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Abstract

2D transition metal disulphides have gained a lot of research interest due to their fantastic electrical,
optical, magnetic, and mechanical properties which makes them recommended for electrical and optical
applications. More interestingly, they have been proposed as suitable alternatives to Pt hydrogen
evolution reaction catalysts as they also exhibit layered structures in which the layers interact through
Van der Waals forces. Semiconducting transition metal disulphides in bulk are indirect band gap materials
whereas their monolayers exhibit direct band gap. Metallic (1T) phase of transition metal disulphides has
been widely studied due to their higher hydrogen evolution reaction activity and the tremendous optical
and electrical applications it offers. The successful fabrication of bilayer heterostructures of 1T transition
metal disulphides will open opportunities for industry scale HER catalysts and electrical devices
applications. In this work, we have analyzed structural, electronic, and energetic properties of monolayer
IT-Mo S,, 1T-ReS,, 1T-W S, and 1T-Pd S, using density functional theory calculations. Bilayer
heterostructures including 1T-MoS,-PdS,, 1T-WS,-PdS,, 1T-PdS,-ReS,, 1T-MoS,-WS, and 1T-WS,-
ReS, have been formed and again density functional calculations have been performed on these
heterostructures. It was found that 1T-MoS,-PdS,, 1T-WS,-PdS, and 1T-PdS,-ReS, can be formed
spontaneously and also the bilayer heterostructures composed of two metallic monolayers predict a novel
metallic van der Waal solids that might be used in future 2D nanomaterials. Finally, 1T-MoS,-PdS,, 1T
WS,-PdS, were found to be the most stable with adsorption free energy close to zero and can serve as

suitable catalysts for hydrogen evolution reaction.
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Chapter 1

Introduction

1.1 Overview

The estimated increase in global energy demand from 17TW in 2010 to 27TW by 2040 (US EIA, 2013)
shows an exponential growth. Utilizing renewable and clean energy sources is crucial given the depletion
of fossil fuels and rising environmental pollution, which has long-lasting repercussions on climate change.
Since hydrogen has the highest combustion energy of all chemical fuels and only produces water as a
byproduct of combustion, clean hydrogen energy is currently experiencing unheard-of political and
commercial momentum. Since the current method of producing hydrogen emits carbon dioxide, we must
look for workable substitutes that wouldn't result in the release of greenhouse gases.

These solutions can be achieved by finding the best catalysts to help speed up the hydrogen evolution
reaction. As different reactions may require different energies to occur, catalysts play an important role
by lowering this energy. The production of hydrogen through water-splitting can be achieved using either
photo-catalysis or electro-catalysis.

Due to its high exchange current and relatively modest Tafel slope, platinum (Pt) and its alloys are now
regarded the most active and stable catalysts for hydrogen evolution reactions (Seh et al (2017)). Aside
from the fact that Pt is scarce, it is also exceedingly costly, making it inefficient to create realistic and
scalable hydrogen amounts. As a result, there has been a large research effort directed at using low-cost
earth abundant catalysts to replace the precious metal (Pt) (Westholm et al., 2018). According to recent

research, MoS2 exists in two phases: the 2H phase and the IT phase. The 2H phase is metallic, while the
9



1T phase is semiconductor (Xu et al., 2018). The metallic 1T phase has outstanding HER catalytic activity,
although the 2H semi-conducting phase is likewise catalytically inert, and the catalytic activity correlates
to the unsaturated edges of S and Mo atoms and may be likened to a perfect Pt catalyst (Cai et al., 2017).
This great understanding has encouraged some research strategies that focuses on maximized exposing
of edge sites into nano-sheets MoS2 through synthesizing nanoparticles, defective nano-sheets and its
corresponding experimental results also verify that the exposed edges play an important role in HER.
Another strategy also seeks to enhance intrinsic catalytic activity of the edge sites by chemical doping.

The 1T polytypes of transition metal disulphides are known to have large surface area, good conductors
and enhanced photo and electro-catalytic capabilities (Cai et al., 2017). Due to the enormous, interesting
properties exhibited by 1T polymorphs of transition metal disulphides, this work focuses on studying the
intrinsic structural, electronic and mechanical properties of Transition metals (Re, Mo, Pd, W)

disulphides as well their hetero structures through computational methods.

1.2 Hydrogen Evolution Reaction

Two mechanisms namely the Volmer-Tafel and the Volmer-Heyrovsky are needed to achieve hydrogen

evolution reaction in below reactions:

Volmer Step: H* +e” - H_4s (1)
This step involves the adsorption of a hydrogen ion (H") and an electron (e™), forming an adsorbed
hydrogen atom (H,q4s)

Heyrovsky Step: HT 4+ H,4s — Hy @)
This step involves the combination of a hydrogen ion (H*) with an adsorbed hydrogen atom (Hqs),
leading to the formation of molecular hydrogen (H,).

Tafel Step: 2H,4s = H, 3)

10



This step involves the recombination of two adsorbed hydrogen atoms (2H,45), resulting in the
production of molecular hydrogen (H,).
The volmer step is the first reaction to happen proceeded by either the Tafel or Heyrovsky. Clearly,
regardless of the pathway taken by Hydrogen evolution reaction, both mechanisms Volmer-Tafel and the
Volmer-Heyrovsky show that there is surface adsorbed hydrogen at electrode. This implies that the
adsorption free energy of hydrogen plays a decisive role in the determination of the catalytic activity of
the catalysts(Cai et al., 2017).
H, 4, is related the adsorption free energy of H

AGy = AE 45 + AE;pp + TASy 4)
where AE 4, 1s the adsorption energy of hydrogen, AEzpg is the difference in zero-point energy between
hydrogen in the adsorbed and gas phase state, T is the temperature in Kelvin and ASy is the change in
entropy between hydrogen in the adsorbed and gas phase.
According to the Sabatier principle, an ideal catalyst must bind to the reactant at an intermediate strength,
1.e., neither too weak nor too strong (Cai et al., 2017). If the hydrogen to surface bond is too weak, the
adsorption step (Volmer-step) will limit the overall reaction rate. Also, if the hydrogen surface bond is
too strong, the reaction-desorption (Tafel/Heyrovsky) step will limit the reaction rate. Optimal HER
catalysts have hydrogen adsorption energies close to AGy = 0; i.e., binding neither too strongly nor
weakly(Cai et al., 2017).
In order to maximize the rate of Hydrogen Evolution reaction, a catalyst with appropriate surface
properties must be used. Previous studies have reviewed several materials as active Hydrogen evolution
reaction (HER) catalysts including Platinum, metal oxides, metal phosphides and metal Sulphides as

shown in Figure 1.1
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Figure 1.1 Exchange current density as a function of hydrogen adsorption free energy for various HER

catalyst materials.
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(b) The theoretical HER volcano, adapted from Parsons, predicts catalysts with hydrogen binding energy

equal to zero will have the highest activity (Jaramillo et al 2007)

Even though Platinum remains the gold standard for highly efficient catalyst for hydrogen evolution
reaction, cost is a major barrier towards their commercial viability. It has therefore become prudent to
find more abundant and relatively cheaper materials that exhibit high photocatalytic activity towards
hydrogen evolution reaction.

Ever since Titanium dioxide was used as the first semiconductor for photocatalytic water splitting there
has been several attempts to develop efficient photo catalysts including metal carbides, metal alloys,
carbon nanotubes and others. However, there remains a primary challenge of ridding photo catalyst of

poor efficiency due to the recombination possibilities of electrons and holes.

13



Recent advancement of graphene technology and the exfoliation of ultrathin materials have directed
tremendous interest towards the exploration of 2D materials and the fabrication of fewer layer or
monolayer sheets to control the charge carrier recombination process(Cai et al., 2017). Thin materials at
the atomic scale, like transition metal dichalcogenides (TMDCs), have been extensively studied for their
intriguing electron and optical properties, as well as their ability to be synthesized across large areas.
TMDCs have the structural formula X-M-X where (M is the transition metal and X is S, Se, Te) due to
the distinctive crystal structure and rich chemistry. In addition, 2D materials can also manifest distinct

properties through the formation of heterostructures, surface formation and others (Tan et al., 2017).

This work focuses on monolayers, bilayers and heterostructures of transition metal disulphides (TMS2),
(a category of the TMDCSs) as photo-catalysts for hydrogen evolution reaction. A variety of reasons for
the choice of these materials are stated below.

First, numerous earlier investigations have demonstrated that the indirect to direct band gap transition
occurs during the material transitions from bulk to many layers in semiconductor transition metal
disulphides such as MoS2 and WS2 as well as other TMDCs like MoSe2 and WSe2. Additionally,
different transition metals have different populations of the d-orbitals, which results in a range of electron
properties from semi-conductors, insulators, and superconductors. This makes them appealing for
technological research in a variety of fields, including photocells, photo detectors, and various electronic
devices.

Technology applications have taken a strong interest in TMDCs due to their effectively high mobility of
charge carriers. Finally, the photocatalytic TM S, is crucial for splitting water after receiving solar
radiation due to its superior band gap. It has been observed in recent experiments that MoS, is cost
effective and has a better HER catalytic efficiency compared to most non-precious metals. Other studies

have also shown that the H, phase of MoS, is responsible for its catalytic activity and requires a carefully

14



good design of material to expose an increased number of its edge sites. Improved catalytic activity has

also been reported for Pd doped monolayer of WS, and metal edge doping in MoS,. (Xu et al., 2018)

These various findings prepare the background for the motivation of Single H/H2 Adsorption on
transition metal disulphides focusing on the hydrogen evolution reaction activity on monolayers and
bilayers of MoS,, WS,, PdS,, ReS, as well heterostructures of these TMS, such as MoS,-WS,, MoS,-
PdS, and MoS,-ReS,, WS,-PdS,, WS,-ReS, and PdS,-ReS, using density functional theory based
electronic structure calculations. We have determined electronic, magnetic, structural, and optical

properties and performed HER on these surfaces.

1.3 Specific Objectives

The aim of this research work is to study structural, energetic and electronic properties of specific
monolayer 1T-transitional metal disulphides including MoS,, WS,, PdS,, ReS,. Secondly, to form
bilayers of heterostructures of the transition metal disulphides including MoS,-WS,, MoS,-PdS, and
MoS,- ReS,, WoS,-PdS,, WS,-ReS, and PdS,-ReS, and study their properties to be able to determine
which of these heterostructures can be formed spontaneously. The electronic and structural properties are

analyzed to determine whether these materials can be used as good catalysts.

1.4 Outline of this work

The structure of the thesis is organized as follows:
* Chapter 1 presents the overview of the transition metal disulphides and hydrogen evolution reaction
* Chapter 2 presents an in-depth theoretical framework of an understanding of Concepts of solids and

density functional theory.

15
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* Chapter 3 the discussion of theoretical methods employed in this study is presented.
* Chapter 4 The detail analysis of results are discussed in this chapter

* Chapter 5 Presents conclusion and future perspectives

16



Chapter 2

Theoretical Framework

2.1 Crystal Lattices

A crystal lattice is a repeating three-dimensional arrangement of atoms, ions, or molecules in a solid
substance. In crystallography, crystal structure is a description of the ordered arrangement of atoms, ions,
or materials in a crystalline material. Ordered structures naturally form repeated symmetric patterns
along the principal directions of three-dimensional space in matter. The unit cell of the structure is the
smallest group of materials that constitute the repeating pattern. The unit cell completely reflects the
symmetry and structure of the entire crystal, and it is built up by repetitive translation of the unit cell
along its principal axes. The translation vectors define the nodes of a Bravais lattice.

The Bravais lattice is a collection of discrete points with just an arrangement and orientation that seem
same from every viewpoint. Bravais lattice may be defined as any array of three-dimensional discrete
points that is arranged in such a way that when seen from any point, it appears precisely the same
regardless of whatever point it is viewed from. Mathematically, a set of points that the position vector R
consists of is the Bravais vector as represented below.

R=3Yina 4
where a; consists of all vectors in the same plane and n; are range through all integer values. The vectors
a;that appears in equation (4) are the primitive vectors which are known to span the entire lattice.

The unit cell is also an important concept in crystal lattices. It is the simplest repeating unit in a crystal.
Each unit cell is defined in terms of lattice points — the points in space about which the particles are free
to vibrate in the crystal. Unit cells can be classified into primitive and conventional unit cell. The

difference between the primitive and the conventional unit cell is that, in the case of primitive, it is a
17



space cell centered on a lattice point that, when moved using the Bravais lattice vectors, fills the whole
space of the crystal without overlapping. There is another kind of primitive cell known as the Wigner-
Seitz cell for every Bravais lattice. The lattice point in the Wigner- Seitz cell lies at the center of the cell,
and the form of most Bravais lattices is a parallelogram or parallelepiped. The Wigner- Seitz cell of a

reciprocal lattice in momentum space is known as the Brillouin zone.

2.1.1 Reciprocal Lattices

Because crystal structures are periodic, they can be handled in the reciprocal lattice space. The reciprocal
lattice is a representation of another lattice, typically the Bravais lattice, using its Fourier transform. It is
natural to compare Bravais lattice in the reciprocal space with periodic plane waves. Reciprocal lattice
points are represented below

K = kyby + kyb, + ksbs Vky kykseZ (5)
Where K denotes the reciprocal lattice points and by, b, and b; are the reciprocal primitive

vectors given by below

E a,xas

e ai (azxas) ©)
7 azxa;

b =2 a; (azxas) )
~ a;xa,

Dy~ a, -(azxas) ®)

These equations must satisfy the condition that
eiK.R =1 (9)

It can be said that the first Brillouin zone is the Wigner-Seitz cell of the reciprocal zone.

18



2.1.2 The Bloch’s Theorem

Bloch formulates a crystal system consisting of electrons that lack interaction within a periodic potential,
as illustrated below.

The Hamiltonian of single electron state ¥ is given by
e ium 10
v (10)

Where U(¥ + R) = U(¥) for all R in that exists in a Bravais lattice,

Yroge () = "ty (7) (11)
where

unk(? <P R) = unk(?‘) (12)

For all R in the Bravais lattice. Alternatively, one can choose the eigenstates of the Hamiltonian so that

each ¥ is associated with a wave vector k:
Y(# + R) = e RP(#) (13)

The equation expresses the relationship between the wave function at a position # + R and the wave
function at the original position # in terms of a phase factor e*%
Even though the proof Bloch’s theorem is reliant on periodicity oh Hamiltonian, it is silent about the

wave vectors allowed values. When the Born-Karman boundary condition is imposed, it can be shown

clearly that the each allowed k-vector space is given by

_ (2m)®
Y

(14)

19



Where V, is the volume /k point, N being the total number of primitive cells. The allowed wave vectors
behave as a continuum since the primitive cells in a crystal is very large. Despite that the allowed values

of k vector span over the entire crystal, the key interest can be restricted to the first Brillouin zone k and

can be written as

k = k' + K where K is the reciprocal lattice vector and k’ is inside the Brillouin zone.

2.1.3 Band Structure

As the wave function is determined by the wave vector, electronic energies are likewise affected by the
wave vector. Consequently, the energy relationship can be expressed as follows: the band structure is
defined by energies that depend on the wave vectors (k-vector). Within the first Brillouin zone, the wave

vector is plotted across high symmetry points.

k.
L g
r v / 2
7
k A -
x §
/ W r X W L r
k-Point Path
(@) (b)

Figure 2.1 (a) The first Brillouin zone of the face centered cubic lattice. (b) the band structure of silicon

using Local Density Approximation (dashed lines) and Weighted Density Approximation (thick lines)

plotted along high symmetry lines.
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2.1.4 The Fermi Energy

Assuming we have an N-electronic system, the electrons can only occupy a portion of the band structure.
Electrons are known to follow the Pauli's exclusion principle, which states that no two electrons may
occupy the same state, suggesting that electrons will fill the energy bands from lowest to greatest energy.
The Fermi energy is the energy that exists between the greatest occupied energy level and the lowest
vacant energy level.

There are two primary methods for filling the bands:

1. There may be partly filled bands in which the Fermi energy will interpenetrate one or more bands.

2. All the occupied bands may be filled with energy that falls between the most and least occupied bands.
The electronic properties of materials depend on how the bands are filled. In the case where the
conduction band overlaps with the valence bands causing an intersection with the fermi energy, the
material is metallic. In case 2 above, the material behaves as a semiconductor or an insulator depending

on the energy gap (Martin et al. 2008)

Materials' electronic characteristics are determined by how the bands are filled. The material is metallic
when the conduction band overlaps with the valence bands, resulting in an intersection with the fermi

energy. Depending on the energy gap, the material in Case 2 above acts as a semiconductor or an insulator.

2.2 Density Functional Theory (DFT)

DFT is a successful theory to calculate the electronic structure of atoms, molecules, and solids. Its focuses

on a quantitative understanding of the material from the fundamental laws of quantum mechanics. In

order to solve the Schrodinger equation for a system of N electrons moving in an external potential

(typically generated by the nuclei), the traditional electronic structure methods seeks to find approximate

21
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solutions to the Schrodinger equations. This approach becomes less effective for large numbers N due to
the fact that the resulting wave becomes more complicated as N increases. Also the computational effort
grows very rapidly for increasing values of N and becomes prohibitive to make calculations for larger
systems. Density functional theory (DFT) employs a very different approach, instead of the many-
body wave function, the one-body density is used as the fundamental variable. Since the density n(r) is

a function of only three spatial coordinates (rather than the 3N coordinates of the wave function), density-

functional theory is computationally feasible even for large systems.

2.3 The Many Body Problem

Fundamentally the challenge in solving the many body problem is in dealing with the various interactions
between the electrons and neutrons (i.e. electron-electron, electron-nuclei, and nuclei-nuclei, interactions
of all known and unknown potentials). The electronic properties of such a system that is made up of N

electrons can be obtained when the many-body Schrodinger equation is solved
Aw(?1,72, ... P R1Ry .) = E¥(P1, %2, ..., Tn, R1R2 ...) (15)
Where 7; and R; is the position vectors of electrons and nuclei respectively. H is the Hamiltonian of the

system which is given by

- hzzvz Z e?Z, +1Z e?
— == & J8 B B
‘- Tl v Ziij =l

h? Z o Z e Z,Z] (16)
—2M, " T2 LR, - R

%]
Where m,the electron is mass, M; is the mass of the Ith ion, h is the Planck’s constant/2m , Z; is the
atomic number of the Ith ion and e is the electronic charge.

The terms in the Hamiltonian are described below

22


https://www.sciencedirect.com/topics/mathematics/wavefunction-psi
https://www.sciencedirect.com/topics/engineering/spatial-coordinate

The electronic and ionic kinetic energies are respectively given as

h? )

T = Z v 17

Zme : l ( )
l

v,? 18

=i Z : (18)
The potential energy resulting from the electron —electron interactions is
e—e — 5

The potential energy resulting from electron- ion interaction is given by

Ve—I

_Z e?Z, 20)
o ™ R

The potential energy resulting from the ion —ion interaction is given by
Vi

eZ,Z]
21
2|R 4 (21)

I#]
Utilizing many-body approximations is crucial to restrict the system to a small number of particles ,
enabling an accurate computation of the Hamiltonian. Modeling, this system with high precision would
result in an impractical and excessively high computational cost. One of the initial approximations

employed for this purpose is the Born-Oppenheimer approximation (Kohn, 1999).

2.3.1 Born-Oppenheimer Approximation
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The Born-Oppenheimer Approximation realizes that the electrons are much lighter and moves faster than
the nuclei (ions) so that one motion of the two degrees of freedom, and hence the kinetic energy term of

the nuclei can be ignored. This approximation will reduce the problem to

- hZZVZ Z e?Z, +12 e?
- —— 2oy —L 42y
2m & 0l I = Rl Zi;tj i = 73]

IR - Rj|
1¢]
Or simply written as
H=T+ IZz—e + 17e—I + 17I—I (23)

Even though some simplification is achieved by the Born-Oppenheimer approximation it is still not
possible to solve the many body problem exactly for more than a complicated single atom. In principle,
it is very difficult to solve the electron- electron interactions in the sense every electron at every point in
time feels or is affected by a slight motion of any of the electrons and this what gives rise to the collective
and correlated complexity of the many body problem. More so, the wave function ¥ has a 3N degree of
freedom for N electrons. The complexity of solving the wave function is addressed by density functional
theory. The quest to calculate accurately the electronic structure of real materials birthed the Density
Functional Theory (DFT). Early works of P. Hohenberg and W. Kohn in 1964 demonstrated profoundly
that one can express the total energy of a system as a functional of the electron density n(r), E = E[n(7")]
where the exact form of E[n(#)] is unknown (Hohenberg & Kohn, 1964). Kohn and Sham later
constructed a Schrodinger like equation that could solve a single electron problem in a mean field manner
(Kohn & Sham, 1999). DFT employs several approximations to calculate the electronic structure and by
extension the ground state properties of materials can be calculated such as structural, magnetic, optical,

and mechanical.
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2.3.2 The Hohenberg-Kohn Theorems

Density Functional Theory is based on the Hohenberg and Kohn theorems, which indicate that the ground
state electron density (no ((?))).may completely predict the many-body electron problem. In theory, this

theorem permits the substitution of the number of vectors of the number of electron wave functions with
a problem that relies on a scalar function n((7)). This crucial substitution becomes more significant as
the number of atoms in a system grows, and it is the primary reason DFT was successful.

The following theorems apply to a system that is non-degenerate.

Theorem I- Any system of particles that exist in an external potential V... (7), the potential V(7 ) i
uniquely determined, except for a constant, by the ground state of particle density n, (¥).

Theorem II- A universal functional for the energy £ = [n] in terms of the density n(7) can be defined
valid for any external potential V,,.. () for any particular V., (7), the exact ground state energy is the
global minimum value of this functional, and the density n(7 ) that minimizes the functional is the exact
ground state density n, (7).

The theorems mean the external potential V.,.(7) completely define the quantum problem. Also the
wavefunctions are in principles uniquely determined via the Schrodinger equation. The energy and
everything else is thus a functional of the external potential V(7). The external potential determines
uniquely the charge density and the charge density determines uniquely the external potential.

The functional described in Theorem II is the total energy functional defined as
Eln) = Fugln] + [ 3 Ve @ @) + By (24)

Where Fyy[n] is defined from the many body problem as
Fuk[n] = (T) + (Vo) (25)
With T and V,_, given by equations which is a universal functional. E;_; describes the ion-ion

interactions.
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2.3.3 Kohn-Sham Equations

The challenge of the Hohenberg-Kohn theorems is that, even though the theorems define a functional of
total energy that is only dependent on the electron density in principle, the universal functional Fyg[n] is
not known in any method that does not include the electron many-body wave function explicitly. Instead
of using the total energy functional directly, Kohn and Sham proposed a non-interacting unique mapping
reference approach. In this reference system, electrons do not interact and dwell in an external potential
so that their ground state charge density is like the interacting system's ground state charge density. Based
on the assumptions stated above, the energy functional developed for the non-interacting system, which

for doubly occupied electronic wave functions I is represented as follows:

E[{(¥)}] = Z f W V2, d37 f VoreMINEIAF + > f nl(:)"gfll)d*dﬁ

+Exe[n(@)] + Ep-y ({R D) (26)
¥, are the non-interacting systems wavefunction, r 1is the position vector of the electron, E;_; is the
already defined ion-ion energy functional in (26) and E . is the new term called the exchange correlation
functional. R; is the position vectors of the ions and n(7) is the electron density.

The electron density n(7) for the non-interacting may be written as:

n(r)

=2 ) |wif? @7)

Putting together the terms in equation, we obtain

E = Ts[n] + f Vext(F)n(T_:)‘PF + EHatree [n] + Exc[n] + EI—I
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Where Tg[n] is the kinetic energy of the non-interacting system and Ep,sree is the electron-electron

interaction term without the exchange and correlation effects. These are defined by

Ts[n] = _Z f lIjiviji d37 (28)
On(F) 130 1300
EHatree[n] = %fnl%nﬁl)d3rd3r (29)

The effects of exchange and correlation of the many original many body wave function have been put in
the exchange-correlation functional in the Kohn-Sham equations. If the exchange— correlation functional
were known, the ground state energy would have been obtained by minimizing equation (29) leading to
yielding of the density of the many-body problem when the Kohn-Sham equation is solved.

The minimization of the Kohn-Sham energy with respect to the electron density n(r) and applying the
chain rule, below is obtained

5E[{lpi}] _ 6Ts[n] 5Eext oy 6EHatree + 6Exc 67’1(?) i

* - * - = = * 30
oY; oY; on(r) on(r) on(r)l 6%; (0
Which is subject to the normalization
(¥;"|Pg) = Gik (31)
This yields the Kohn Sham equation
1 2 - -
_EV + Vext (7)) + Vhairee + Vi | Vi =&Y (F) (32)
Where Vyiree and V. can be seen clearly from equation as
5 Bytat
Viatree = #F?‘)ee (33)
OE,.
Vier= =
i EREO Pl

Equations (32) and (33) helps us formulate and implement self-consistent field (SCF) methods using

approximate exchange correlation functionals. The SCF method is represented in the flow scheme below
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Figure 2.2 A flow chart that describes the implementation of SCF

2.3.4 The Exchange Correlation Functional

The exchange correlation functional in density functional theory substitutes the effects of correction and
exchange in the original many-body problem. There are no analytic forms for the exchange correlation
yet, therefore feasible approximations (i.e., the construction of exchange correlation functionals) are
required to make DFT an usable tool.

The first approximation developed was the Local Density Approximation (LDA). An approximation of
the exchange correlation of a "homogeneous" electron gas in the LDA, where the density of the electron

gas is assumed to be the same as the local electron density:

B2
= | e (0)) (34
&xc 1s the exchange-correlation energy density of a homogenous electron gas with a uniform positive

background charge so that the system is electrically neutral. The exchange correlation energy can be

splitted into the exchange term and the correlation term

exc(n(r)) = sc(n(r)) + sx(n(r)) (35)
The exchange term of the exchange correlation energy can be expressed in an analytic form. However,
there exist no analytic formula for the correlation term, rather, the value of the correlation energies have
been computed numerically by employing quantum Monte Carlo methods making it possible to obtain

accurate, exchange correlation energies.
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There have been so many attempts to improve upon the Local Density Approximation. Among these are
a class of functionals depending on the local density and local gradient Vn(r ~) of the electron density
called the generalized gradients approximation (GGA):

i1
= fd3rn(r)£xc (n(r),vn(r™)) (36)

Where ¢, is the exchange correlation energy and the form it takes depends on which GGA method that
is selected. There are many flavors of GGA including BP88, PW91, PBE etc. which yields similar but
slightly different. These are the most currently used functionals in calculations with excellent price-

performance ratio but with some shortcomings.

2.4 Pseudopotentials and Plane waves

2.4.1 Pseudopotentials

Because valence electrons operate as free particles (non-interacting) distant from the core, it is logical to
represent the valence wave functions using plane waves. However, owing to the densely coupled core
electrons, the wave functions fluctuate quickly around the core. This indicates that a large number of
plane waves are needed to accurately depict the valence electrons wave functions. Using so many plane
waves to solve the Kohn-Sham equation leads in an extremely computationally costly technique that is
not practical until additional acceptable approximations are used. The primary goal of using
pseudopotentials is to substitute the high coulomb potential caused by densely coupled core electrons
with a lesser effective potential.

Excluding core electrons from computations indicates that we lose most of the knowledge about what
happens at the inner core; yet, most physical properties rely mostly on valence electrons and maintain a

high accuracy in physical property prediction even when core electrons are excluded.
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Figure 2.3 A depiction of the pseudopotential and its associated pseudo wavefunction (solid red line), as
well as the theoretical Coulomb potential and valence electron waveform (dotted blue line). The image

was obtained from (Quester., 2018)

2.4.2 Ultrasoft pseudopotentials and Projector augmented-wave
functions

The orthogonal plane waves (OPW) approach is used in the Projector augmented-wavefunction (PAW),
but it is better suited to total energy estimates. The PAW's main concept is to describe the valence electron
wavefunction using pseudo wavefunctions and a linear transformation utilizing projector functions.

|¥) =Tlp) (38)
Where ¥ is the valence electron wave function, T is the linear transformation operator and ¢ is the

pseudo valence electron wave function.
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We may expand the pseudo and valence electron wave function using partial wave functions

|¥) = Cnl¥n) (39)

lp) = Crlpn) (40)

Equations (38), (39) and (40) imply the existence of projector functions (P,) around each core full filling:
(Palon) = 6a,n (41)
Where F, is the projector is function and 6, ,, is the kronecker delta function. This results in below form

for the linear transformation:

T=1+) (%)~ lo) (Pl (42)
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Chapter 3

Methodology

First principle calculations used in this work were performed in Quantum Espresso. Generalized global
approximation with Perdew-Burke Ernzerhof modified for solids (PBE-Sol) functional describing the
exchange and correlation energy was applied. First, the convergence of structural optimization and
calculation of the physical properties of the materials were tested with respect to the plane wave cut-off
energy and k-points. The Monkhorst-Pack grid of 8x8x1 (Monkhorst & Pack, 1976) was applied to
sample the Brillouin zone, also optimized vacuum distance of approximately 25A to prevent any
interaction between periodic images in the z-plane. For the electronic band structure and density of states
calculation, a more refined Monkhorst -Pack states were used. In this work, we have studied structural,
energetic and electronic properties of monolayers and heterostructures of transition metal disulphides.
Quantum espresso implementation of Density functional theory (DFT) was used for the computation of
structural and electronic properties of monolayer and hetero-structures of 1T prototypes of transition
metal disulphides namely PdS,, WS,, ReS,, ReS,-WS,, MoS,-WS,, PdS,-WS,, ReS,-PdS,. The
Generalized Gradient Approximation (GGA) of the exchange correlation energy and pseudopotentials
were applied to these calculations. Brillouin zone sampling was also done using the Monkhorst-Pack
approach where 14x14x2 and 16x16x2 were used for the monolayer and hetero-structures respectively.
We first performed variable-cell relaxation computation for all the materials to obtain the optimized
lattice parameters of these materials where the results are discussed in section 4.1 below. Self-

consistency field (scf) calculations were performed for all the materials to obtain their total energies.
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3.1 Structural Optimization Computation

Structural optimization for all the materials used in this project is performed to determine the lattice
constants, atomic distance and angles and bond lengths. Variable cell relaxations was carried out until
forces acting on each atom are less than 10-9 eV/A. Once the output file is obtained after the vc relax
calculation which uses pwscf code for its computation, it is displayed in VESTA and lattice constants

are determined. Atomic angles as well as bond lengths are obtained after visualizing in VESTA.

3.2 Energetic Properties

Total energy and binding energies of the monolayers were out obtained from SCF calculations. The
binding energies specifically were obtained by subtracting total energies of various atoms from the total
energy of the material. To be able to determine whether the novel materials can form spontaneously or

not, binding energies we plotted against the varied interlayer separation.
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Chapter 4

Results and Discussion

In this Chapter, results of the computational work is analyzed and discussed. Section 4.1 deals with the
structural properties of the materials where the materials are visualized in xcrysden and materials
identified to be 1T- polymorphs of transition metal disulphides. Also, lattice parameters are calculated
and compared with results from other computational and experimental works. Section 4.2 focuses on
the electronic properties of the metals. Here, band structure plots are analyzed as well as projected
density of states to confirm the 1T-polymorph of transition metal disulphides observed during the
structural analysis. Also, the contributions of orbitals in the bonding is analyzed using the projected
density of states. Through to section 4.3, the energetic properties of the materials are also analyzed
from the calculations. Binding energies of the materials are plotted as a function of the inter-layer
distance and the minimum binding energy is used to determine whether the materials can be formed
spontaneously or not. Also, total energy of the materials are analyzed. Finally in section 4.4, hydrogen
evolution reaction is performed on the most stable material and the properties are analyzed after the

evolution reaction.

4.1 Structural Properties of Transition Metal Disulphides

Quantum espresso implementation of Density functional theory (DFT) was used for the computation of
structural and electronic properties of monolayer and hetero-structures of 1T prototypes of transition
metal disulphides namely PdS2, WS2, ReS2, ReS2-WS2, MoS2-WS2, PdS2-WS2, ReS2-PdS2. The

Generalized Gradient Approximation (GGA) of the exchange correlation energy and pseudopotentials
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were applied to these calculations. Brillouin zone sampling was also done using the Monkhorst-Pack
approach where 14x14x2 and 16x16x2 was used for the monolayer and hetero-structures respectively.
We first performed variable-cell relaxation computation for all the materials to obtain the optimized

lattice parameters of these materials where the results are discussed in section 4.1 below.

Figure 4.1 a)top view and b) side view of monolayer transition metal disulphides (Sulphur (pale yellow)
transition metal(dark-grey)

Self-consistency filed(SCF) calculations were performed for all the materials to obtain their total energies.
Bulk transition metal disulphides are stacked by monolayers of transition metal disulphides through Van-
der-Waal forces. Therefore, to understand the structure of transition metal disulphides we need to
carefully study their monolayers first. The monolayers of transition metal disulphides as shown in Figure
4.1 reveals that in the structure, one transition metal is sandwiched between the two layers of the Sulphur
in a V-shape. The bonds between the transition metal and the Sulphur atoms is covalent bonds and
therefore makes it stable. The 1T prototypes of monolayers including MoS,, PdS,, ReS, and WS, were

considered in this project. The monolayers were created with a vertical gap of roughly 25A between the
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unit cells so as to separate each layer from interacting with its periodic image. Optimization calculations
have been performed on the materials using Quantum Espresso. For the calculations, a k-point mesh of
14x14x1 was used for the Ultra Soft Pseudo-potential, cut off of 50 Rydberg was used and relax

calculation to obtain optimized lattice parameters by visualizing materials in VESTA.

Starting off with PdS,, the monolayer structure of PdS, used in this work exhibits the 1T-phase with a
lattice constant a=3.55165 A b=3.55165 A which agrees with experimental data. The structure of PdS,
used in this work exhibits an octahedral coordination and a tetragonal symmetry with only one S-Pd-S
as a repeat cell. The S-Pd-S bonding angles are all 65 degrees with average Pd-S bond length of 3.28629
A. Atomic structure of ReS, monolayer is also in the 1T phase. The magnetic structure is triclinic with
a P1 space group symmetry. The calculated optimized lattice constants are a=3.01211 A b=3.01211A
which agrees with referenced works. The Re-S bond length is 2.40228 A with bond angle 38.6875
degrees. Calculated optimized lattice parameter for WS, is a=3.24320A b= 3.24320A with W-S bond
length of 2.42218A and bind angle 38.6875 degrees. The structure of WS2 also exhibits 1T phase. ReS2
monolayer can exist in 1H or 1T structures. For this work, 1T structure is used as it is preferred over the
1H prototypes per previous studies. The calculated lattice constants are a=6.31211A and b= 6.31211A

which agrees with values in previous work (Mahler et al., 2014)
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4.3b

Figure 4.3 a) x-z plane b) y-z plane of optimized 4x4x1 hetero-structure of transition metal disulphides.

Sulphur (Pale-yellow) transition metals represented in (wine and dark-grey colors).

The hetero-structures of these transition metal disulphides are formed by placing one layer of material
on top of another material in the AA stacking mode. New hetero-structures from the 1T- monolayers of
MoS,, PdS,, ReS, and WS,. These hetero structures namely MoS,-PdS,, WS,-PdS,, ReS,-PdS,, ReS,-
WS,, MoS,-WS, were created by AA stacking modes as shown in Figure 4.3a above. The visualized
image in Figure 4.3a and b shows that the hetero structures are formed by placing a layer of one transition
metal disulphides of another. For example, in the case of MoS,-PdS;, PdS, monolayer is placed on MoS2
monolayer and the inter layer spacing distance between them corresponds to the minimum energy. In the
creation of the hetero-structures, we have tested PBE-Sol/GGA functional. Self-consistency field
calculations have been performed on the materials created in Quantum Espresso whiles the inter layer

spacing is varied to achieve the minimum Binding Energy. This is the energy at which the materials will
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be formed spontaneously (i.e., in the case of negative minimum binding energy) or formed by adding

energy (positive binding energy).

Table 4.1 Theoretically calculated optimized lattice parameters, bond lengths, and the S-TM-S bond

angles of monolayer transition metal disulphides and their hetero-structures.

Transition metal |2D-crystal |a(A) b (A) Interlayer Bond length
disulphides system Separation
(A)
PdS, 1T- Trigonal |3.55165 3.55165 Not applicable for | Not applicable for
monolayer monolayer
Reference (PdS,) 2H- polytype |3.45671 3.45671 Not applicable for | Not applicable for
(Terrones & monolayer monolayer
Terrones,2014)
WS2 1T- polytype |3.24320 3.24320 Not applicable for|Not applicable for
monolayer monolayer
Reference (WS,) 1T, 2H 3.2502 3.2502 Not applicable for | Not applicable for
(Mahler et al., 2014) monolayer monolayer
ReS; 1 T-polytype  |6.31211 6.31211 Not applicable for | Not applicable for
monolayer monolayer
Reference (ReS,) 1 T-polytype  [6.40200 6.50700 Not applicable for|Not applicable for
(Obodo et al., 2019) monolayer monolayer
ReS,-WS, 1 T-polytype = |3:09925 3.09925 3.10090 2.2087
MoS2-WS2 1 T-polytype  |3.08925 3.08925 3.09070 2.4657
WS2-PdS2 IT-polytype 3.45450 3.45450 3.10540 2.8802
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ReS2-PdS2 1 T-polytype  |3.21133 3.21133 2.91710 2.3802

MoS2-PdS2 IT-polytype 3.20643 3.230643 2.92530 2.3702

4.2 Energetic Properties of the Transition Metal Disulphides

To confirm the thermodynamic stability of the most stable heterobilayer among all the materials formed
recommend the fabrication of the heterostructures based on whether they are energetically feasible or not,
we computed the binding energy as a function of the interlayer distance between the two monolayers
forming the hetero bilayer.
The binding energy is defined as the total energy per unit hetero structure minus the total energy of the
free-standing transition metal disulphides as a function of the distance between the top and bottom layer
transition metal sulphides. Considering MoS,-PdS,, the binding energy is defined below

B.E (M05,-PdS3) = Etpra1 (M0S3-PdS;) -Etotar (MOS;) -Etotar (PAS;).
Binding energies alongside the interlayer distance are illustrated in Table 4.2
The resulting MoS,-PdS, double layer gives an equilibrium distance of 2. 2.93A and an equilibrium
binding energy of -0.26eV as shown in Figure 4.1. WS, -PdS, and ReS, -PdS, have higher binding
energies compared to MoS,-PdS, as seen in Figures 4.2 and 4.3. The negative binding energy for all
MoS,-PdS,, WS,-PdS, and ReS,-PdS, also recommends the fabrication of the heterostructures as they
can be formed spontaneously. The equilibrium interlayer distance at approximately 2.9 A verifies Van
der Waal’s interactions between these layers.
MoS,-WS, and WS,-ReS, cannot be formed spontaneously due to their positive equilibrium binding

energy as shown in Figures 4.4 and 4.5.
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Table 4.2 Binding Energy (E,/ eV) and interlayer distance (d/ A) for different bilayer heterostructures.

1 T-bilayer heterostructures

MoS,-PdS,

PdS,-WS,

ReS,-PdS,

ReS,-WS,

MoS,-WS,

Binding Energy (E,/eV)

-0.26

-0.49

-0.35

0.41

0.25

Interlayer distance (d/A)

2.93

3.10

3.11

3.09

3.13

ra

Binding Energy (eV)

Interspacing distance(A)

MoS2-PdS2

Figure 4.1 Binding Energy curve of MoS,-PdS, versus the inter-spacing distance between MoS, and

PdS, layers.
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Figure 4.3 Binding Energy curve of WS,-PdS, versus the inter-spacing distance between WS, and PdS,
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4.2 Electronic Properties of Transition Metal Disulphides

The electronic properties including band structure and partial density of states have been analyzed in
below discussions. The band.x and projwfc.x in Quantum Espresso has been applied to calculate the band

structure and partial density of states respectively (Giannozzi et al., 2009)

4.3 Monolayer Transition Metal Disulphides

For 1T-WS,, it can be observed that the valence and conduction band contributions to the 1T-WS,
monolayer consist of W-d states and S-p states consistent with previous work by (.....).

A careful study of the orbitals also reveals that, there 1s a large overlap between the Sulphur -p states and
the W-d states which suggests a strong covalent bond between the W and S atoms. Also, strong peaks are
observed at the fermi-energy level with a range between 0.6 eV in Figure 4.7. There is a very small
(almost negligible) contribution of W-s states and no contribution from S-states and there it can be

concluded the S-s and W-s do not contribute to the bonding and anti-bonding.
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Fig 4.7 Partial Density of states of 1T-WS, (Fermi level is at 0)



Unlike 1T-WS,, ReS, displays double crossing above the fermi level with a direct band gap of 0.5¢V
above the Fermi level between K and Gamma high symmetry points. A study of the partial density of
states calculations shows that both transition metal and Sulphides contribute to the electronic states in
the valence and conduction band just as it was found in the case of 1T-WS,. Similarly, a case of strong
overlap between the Re-3d states and S-2p states suggests a strong covalent bond between the atoms.

The majority contributions of electronic states are the Re-3d states.

Band Structure of ReS2
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=
:ﬂ
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Figure 4.8 Electronic band structure of 1T-ReS,
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Figure 4.9 Partial Density of states of 1T-ReS, (Fermi level at 0)

MosS, has been widely studied in its 1T and 2H forms. The band structure obtained from 1T-polytype of

the MoS, agrees with previous work. (Hai He et., al) A study of the band structure reveals the material

is metallic as there is a double band crossing above the Fermi level.

49



4.4 Hetero bilayers of transition metal disulphides

The hetero-bilayers of 1T-polymorphs of the transition metal disulphides all used in this was found to
exhibit metallic properties. It is, therefore, more important to study their electronic properties by
analyzing the band structure and density of states.

The bands of 1T-MoS,-PdS, presented in Figure 4.10 are highly two-dimensional. Only one band crosses
the Fermi level, and that band is derived from the MoS, planes. The hetero bilayer also exhibits an
interpenetration of band structure above the Fermi level. The total and partial density of states for 1T-
MoS,-PdS, are plotted in Figure 4.11 A sharp peak of about 2.5 electrons/eV is observed at the fermi
level with the partial contribution of electrons originating from largely Mo-4d states and hybridization
of the S -2p states. Here the contribution of Pd states at the fermi level is insignificant.

Also, there is an overlap of d-states of the transition metals (Mo and Pd) below and farther away from
the fermi level between -6eV and -3.5¢ V. This overlap explains the evidence of Van der Waal interaction

between the hetero- bilayers as already discussed in theory.
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Figure 4.10 Electronic Band Structure of heterostructure of 1T-MoS,-PdS,
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Figure 4.11 Partial density of states of 1T hetero bilayer of MoS2-PdS2

The band structure of WS,-PdS, also shows only one band that crosses the fermi level. Unlike the

the MoS,-PdS,, no interpenetration of bands is observed above the Fermi level, rather, two very small
direct band gaps with energies 0.15eV and 0.20 eV are observed between Gamma, M high symmetry
points and K, Gamma high symmetry points respectively. The total and partial density of states have
also been computed to show that, the electronic states at the Fermi level for WS, -PdS, are slightly due
to the W-3d states. This scenario where there is a crossing of a band above the Fermi level and almost
touching of bands occurs may give rise to a new type of unique material called “Semimetal” in transition
metal disulphides when doping or defects cause a shift to the bands to the touching or overlap area.
Unlike the MoS,-PdS, where an overlap is observed between the transition metals, there is almost no

overlap between the W and Pd -d states.
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Band Structure of WS2-PdS2

E-Ef (eV)

Figure 4.12 Electronic Band Structure of WS2-PdS2
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Figure 4.13 Partial Density of States of 1T-hetero bilayer WS2-PdS2
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Band structure analysis of PdS,-ReS2 also shows a single band crossing above the fermi level and
interpenetrating the band closer to the fermi level in the conduction band. For the partial density of
states of PdS, -ReS,, Pd -4d and Re-3d states mainly contribute to the lower part of the valence band.
The upper part of the valence band has mainly the contributions of Re-3d states and slightly that of S-
2p states very close to the fermi level. Most electronic states in the conduction band close to the fermi
level is mainly Re-3d states. Compared to MoS, -PdS,, PdS, -WS,, there is a similarity in the band
structure as in all cases, there is a single band crossing above the fermi level. Also, in all case the

transition metals have the highest electronic contribution near the Fermi level.

Band Structure of PdS2-ReS2

E -Ef (eV)
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Figure 4.14 Electronic Band Structure of 1T-hetero bilayer WS, -PdS,

PDOS of PdS2-ReS2

Density of States (eV)

Figure 4.15 Partial Density of States of 1T-hetero bilayer PdS, -ReS,

MoS, -WS, has a band structure where the is a crossing of three bands above the fermi level unlike the
other materials which has one band crossing. There is a small indirect band gap of 0.05ev around 0.5eV
between K and Gamma high symmetry points. The total density of states has been computed to show
1.35 electronic states/eV with the highest partial contribution of Mo-4d states and an a hybrid states of
W-3d, S-2p states at the fermi level. Below and above the fermi level shows a complete hybridization of
Mo-4d, W-3d and S-2p states simultaneously with peaks of the transition metals Mo-4d states and W-3d
states very near to the Fermi level. The strong overlap of Mo-d, W-3d and S-2p states suggests there may
be the presence of strong covalent bonds between the atoms. Also, the almost touching of bands above
the fermi level suggests doping or defects may shift the fermi level to the band touching area leading to

a new ‘“‘semi-metal” feature in this hetero-bilayer of 1T- transition metal disulphides.
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Figure 4.16 Electronic Band Structure of 1T-hetero bilayer MoS, -WS§,
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Figure 4.17 Partial Density of States of 1T-hetero bilayer MoS, -WS§,

4.5 Hydrogen Adsorption on Selected hetero bilayer (WS, -
PdS, )

As previously mentioned, the hydrogen evolution reaction (HER) can proceed through either the
Volmer-Tafel or the Volmer-Heyrovsky mechanisms. HER may encounter restrictions from either the
Volmer or Tafel/Heyrovsky responses along these two pathways. The primary factor influencing this is
the adsorption of hydrogen on the catalyst's surface. The energy associated with hydrogen adsorption

(AE,45) 1s calculated using the formula:

AEaqs = AEginy — Es — > Ep, (43)

Where AE 4 is the calculated total energy , E is the total energy of the system without the adsorbed

hydrogen n is the number of hydrogen (in this casen = 1)
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Inserting AE 45 into the equation and using AE;pr = 0.04 eV (as calculated by Norskov et al., 2005,
representing all transition metals) along with AS)} ~ %AS 11, = 0.2eV (where ASg is the entropy of H,in

the gas phase at standard conditions), simplifies the equation

AGy = AE 45 + 0.24eV (44)
Given that hydrogen may be adsorbed at various sites, the hydrogen atom (H) was initially positioned
on top of the heterostructure, and its atomic position was allowed to relax without constraints along the
X,y, or z axes. The atomic positions of the atoms were similarly allowed to relax while maintaining a
constant interlayer distance of 25 A.

The calculated Gibbs free energy is 0.13 eV, while the energy of formation is -0.11 eV.

Table 3 Energy of Formation and Adsorption Free Energy of Hydrogen for 1T WS, -PdS,

Material Energy of Formation (eV) | Adsorption Free Energy AGy/eV

1T WS, -PdS, -0.11 0.13

The above result with adsorption free energy 0.13eV and energy of formation -0.11eV for surface
adsorbed hydrogen on 1T- WS, -PdS, shows the configuration of the material is good for hydrogen

evolution reaction.
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Chapter 5

Conclusion and Future Perspective

Several novel bilayers of heterostructures of monolayer 1T—polytypes of MoS,, ReS,, PdS, and WS,
using first principle calculations have been investigated. Remarkably, a review of the structural properties
reveals an octahedral coordination which suggests that the materials are 1 T-polytypes of transition metal
disulphides. Relax calculations implemented in Quantum Espresso were performed on the monolayers
to calculate their optimized lattice parameters. It was found that the calculated lattice parameters agreed
with theoretical and experimental results in previous studies. Bilayer heterostructures of the monolayers
including MoS, -PdS,, WS, -PdS,, ReS; -PdS,, MoS, -WS,, ReS, -WS, were formed placing one
monolayer on top of the other in AA stacking mode. The interlayer distance between the two monolayers
was varied against the binding energy to obtain the minimum binding energy at which the material may
be formed either spontaneously or by adding sufficient energy to create the material. Further analysis of
the minimum binding energies of these bilayer heterostructures shows MoS, -PdS, can be spontaneously
formed easily by releasing energy followed by WS, -PdS, and PdS; -ReS,. MoS, -WS, and ReS, -
WS, tend to have negative binding energy which implies they cannot be formed spontaneously. Also, it
was found that the average minimum interlayer distance was found to be 3.0 A which verifies the Van
der Waals interaction between the two layers.

The electronic properties of the 1T crystals have also been investigated using first principle calculations.
Band structure, total and partial density of states have been calculated, analyzed, and compared for the
all the 1T crystals including the monolayers and bilayer heterostructures. The band structure of thel T
monolayer crystals of MoS,, WS,, ReS, and PdS, were all metallic due to the crossing on bands above
the fermi levels. Also, a strong overlap of the transition metal d-states promises a strong covalent bond

59



between the atoms. For the bilayer heterostructures, MoS, -PdS, is identified as most stable and can be
easily formed spontaneously. Its band structure reveals band cross from the conduction band above the
fermi and interpenetration with the conduction bands suggesting a highly metallic, large surface area and
high electrical conductivity making them suitable for an excellent hydrogen evolution reaction catalyst.
The partial contribution of electronic states shows an overlap between the 4d and 3d states of Mo and Pd
respectively which explains the evidence of Van der Waal’s interaction between the bilayer
heterojunctions.

MoS,-WS, and WS,-PdS, which is the next material to be easily formed spontaneously due to their
negative minimum binding energy have a band structure where there is a crossing of the band above the
fermi level with no interpenetration but rather an almost touching of bands in the conduction bands. This
is known to give rise to a new type of semimetal unique when the material is doped, or defects cause a
shift of the fermi level to the bands touching area.

These novel metallic 1T-bilayer heterostructures promise a future low-cost catalyst or cocatalysts for
hydrogen evolution reactions in the future if it is explored. Several exploration methods may include

1T/2H mixed phase of the heterostructures, defects engineering and doping.
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