (HER), which exhibits improved catalytic activity
and good stability and neutral electrolytes for HER in gas medium with small overpotential.
Density Functional Theory (DFT) study has been performing to clinch this research. The DFT
calculation exhibits that the Hz produce via Volmer-Heyrovsky mechanism from the reaction of
the 2D monolayer Ni-M oS, material. All the reaction mechanisms were performed by Gaussian16
for both the MoS; and Ni-Mo0S; materials. 2D monolayer MoS, shows hydrogen Evolution
Reaction (HER), and the activity and catalytic performance can be improved by Ni doping. Using
DFT caculations, we found that this enhanced hydrogen evolution in the Ni-MoS; is
predominantly because the lower energy barrier is built by afavourable overlap of the s-orbital of
H2 and d-orbital from the Ni transition metals with the lowest barrier energy occurfor theNi-MoS;

materials.
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Chapter 1

| ntroduction

1.1 Whatisa?2D material?

In materials physics, the term single-layer materials or 2D materias refers to crystalline
solids consisting of asingle layer of atoms. These materials are promising for some applications
but remain the focus of research. Single-layer materials derived from single elements generally
carry the “-ene” suffix in their names, e.g. graphene, Mexene, etc. Single-layer materials that are
compounds of two or more elements have -ane or -ide suffixes. 2D materials can generaly be
categorized as either 2D allotropes of various elements or as compounds (consisting of two or
more covaently bonding elements). Graphene was the first 'modern’ 2D material to be isolated in
2004. Since then, there have been literally hundreds of other examples, with an extensive range of

properties.

1.2 How dowe make 2D materials?

It is possible to take any material and thin it down (until it has a thickness of only afew
atoms) to create a 2D material. However, many materials (e.g. diamonds) have chemica bonds
oriented in 3-dimensions, so thinning the materia requires cutting these bonds — leaving them
‘dangling’. A 2D material created in this way will have a high density of dangling bonds, which
are chemically and energetically unstable, and can force the materia to rearrange its structure to

lower its surface energy.

Another alotrope of carbon, graphite, has strong chemical bonds only along planes within
the bulk material. These planes are stacked on top of each other and held together by weak van der
Waadls (vdW) interaction and so can be separated without leaving any dangling bonds. In the case
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of graphite, a single plane is called graphene. Most of the 2D materials being studied therefore
belong to the broader class of layered materials (or van der Waals materials).

Figure 1. Each carbon atom in diamond (left) has bonds extending in 3 dimensions - meaning that when the
diamond iscut in any orientation, some of these bonds must be broken and areleft "dangling’ (shown in red).

There are two methods for making 2D materials:
i) Top-down (starts with bulk material and makes it thinner)
ii) Bottom-up (starts with the atomic ingredients and assembles them together)

Within each of these approaches are severa subcategories, each with its own advantages and
disadvantages - explained below.

Top-down

e Mechanical exfoliation — Commonly known as the ‘Scotch-tape method’, it was first used
to create monolayer graphene. A piece of sticky tape is applied to the surface of layered
material and then pedled off, taking flakes (consisting of a small number of layers) with it.
Thetape can then be pressed onto a substrate to transfer the flakesfor study. The monolayer
yield of thisprocessislow (the flakes obtained are mostly multilayer), with no control over
the size and shape. However, the size of monolayer flakes that can be produced is
reasonable (from a few microns up to ~100 microns) and the quality of monolayers is

excellent - with very few defects due to the lack of chemical processing involved.
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It isalso asuitabletechniquefor al van der Waals materials. For these reasons, mechanical
exfoliation remains popular for lab-based studies, but it is not scalable for integration into

new technologies.

Figure 2: Mechanical exfoliation involves peeling successive layersfrom a Van der Waals material using tape.
Liquid exfoliation — Another mechanical method, liquid exfoliation, involves using an organic
solvent as a medium to transfer mechanical force to the layered material (often in the form of a
powder) suspended in the liquid. Sonication causestensile stressto be applied to the layers, forcing
them apart. To improve monolayer yield, variations exist, such as introducing reactive ions
(between the material layers that create hydrogen bubbles) that push the layers apart or rapidly

mixing the solution to create an additional shear force on the layers.

This method is highly scalable but has several drawbacks. The monolayer yield is again generally
low, and the flakes are often less than 100 nm in size (due to the applied forces breaking them
apart). Theresultant flakes may also potentialy have ahigh density of defects and residual solvent
when removed from the solution, making them unsuitable for many optoel ectronic applications.

13



Figure 3: Liquid exfoliation often uses bubblesto force layers apart.

Bottom-up

Chemical vapor deposition — This process involves passing one or more precursor gases
(which usually contain the atomic ingredients of the required film) through a heated
furnace, where they will react together or with a substrate and form a thin layer of the
required material. This process has been successfully applied to grow graphene and
TMDCs. Severa parameters (such as gas pressures and compositions, temperature, and
reaction times) need to be controlled as they will affect the thickness, quality and
composition of thefilms. Whilethis processis more complex and expensive than most top-
down techniques, it is highly scalable, and the quality of the films produced approaches
that of mechanically exfoliated layers.

Solution-based chemical synthesis— A vast variety of techniques have been devel oped to
synthesise 2D materials through wet chemical techniques. These include high-temperature
chemical reactions in solution, interface-mediated growth (reactions occur only at the
surface of aliquid), fusion of nanoparticlesinto larger nano sheets, and many more. Each
method is particularly well-suited to a certain type of 2D material, and everything from
graphene and TMDCs to monolayer metals can be synthesized using the appropriate

technique.
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The lateral size of the flakes produced by these methods is generally small (<100’s nm),
and the techniques share the same residual solvent problem asliquid exfoliation. However,
for certain applications, the scalability, low cost and versatility of these techniques makes
chemical synthesis the best method for large-scale production.

1.3 Background:

With the development of human society and the advancement of sciences technology,
people have higher expectation for renewable energy source, which are mainly dependent on the
efficiency of chemical reactions. According to statistics, more than 80% of chemical processes
require catalysts to improve the corresponding reaction efficiency. Thus, catalysts play avital role
in the sustainable development of society with the growing interests on energy, with the rapid
development of catalysts, the corresponding substrate is increasingly important for regulating the
catalytic activity and stability of catalysts. Due to the unique 2D characteristic, 2D materials have
been considered to be excellent substrates for supporting atomic catalysts and regulating their
catalytic activity through the uniform and tractable compositional advantage of 2D materials.
Thus, research on 2D materialsisrising to an unprecedented height and will continue to remain a
significant topic in the field of catalysts.

Research improvement of the advance materias for renewable energy applications has
newly enticed important attention.’* Hydrogen as a clean energy bearer has gained an attention in
modern physics and renewable energy technology, and the hydrogen shows good promise as an
alternative to fossil fuels because it is environmentally friendly. It has high energy density. In
recent time, high pure hydrogen generated by water electrolysisis durable way compared to the
traditional ways to produce low-purity hydrogen. In electrochemica water splitting, hydrogen
evolution reaction (HER) acts as a remarkable technique.® The good electrocatalysts are
recognized Pt-group metals (PGM) hindered and their application comprehensive in hydrogen
outturn, skilful and inexpensive earth enormous. For the acute inquiry, the HER catalysts are
needed. Developing highly skilful and low cost catalysts on the part of the hydrogen evolution
reaction (HER) still remains a great challenge in modern science and technology. Platinum is the
most active and electrochemically stable catalyst for HER.51° Recently, two-dimensiona (2D)
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layered structure transition metal dichalcogenides' (TMDs) have been widely studied as a
promising catalysts for HER, and among them monolayer molybdenum disulfide (M0S;) has
shown agreat interest for the application of HER.12%® Usually there are three type of strategiesto
enhance for the electrocatalytic capacity of MoS, catalysts (i) the number of manifested active
sitesareincreasing (ii) the electrical contact to actuate siteisameliorative, and (iii) the intrinsic of
every actuate site is enhancing. Following these strategies, for ameliorative the HER actuate of
MoS; a great number of endeavor have been made!®2L. We know that all the actuate sites of the
MoS; are situated at the edges. HER undergo similar kinetic processes that reversibly bind
hydrogen to the catalyst; therefore, the HER is restricted with it is slow kinetics for an important
half- reaction of water splitting. Standard Hydrogen Electrode (SHE) requires a catalytic
intermediate, which offers the potential to produce hydrogen. These reactions environ a catalytic
intermediate. In recent times, earth plenty, 2D monolayer TMDs?? like M0S;, WS, and WxM 01+ S;
have obtained plenty attention as potential HER catalyst*?223, So, in thiswork, we have performed
a theoretical/computational study on the 2D monolayer MoS, and Ni-MoS; (noted as Ni-doped
MoS,) monolayer materials with their electronic properties for HER application. The electrolysis
of water involves two reactions. Hydrogen Evolution Reaction (HER) and others is Oxygen
Evolution Reaction (OER). During the HER process, in the electrolyte protons are absorbed and
an over then waned into H2 on the electrode when an over potential is applied. To curtail the
overpotential, a catalyst is required to efficiently produce Ho». It has been found that the Pt isthe
most efficient electrocatalyst for HER because of its nearly zero overpotential in electrolytes®* 2,
Recent experimental studies showed that the Ni doping plays a critical role in further enhancing
the electrocatalytic HER performance of Ni-MoS; materials. This transition meta as a
comprehensive, resourceful, and strong electrocatalytic activity electrode materials has been
studied extensively and deeply, but Ni metal have a potent adsorption receptivity of hydrogen
compared by the Nobel metal Pt. For HER the properties of Ni based materials are to beimproved.
Generally, there are two predominantly approaches for the improving its intrinsic activity and
specific surface areais elaborate to improve the catalytic performance of Ni based materials one
isalloying Ni and other is metal or non-metallic for example Ni-Mo**2*, Ni-S®. On the earth, the
Hydrogen 10" best plenty components have been considered the ideal energy carrier in its
molecular form H». The art of hydrogen manufacturing is called steam reforming from methane

results in the emission of gaseous CO.. In order to produce clean and renewable hydrogen
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efficiently, the electrolysis of water becomes an idea route since its discovery in 1789%%". To
lower the catalysts cost, anatural abundant alternative and low-cost scalable synthesisare required.
During the past years, naturally abundant MoS; coupled with other nanostructures started to gain
more attention as HER catal yst®® “°, after being ignored for their poor catalytic activity in the bulk
form. However, due to the semiconducting character of MoS; and WS, (2H phase), poor e ectrical
conductivity limits the HER kinetics. In order to take the advantages of the TMDs catalytic
activity, conducting pathways are essential to accelerate the electron transport. Phase engineering,
to convert the 2H phaseinto ametallic 1T phase, isan aternativeto increase theintrinsic electrical
conductivity due to a high electron density in the d orbitals of the metal**. Besides phase
engineering, the synthesis of heterostructures combining less-conducting TMDs with electrical
conducting material's, such as graphene, M oS, materials seems to show significant promise®. Two
dimensional TMDs, graphene and others 2D materials etc. are shown in Figure 4 and 5 below

Figure 4:2D materialsM0Sz & graphene
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Transition metal dichalcogenides Black phosphorus

Figure5: Transition metal dichalcogenides and Black phosphor us, layered metal Oxides and Hexagonal-boron nitride.

14 General definitions:

Two dimensional materials are defined as solid crystal consisting of asingle or few layers
of atoms having atypical thickness of 1-10 A, and lateral dimension of tens of microns. It isbelow
the Figure 6 for the MoS; and graphene (a) and (b)
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(a) (b)

Figure 6: 2D M0S; and graphene

1.5 Importance of 2-Dimensional Materials:

The 2-dimensional materials have distinct chemical and physical properties including
layered structure, high surface area, layer-dependent optical band gap, and variation of chemical
compositions. They have excellent properties and detection limits which are very important when
sensitivity and measuring quantaare involved. The importance of 2D materials has been increased
because of the problems in the miniaturization of modern electronic devices. At present, we have
entered the era, where the modern laptops and smart phones are made with more than a billion
transistors, but the conventional methods of further miniaturization of electronic devices for
increased productivity arefacing challenges. The key requirement in present timeisto look beyond
the silicon-based CM OS (Complementary Metal Oxide Semiconductor) technology and search for
different alternatives, in which 2D crystals provide very interesting form-factors with respect to
traditional 3D crystals. Although, devices made from 2D materias are still in the laboratory scale,
but they have not failed to present strong promise for future. The high-mobility in these materials
offersan alternativein the expanding field of low cost and large area el ectronics, whichis currently
dominated by low-mobility organic semiconductors and amorphous.
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1.6 Application of Two-Dimensional Materials:

By exploiting the unique mechanical and electric transduction properties, 2D materials can
be used in wide-ranging applications, including flexible el ectronics, strain sensors, optical sensors,
nano generators, innovative nanoel ectromechanical systems, etc. Two-dimensional (2D) inorganic
materials at the quantum confinement limit are emerging as an important class of nanomaterials
for novel applications in information technology, optoel ectronics, spintronic, energy storage and
conversion technologies**8, Recent advances in 2D materids started a new era of low-
dimensiona materials with extraordinary chemical and physica properties, ranging from
insulators to semiconductors to metals and even superconductors. These materials are not only
significantly different when compared to their bulk counterparts but also display unusua
properties due to the much-enhanced quantum confinement in two dimensions and their high
surface-to-volume ratios. 2D materials provide a wide range of structural, thermal, chemical,
optical, magnetic, electrical, and mechanica properties that are otherwise unattainable.

Application of 2-dimesional materialsis given shown in Figure 7

Digital

2D Material

Interconnect

Figure 7: Application of 2D materials.

1.7 Motivation:

The increasing global demand for energy and the environmental consequences of burning
fossil fuels have stimulated considerable effort to explore renewable carbon-free energy

aternatives. Hydrogen is the cleanest fuel and represents one of the most promising energy
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sources. The electrocatalytic HER is considered as one of the most important pathways to produce
hydrogen efficiently. HER is one of the most important reactions in electrochemistry. Platinum is
the most active and electrochemically stable catalyst. However, its high cost and low abundance
have limited its utilization in the electrolysis of water. Thus, searching for aternative non-
precious-metal electrocatalysts for the HER isacrucia task for hydrogen-based energy industry.
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Chapter 2

Theoretical and Computational details

2.1 Densty Functional Theory

2.1.1 DFT method:

Density Functionals Theory (DFT) is one of the most widely used quantum mechanical
methods for calculations of the electronic structure (for ground state) of many body systems*®-5?,
in particular atoms, molecules, the condensed phases and surfaces, which achieve an excellent
bal ance of accuracy and computational cost. However, for large molecul es and atoms systems with
few hundred atoms, the computational costs are very high. Therefore, there is a fast-growing
demand for much more efficient implementation to utilize DFT for macro molecules. The basic
idea behind this method is that the energy can be calculated for any electronic systems in terms of
electron probability density. Density Functionals Theory (DFT) Applied on many electron systems
from this systems we will found electron density of the system are given Figure:8 below. The
theory behind al these things is named as DFT?%3, We know how to solve the Schrodinger
equation for the one-electron problem. But in the case of materials, we talk about the crystal. In a
crystal, so many atoms present, and every atom has many electrons and many nuclei. This type of
problem is called a many-body problem. For many-body problem, the solution of the time-

independent, non-relativistic Schrodinger equation is given by

P > > N - - — > > N - - -
Hml’(xl,xZ,.....xN,Rlle,...,RM) == Eilpi(xl,xZ,.....xN,Rl,Rz,...,RM)

Where H isthe Hamiltonian for asystem consisting of M nuclei and N electrons. Here x isthe

position of electron and R is the position of nuclei.
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Where,

Here, first two terms describe the kinetic energy of the electrons and nuclei. The other three
terms represent the attractive electrostatic interaction between the nuclel and the electrons and

repulsive potential due to the electron-electron and nucleus-nucleus interactions.

Dispersion-corrected Density functional theory (DFT-D)> abandons the many particle electron
reality in favor of electron density. Congtitutive relations constructed to relate energy to this
density seek to capture the self-interactions of electrons.

Many-Body DFT
Perspective Perspective

Figure 8: Density Functional Theory Method.

To solve this type of many-body problem Schrodinger equation, many approximations came.

There is some approximation given.

2.1.2 Born-Oppenheimer Approximation

The Born-Oppenheimer Approximation is the assumption that the mass of the electron’s
negligible compares to the mass of nuclei. Due to their heavy masses compared to the electrons,

the nuclel move much slower than the electrons. We can consider the electrons as moving in the
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field of fixed nuclei. The nuclear kinetic energy is zero and their potential energy is merely a

constant. Thus, the Hamiltonian reduces to

~ 2 o Z1e? 1 e?
H= -2~V Zi,llfi_ﬁll + 5 Dixj 7]

Here the first term describes the kinetic energy of the electron, the second term
describes attractive el ectrostatic interaction between the nuclel and electron and the third term

describes repulsive potential due to electron-electron interaction.

2.1.3 Hartree’s approximation

In this approximation, the multi-electron wave function can be expanded as a product of many
single-electron wave functions. But we know electron wave function is anti-symmetric. But this

approximation does not obey the Pauli Exclusion Principle. So here this approximation fails.

2.1.4 Hartree-Fock_approximation

This approximation obeys the Pauli Exclusion Principle. In this approximation, the multi-
electron wave function can be written as a Slater determinant.
Generalized dater determinant wave function

P1(&) Yo (F) e Py()

P1(%)  Pr(X3) s Pn(XR)
Yur = \/% ' ' '

11’1.(551\1) 'l’z(.?_ézv) I/JN(J_C;N)

The full expression of the Hartree-Fock equation is given by
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Exchange term

Here the exchange term is only non-zero when considering electrons of the same spin. The effect
of exchange on the many-body system is that electrons of like spin tend to avoid each other. Asa
result of this, each electron has a hole associated with it which is known as the exchange hole (or
the Fermi hole). This is a small volume around the electron that like-spin electrons avoid. The
charge contained in the exchange hole is positive and exactly equivaent to the absence of one-
electron.

Hohenberg-Kohn Theorems

Theorem -1: The external potential is aunique functional of electron density.

Theorem -2: The ground state energy can be obtained variationally: the electron density that
minimizes the total energy is the exact ground-state el ectron density.

Kohn-Sham Equation

Kohn-Sham equation is a Schrodinger like equation for non-interacting particles within the
effective potential, where the wave function is electron density.
Schrodinger like equation
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Exchange Correlation Functional
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To solve the Kohn-Sham equation we used some exchange-correlation functional

approximation.

1: Local Density Approximation (LDA)

This approximation assumes that the density can be treated as a uniform electron gas; the
exchange-correlation energy at each point in the system is the same as that of a uniform electron
gas of the same density. This approximation holds for a slowly varying density. The exchange-

correlation energy for adensity is given by

Ex?lp(M)] = [ p(P) exc(p)d7

Here the exchange-correlation energy is only depending on electron density. For

inhomogeneous systems, this approximation fails.

2: Generalized Gradient Approximation (GGA)

As the LDA approximates the energy of the true density by the energy of local constant
density, it fails in situations where the density undergoes rapid changes such as in molecules. An
improvement to this can be made by considering the gradient of the electron density. The

exchange-correlation energy

EZZ4p(P)] = [ p(P) exclp, Vpld7

Here the exchange-correlation energy is depending on electron density and gradient of

electron density.

2.1.5 Abinitio method:

Ab initio quantum chemistry methods are computational chemistry methods based on

quantum chemistry. The ab initio means “from first principal” or from the beginning”, implying
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that the only inputsinto an ab initio calcul ation are physical constants. Ab initio quantum chemistry
methods attempt to solve the electronic Schrodinger equation give the positions of the nuclei and
the number of electrons in order to yield useful information such as electron densities, energies
and other properties of system. These ab initio methods®*® apply for metals that have nanometre

dimensions that is el ectronic (quantum mechanics).
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Figure 9: ab initio method.

2.1.6 B3LYP method

B3LYP is a hybrid functiona developed in the late 1980s. It turns out that DFT and
Hartree-Fock (HF) based methods are basically trying to do the same thing - recover electron
correlation. However, they have different difficulties, Hartree-Fock methods exactly treat

exchange correlation but have difficulties recovering dynamic electron correlation while DFT has
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an exact form for dynamic electron correlation but since DFT is not quantum mechanical, it must

approximate exchange correlation.

B3 isBecke's three parameter exchange correlation functional which uses three parameters
to mix in the exact Hartree-Fock exchange correlation and LYP is the Lee Yang and Parr
correlation functional that recovers dynamic electron correlation. B3LYP is popular for many
reasons. It was one of the first DFT methods that was a significant improvement over Hartree-
Fock. B3LYPisgeneraly faster than most of the Post Hartree-Fock techniques and usually yields
comparable results. It is aso fairly robust for a DFT method. B3LYP is a functional, which
includes exact exchange and GGA corrections in addition to LDA electron-electron and el ectron-
nuclei energy. The weights of the parts were fit to reproduce geometry of a test suite of small

molecules. As such use of B3LY P for calculations with heavier atomsis questionable.
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Figure 10: B3LYP method.

2.1.7 Basis Sets:

A basis set in theoretical and computational quantum physics and chemistry is a set of
functionsiscalled basisfunction. It isused to represent the electronic wave function in the Hartree-

Fock and DFT methods.
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Type of Basis sets:

e Minimal basis sets.

Double zeta and triple zeta etc.

e Slater type orbitals basis set.

e (Gaussian type orbitals basis sets.
e Split-valence basis sets.

e Diffuse basis sats.

2.1.8 Van der Waals (vdW) dispersion effects:

The study of intermolecular or non-covalent vdW interactions has long been key to our
understanding of complex molecular systems, particularly when considering the assembly of
mol ecules into supramolecular systems or condensed matter. Predicting and studying cohesion in
molecular materials relies heavily on accurate and physically realistic treatments for the different
intermolecular forces that arise in such materials, with those that result from instantaneous
fluctuations of electrons, which are referred to as dispersion or van der Waas (vdw)
interactions.> % Although, they are typically weaker than electrostatic interactions or hydrogen
bonding, their long-ranged nature and ubiquity in all molecular systems means they can always
play an important role in non-covalent bonding. Indeed, as they scale with system size, in some
cases strongly non-linearly, their importance can grow for larger molecules and molecular
assemblies.

Dispersion interactions®® are quantum-mechanical in nature and they used to form part of
the correlation energy of asystem. They stem from the inherent zero-point fluctuations of €l ectrons
on an atom, which giverise to instantaneous multipole moments. These momentsinduce multipole
moments on other atoms, which then interact with the origina moment. The leading order
contribution is from dipole-dipole interactions, with a 1/R® dependence on distance.

The ability of an atom to form such moments (both instantaneous and induced) depends on its
polarizability. The polarizability of an atom is influenced by its chemical bonding but also by its
environment through polarization and induction effects, where it is changed by coupling to the
electric field of its surrounding atoms. Such effects are known to be non-additive in nature and

29



they areimportant for going beyond simple point chargesin the modelling of electrostaticsin force
fields, and modelling molecular polarizabilities.

However, despite the central role of polarizability in vdw interactions®, the vast majority of
models ignore its non-additive and non-local nature, using simple pairwise-additive models with
dispersion coefficientsthat do not capture any dependence on non-local environment. In neglecting
many-body effects, these methods often require empirical fitting of parametersto agiven molecule
and environment.

Many of the developments in our understanding of vdW interactionsin molecular systems have
taken place in the context of vdW-inclusive DFT.> Workhorse semi-local and hybrid density
functionals neglect long-range correlation and considerabl e progress has been made in augmenting
semi-local density functionals with non-local vdW contributions. However, many of these vdW-
inclusive DFT38%2 approaches are still founded on pairwise models of dispersion interactions, as
use of fully ab initio approaches, such the random-phase approximation, isnot feasible dueto their
far higher computational cost than standard semi-local DFT.

Degspite their successful application in many areas, including occasional successes for crystal -
structure prediction, quantitative and qualitative failures remain when employing pairwise models
of vdW interactions. As aresult, in recent years there has been considerable interest in studying
and modelling non-additive and many-body contributions to vdW interactions, which can take a
number of forms. In this perspective piece, we focus on collective effects in vdW interactionsin
molecular materials, with aparticular emphasis on non-additivity in polarizabilities and techniques
that can capture these effects, including the recently established many-body dispersion (MBD)
approach. We demonstrate fresh insights into the significance of collective vdW effects on the
stability and characteristics of molecular materials using a variety of applications. The reader is
directed to recent works on a variety of various approaches to the problem for a more in-depth

explanation of the theory and physics of many-body vdW interactions.
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Figure 11: Van der Waals dispersion effects of the atoms.

2.2 Computational Details:

2.2.1 For periodic system

In this computational methodology, the hybrid periodic B3LYP-D3 DFT®% js taken
account to obtain the equilibrium crystal structures including optimized unit cell geometries,
materials and electronic properties® of our system material of interest. The periodic equilibrium
structures and properties cal culations of the designed material is being performed computationally
with the application of ab initio method through CRY STAL 17 suite code®”8, This CRYSTAL17
code is used for Gaussian type basis sets rather than plane wave function in order to obtain the
better productive results that can coincide with the experimental data. In this computational
method, it is necessary to account for the vdW dispersion effects for better understanding as there
are many weak long- range vdW interactions between the atoms and the layers of the crystal 2.
Taking account, the above interaction, Grimmes semi- empirical third order (-D3) dispersion
correction isincluded in the present DFT computations that takes care of al the long — range vdwW
interactions. When the system is covalently bonded in alayered manner and the layers are weakly
bonded then in that case, vdW dominated by long range dispersion force then in that cases DFT -
D functional theory can be employed to obtain avery accurate geometry and other thermochemical
properties®® 378, For simplicity, B3LY P - D3 method have been found to be noted as DFT- D. To
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specify the Gaussian type of atomic orbital of different atoms; Triple- zeta valence with
polarization function quality (TZVP)™ basis sets were used for the Sulphur (S) and Nickel (Ni)
atoms while HAYWSC-311(d31) G type basis set with Hay-wadt type effective core potentials
(ECPs) isused for Molybdenum (Mo) atomsin the crystal structure calculationsfor all the systems
studied for this project. The convergence threshold has been set at 107 au. to evaluate the
convergence of the energy, forces, and electron densities”” 8! For the crystal structure and
electronic properties calculation, the spin contamination effects has been reduced in the present
computation work as the DFT-D method (B3LYP-D3) provides an enhanced quality
geometry®3657182 |t was found that the density as well as energy are being less affected with the

application of the above computational method®>#4,

Once the optimized structure for both of the MoS, and Ni-M oS, materials were obtained,
electronic properties such as band structure and density of state (DOS) calculations were
performed by taking into the application of B3LY P-D3 computational method. For the geometric
optimization, a set of Monkhorst®-pack k-point grids were carried out, and similarly a set of
Monkhors-pack k-mesh grids are used for the systems electronic properties calculations, i.e
calculation of both of the band structure and density of states calculations. This k-point grids are
in general used for the integrations of the first brillouin zone. The atomic orbitals of the Sulphur
(S) and Molybdenum, Nickel (Ni) atoms were used to compute and plot the total density of states
of the pristine MoS; and Ni- MoS, material systems, respectively. VESTA, isavisualization code,
is used to reproduce the graphics and to analyze the crystal structures of all the systems studied
here®.

2.2.1 For Non-Periodic system

We adopted a cluster model system consisting of 9-Mo atoms, 21-S atoms with single Ni
doped atom and is used to investigate Hydrogen Evolution Reaction (HER) mechanism
computationally including reaction barrier energy of the Ni-MoS, material. This cluster model has
inert basal plane and active edges; Ni doping makesit active at the planner surface by having extra

valence dlectrons free to make bonds and to take in the reaction mechanism. Mo6L-DFT
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method®®’ is used to study the HER mechanism of the prepared cluster system with the use of 6-
31+G** basis sets for Hydrogen (H), Sulphur (S), and Nickel (Ni) atoms®, and LANL2DZ basis
sets with Effective Core Potentials (ECPs) for Molybdenum (Mo) atoms®. The DFT-Mo6L
method isfound to provide the reliable energy barriersfor the chemical reaction mechanism. After
that we utilized the Polarizable continuum model for al of the calculations. In these calculations
including optimization of the reactants and transition states to capture solvation consequence in
the DFT. For the Heyrovsky reaction mechanism, we are used four water molecules were added
explicitly. For the polarizable continuum model (PCM) calculations, dielectric constants (k) of the
water are used 78.35. And all computations for the HER mechanisms were performed with the
genera-purpose electronic structure quantum chemistry program Gaussian16® to get the

optimized geometries and transition structure for the model.

Chapter 3

Hydrogen Evolution Reactions

3.1 What isHER?

The hydrogen evolution reaction (HER) 2H* + 26— H: is the cathodic reaction in
electrochemical® water splitting. The HER is of atwo-electron transfer reaction with one catalytic
intermediate, and it offers the potential to produce H», acritical chemical reagent and fuel. Driving
the HER with renewable sources of hydrogen fuel that can stored, transported and used in a zero-
emission fuel cell of combustion engine. Achieving high energetic efficient for water splitting
requires the use of a catalyst to minimize the overpotential necessary to drive the HER. Platinum
is the best-known catalyst for HER and requires very small over potentials even at high reaction

ratesin acidic solution.

33



Figure 12: Hydrogen production in acidic medium.

3.2 What iselectrolysis?

Electrolysis process by which electric current is passed through a substance to effect a
chemical change. The chemical change is one in which the substance loses or gains an electron
(oxidation or reduction). The processis carried out in an electrolytic cell, an apparatus consisting
of positive and negative electrodes held apart and dipped into a solution containing positively and
negatively charged ions. The substance to be transformed may form the electrode,
may constitute the solution, or may be dissolved in the solution. Electric current enters through the
negatively charged electrode (cathode); components of the solution travel to this electrode,
combine with the electrons, and are transformed (reduced). The products can be neutral €lements
or new molecules. Components of the solution also travel to the other electrode (anode), give up
their electrons, and are transformed (oxidized) to neutral elements or new molecules. If the
substance to be transformed is the electrode, the reaction is often one in which the electrode

dissolves by giving up el ectrons.
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Figure 13: Electrolysis of water.
Electrolysisis used extensively in metallurgical processes, such asin extraction or purification of
the metals from compounds and in deposition of metals from solution and hydrogen and oxygen

are produced by the electrolysis of water.

3.3 Water Splitting

Electrochemical water splitting can be performed in a variety of devices, which can be
broadly classified into two main categories. water eectrolysis and water photolysis. Water
electrolyzes, which include polymer electrolyte membrane (PEM), alkaline, and solid oxide
electrolyze configurations, require energy input from an external source of electricity to drive the
water splitting process. Photo electrochemical (PEC) and photo catalytic water splitting devices
rely on semiconductor materials to absorb sunlight and generate exited charge carriers and can
therefore split water without an external electricity input. Regardless of the device configuration,

the overal water splitting reaction remains the same:

H,0 > H; + 30,
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In awater splitting cell, the hydrogen evolution reaction (HER) takes place at the cathode
and the oxygen evolution reaction (OER) takes place at the anode. These reactions are shown

below, as they occur in acidic electrolyte:
Hydrogen evolution reaction (HER)
2H™+2e — H2
Oxygen evolution reaction (OER)
H20 =~ Oz +2H"+2¢

To split water efficiently, catalysts are required for both the HER and the OER.

'}

Figure 14: Singleatom Catalystsfor Electrochemical Water Splitting.

3.4 How is hydrogen produced?

To produce hydrogen, it must be separated from the other elements in the molecules where it
occurs. There are many different sources of hydrogen® and ways for producing it for use as afuel.
The two most common methods for producing hydrogen are steam-methane
reforming and electrolysis (splitting water with electricity). Researchers are exploring other
methods.
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Figure 15: Hydrogen production from steam reformation and Electrolysis.

3.5 Hydrogen Fuel Cdls

A fud cell combines hydrogen and oxygen to produce electricity, heat, and water. Fuel
cells are often compared to batteries. Both convert the energy produced by a chemical reaction
into usable el ectric power. However, thefue cell will produce electricity aslong asfuel (hydrogen)

is supplied, never losing its charge.

Fuel cells are a promising technology for use as a source of heat and electricity for
buildings, and as an electrical power source for electric motors propelling vehicles. Fuel cells
operate best on pure hydrogen. But fuels like natural gas, methanol, or even gasoline can be
reformed to produce the hydrogen required for fuel cells. Some fuel cells even can be refilled

directly with methanol, without using areformer.

In the future, hydrogen could also join electricity as an important energy carrier. An energy
carrier moves and delivers energy in a usable form to consumers. Renewable energy sources, like
the sun and wind, can’t produce energy all the time. But they could, for example, produce electric
energy and hydrogen, which can be stored until it is needed. Hydrogen can aso be transported
(like electricity) to locations where it is needed.
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Figure 16: Hydrogen fud cells.

3.6 Electrocatalyst for hydrogen evolution reaction

An electrocatalyst isa catalyst that participatesin electrochemical reactions. Electrocatalystsare a
specific form of catalysts that function at electrode surfaces or, most commonly, may be the
electrode surface itself. An electrocatalyst®™ can be heterogeneoussuch as a platinized
electrode. Homogeneous electrocatalysts, which are soluble, assist in transferring electrons
between the electrode and reactants, and/or facilitate an intermediate chemical transformation

described by an overall half-reaction. Major challenges in electrocatalysts focus on fuel cells.
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Chapter 4

Results and Discussions

4.1 Results and Discussions

The equilibrium structure®, geometry, lattice parameters and electronic property
calculations of the pristine 2D monolayer 2H phase of the MoS; material were obtained by the
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B3LYP-D3 computational method. Visualization of the obtained optimized geometry of the 2D
MoS;is presented in Figure 18 (). Lattice constants of this pristine 2D single layer MoS; were
foundtoa=b=3.176 A and y = 120° with P-6m2 symmetry, which was found to be in consistent
with the previously reported literatures and is well harmonized with the experiment results.® From
the electronic property calculations of this material, it was observed that the 2D MoS, materia has
adirect bandgap at K point and the band gap energy is about 2.53 €V, which is shown in Figure
18(b) below and it agrees well with the experimental observation and earlier theoretical results.®
These findings signify that the pristine 2D MoS; may not be an useful electrocatalyst for the
applications of HER processes due to its large band gap which makes it to give non conducting
property and inert basal plane. It is aso found that there is no electronic density around the Fermi
level (Er) in the total density of states calculations of the 2D MoS; as shown in the Figure 18(c).

The optimized geometry of the Ni doped MoS; material is represented in the Figure 19(a).
It has been observed that the lattice constants for this Ni doped M oS, materials were found to have
the values as, a=b=9.511 A and adjacent angle a=p=90°, y=120° with P-6m2 symmetry. Further,
from the electronic property calculations of this Ni-MoS; materia it was observed that the Ni
dopes MoS; material has band gap value zero which is shown in Figure 19(b) which makes it a
conductor. The transformation of MoS, from a high band gap semi-conductor to a conductor due
to the Ni transition metal doping (providing free electrons at its d subshell free electrons) which
results alarge contribution towards the total density of states of Ni-Mo0S,, as depicted in d subshell
density of states plot in the figure 19(d). We have also observed that total density of statesislarge
around the Fermi level, same can be visualized from the Figure 19(c) and the d subshell density of
state of the Ni doped MoS, material clearly support the previous statement. Ni atom doping at the
edge size of M0S; makesis possible for electron accumulatesin conduction and valence band that
enables electron mobility. As per electrochemistry, the crucia contribution of the electrocatalyst
is to help in the reaction for transferring electrons between the electrode and reactants without
being actively chemically reacted. So, from the above computational work it can be confirmed that
the 2D Ni-doped MoS; might be very much helpful in enhancing the intermediate chemical

transformation in HER process.
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Figure 18: Band structure and density of states of the 2D monolayer pure MoS; material. (a) Top view and side view of
the 2D 2H phase of the M0S; monolayer material, (b) band structure of the 2D M 0S;, and (c) total density of states

calculations of the 2D monolayer.

Table 1 : Lattice constants and angle, space group, average band length of the MoS,; & Ni doped

MoS; optimize structure.

Materials MoS: | Ni doped MoS:
Adjacent angle (o & P in degree) 90.0° 90.0°
L attice Constants (a=b) 3.219 9.511A
Angle (y in angle) 120.0° 120.0°
Average bond distance. Mo- Mo-S=2.411A
S=2.39A _
Ni-S=2.390A
Space group symmetry. P6mM2 P1
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Figure 19: Band structure and density of states Ni doped M 0Sz monolayer material. (a) Top view and side view of the 2D
2H phase of the Ni doped M 0S; monolayer material, (b) band structure of the 2D Ni-M oS, and (c) total density of states
calculations of the 2D

In this study,®? we have chosen triangular shape crystal model for the HER as shown in
below Figure 20. Frist of al our main target we develop new electrocatalyst materials for processes
including hydrogen evolution reactions. This reaction is needed for H2 production through
electrolysis of water and generation electricity in Hydrogen fuel cells. We design new
electrocatalyst Ni doped MoS, material with improved performance. We have doped 12.5% Ni
with in MoS; materias. In this approach, we have investigated the catalytic activity of the Ni-
MoS, material for HER. We mentioned that the study of reaction barriers energy is necessity to
explain the chemical reactivity of the catalyst, instead extrapolating the kinetic effects from the
electronic ground state properties which the explain only about equilibrium thermodynamics. We
are deliberated two types of difference reactions footing with the most eminent. One is Volmer
reactions steps and other one is Heyrovsky reaction steps. In case of Volmer reaction is Hydrogen
(H) atom migrates from the Sulphur (S) atom to the transition metal Nickel (Ni) that is, H*
migration is called as the Volmer reaction mechanism. And in case of Heyrovsky reactionison a
number of electrodes the second step in hydrogen evolution is the reaction of a proton with an

adsorbed hydrogen intermediate to form aH> molecule, which is known as the Heyrovsky reaction
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mechanism. As generally, HER mechanism can be describe to the following two possible footing

in the acidic electrolyte.
Volmer reaction step- H" + € —Hags
Heyrovsky reaction step- Hags + H" + €— Hb>

Here Hags is an adsorbed hydrogen atom on the catalyst surface, and Volmer —Heyrovsky reaction
through H> can be produced. In the Volmer reaction mechanism the rate determining step is the
migration of a hydrogen atom. But in case of Heyrovsky reaction mechanism the rate determining
step requires an adjacent hydronium (HzO"). It isthe source of aproton along the reaction pathway
involving adsorbed H™ atoms form H>. It was found that these two reaction footing have the lowest
barriers energy for Hydrogen Evolution Reaction (HER) of the Ni-MoS, materias. The energy
barriers are shown in Table 2. These calculations are published only catalytic activity of the alloy
Ni-MoS, materials, which agrees as well as with the experiment observation. Most interestingly,
DFT calculations for the Ni-MoS; materials alloy has the highest reaction energy barriers for Ho
formation, when compared to solvent phase value. More specifically, the activation energy barrier
in the gas phase for Hz evolution following the Heyrovsky reaction mechanism of the Ni-MoS;
materials alloysis 21.6 kcal/mol, and the experimental value(solvent phase) 1.478 kcal/mol for Hz
formation. From this results we can say The Ni-Mo0S; materia shows an excellent catalytic
performance in HER. And the one very importance reactionsis H* migration or Volmer reactions

mechanism in the HER is still running.
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Figure 20: Triangular shape crystal model

For the H2 evolution on the Ni-M oS, materials below the chemical reaction mechanism by using
the Density functional Theory (DFT) method with the M0O6-L functional method. From This
method we are found accurate Gibbs free energies for the al the reaction steps or all reaction
barrier involving transition metal states (TMs). The H™ migration reaction barrier is Volmer
reaction mechanism. The Volmer reaction mechanism mark in the dotted red circle below figure
and we are produced H> using Heyrovsky reaction mechanism, highlight in a dotted blue circle
on the Ni-MoS, materials. The chemical reaction mechanism’®® for the Ni-MoS, materials

following the steps.
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Figure 21: Hydrogen evolution reactions for the Ni doped M oS, material.

The optimized geometries of catalysts are shown in below figure for the (a) [Ni-MoS;] (b)
[Ni-M0S;]}(c) [Ni-M0S;] Hs (d) [Ni-M0S;] Hs (E) Volmer transition state (f) [Ni-M0Sz] Hni'(Q)
[Ni-M0S;] HsHni (h) Heyrovsky transition state (i) [Ni-MoS;] Hs" materials deliberated as a
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model system in the DFT calculations. The transition states are occurred in the H* migration
reaction of this materia figure (€) and the position of the atoms Hydrogen atom (H) are between
the Sulphur and Nickel. The Volmer transition states are mark by ared dotted circle (€). In case of
Heyrovsky reaction transition states (TSs) are occurred this material above figure (h) and we can
see clearly the position of the Hz in the transition states is highlight by a dotted red circle.
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Figure 22: Hydrogen evolution reaction stepsfor the Ni-M oS; materials & optimized geometries of catalysts.
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Table 2: Reaction barrier energy of the Ni-MoS; materials all the reaction mechanism related

materials Performance for HER is shown and there are compared to the experimentally value

(solvent phase) materials reported in this Work.

Gibbs free Energy(Solvent
Hydrogen evolution reaction of the Ni-MoS; energy(AG) phase) AE
materials. Kca/mol (Gas Kcal/mol
phase)
[Ni-M0oS;] —  [Ni-MoS;? -33.06 -44.63
[Ni-MoS]T —  [Ni-MoS;] Hs -30.20 -36.06
[Ni-M0S;] Hs —  [Ni-Mo$]Hs -31.49 -44.95
[Ni-M0oS]JHs —  [Volmer reaction step] Still Running Still Running
[Volmer reaction step] — [Ni-M0S;] Hni” Still Running Still Running
[Ni-MoS]Hniw —  [Ni-MoSy]HsHni -29.06 -35.8
[Ni-MoS2]JHsHNi - [Heyrovsky reaction step] 216 1478
[Heyrovsky reaction steps] —  [Ni-MoS]Hs" -26.67 -33.24

Above the Reactions that have a negative AG release free energy and are called exergonic

reactions. A negative AG means that the reactants, or initial state, have more free energy than the

products, or fina state. Exergonic reactions are also called spontaneous reactions, because they

can occur without the addition of energy.
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Reactions with a positive AG (AG > 0), on the other hand, require an input of energy and are
called endergonic reactions. Gibbs free energy are positive this energy known as Activation
energy. Inthis case, the products, or final state, have more free energy than the reactants, or initial
state. Endergonic reactions are non-spontaneous, meaning that energy must be added before they

can proceed.

Conclusions
In summary, we have computationally studied the structural and electronic properties of

2D transition metal dichalcogenides (TMD). The equilibrium structure, geometry, lattice
parameters and el ectronic property cal culations of the pristine 2D monolayer 2H phase of the M oS,
material and Ni-MoS; materials was performed by the B3LY P-D3 method. A 2D periodic model
was successfully prepared for these two materials to obtain both the band structure and density of
states calculations. The present study found that the energy band gap of the pure 2D monolayer
MoS, materialsis about 2.53 eV, and the Ni doped MoS; monolayer has zero band gap indicating
conductivity in nature. Therefore, we can say that 2D monolayer MoS; material behaves like as a
semiconductor and a Ni doped MoS, material behaves like as conductor, and they may be suitable
for amultifaceted electrocatalytic electrode for HER. The 2D single layer Ni-M oS, material shows
an excellent catalytic performance in HER. The DFT calculations indicate that the high reactivity
observed in the Ni-MoS,; material. We observed a very importance reaction which is Hz formation
in the HER. We got activation energy barrier for H2 formation is about 21.6 kcal/mol. This lowest
activation barrier energy is due to the stabilization of the rate determinant transition state, where
the electron density of Ho formation is favored by the overlap of the d-orbitals and s-orbitals of the
H atoms from the transition metals alloys from Ni. The lowest energy barrier for Heyrovsky
reaction (H2 formation) can be found which is in excellent agreement between the theoretical and
experimental data. In the conclusion, for H> evolution the catalytic activity can be tuned by

substituting transition metals forming alloys, thus the “inert “basal planes can be activated.
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