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1. Introduction
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The monotonic growth of human population and the associated high living
standards lead to the enormous energy demand. The increasing burning of
fossil fuels to fulfill the energy demand causes pollution and the ever growing
threat of the green house problem with temperature rice and melting polar ices
are the inevitable consequences. There are alternatives like wind and water
power, but they only stand for a small part of the energy production in the
world. [1] Although there is nuclear power to resolve the energy demand,
but the adverse effect of nuclear waste can not be ignored. The electrical
energy storage needs to be maintained adequately with the demand constantly.
One important solution is to use hydrogen as the energy carrier, which can be
produced during the water splitting process. Hydrogen can easily be stored
in metals [2, 3] and produced through photocatalytic water splitting under the
visible light irradiation. [4]

An efficient water splitting process requires a highly catalytic material to
expedite the process. The suitable photocatalyst for complete water splitting,
that consists of hydrogen evolution reaction (HER) [5] and oxygen evolution
reaction (OER) [6], requires an optimum band gap. [7] The two-dimensional
(2D) nanostructured materials are good candidates for photocatalytic mate-
rial with a good surface to volume ratio and also a tunable band gap. These
2D materials have become the promising candidates in recent years and are
successfully synthesized, specially since the exfoliation of graphene (boron
nitride, borophene, silicene etc.). [8–10] The advancement of computational
material science together with the cutting edge experimental technique, it has
become possible to modulate and predict new materials, with a range of vivid
crystal structures and novel properties. The new materials can be function-
alized with different doping elements to change the characteristics of prop-
erties like band gap, workfunctions, photoabsorption and also the associated
adsorption energies of hydrogen and oxygen. A fundamental understanding
of how and why improved catalytic properties can be developed for ultrathin
pristine and functionalized 2D materials is of great technological importance
from the perspective of efficient of hydrogen generation. This is the prime
motivation behind this thesis, that has included the systematic investigation of
nanostructured 2D materials for water splitting reaction mechanism. We have
rigorously performed the electronic structure calculations based on Density
functional theory (DFT) on intuitively chosen monolayers such as PtS2, WS2,
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Boron and Mg3N2 sheet. The systematic electronic structure calculations have
been used to determine the catalytic activity of the considered 2D materials
based on adsorption free energies and the corresponding reaction coordinate.
The catalytic activities associated with both HER and OER on such 2D ma-
terials have been envisaged along with the determination of functionaization
effect on the respective systems. In this connection, we have constructed this
thesis while distributing our findings in different chapters as described below.

Chapter 1 is the introduction and overview of photocatalytic water splitting
[7] and how it relates to the energy production.

In Chapter 2, the theoretical background DFT framework has been ex-
plained. We start from the many-body theory and the Born-Oppenheimer
approximation and Kohn-Sham ansatz [11], that are all finally leading to DFT
formalism. The fundamental concepts behind the approximations like Exchange-
correlation functional [12, 13], Projector Augmented Wave (PAW) method
[14? ], Hybrid functionals [15–19], which are all extremely essential to per-
form electronic structure calculations with sufficient accuracy, are all explained.

In Chapter 3 the mechanism for Photocatalytic water splitting has been ex-
plained elaborately [4] The theory and principles of Hydrogen evolution reac-
tion (HER) [5] and Oxygen evolution reaction (OER)[6] on 2D materials are
described with a couple of case studies as PtS2, WS2 and Boron monolayers.
At the end of the chapter, we provide the insight of photocatalytic water split-
ting together with the methodology based on DFT calculations [20–22] and
finally we summarize the chapter.

Chapter 4 is dedicated to the obtained results of catalytic reaction mech-
anism of PtS2, WS2, Boron and Mg3N2 monolayer, with the associated dis-
cussion on workfunction, Density of states (DOS), absorption cross-section,
adsorption energies and the reaction coordinate mapping. We have also high-
lighted the sensing application of Boron Monolayer from the perspective of
electronic structure tuning, which interestingly following the similar motiva-
tion behind catalytic activity as well.

Chapter 5 will consist of Summary and Conclusion of the theoretical work
on PtS2, WS2, Boron and Mg3N2 monolayer with a future outlook about the
novel 2D energy materials worth to be investigated further.

A Swedish summary of the popular science regarding the importance of
energy materials is depicted in Chapter 6.
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In Chapter 7, I would like to acknowledge important people, who help me
along the way.
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2. Theoretical Foundation
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2.1 The Many-Body problem
We are dealing with many atoms, while investigating electronic properties of
materials in the form of bulk, surfaces, monolayers etc. Even the simplest
system may contain substantial number of electrons as they consist of several
number of atoms. In order to consider such a large number of electrons to
determine the corresponding material’s properties, we need to solve the as-
sociated many body problem, where we construct the Hamiltonian, Ĥ, and
subsequently solve the Schrödinger equation.

The Schrödinger equation can be expressed in the following form

ĤΨ = EΨ (2.1)

where the Hamiltonian is taken the following form:

Ĥ = T̂e + T̂n +V̂nn +V̂ee +V̂ne (2.2)

The first two terms of the Hamiltonian are the kinetic energy of the electrons
and nucleus respectively. The next three terms are the Coulomb-like interac-
tions between the nuclei, electrons and nucleus-electrons.

The Hamiltonian can also be expressed as the following:

Ĥ =− h̄2

2me

Ne

∑
i

∇2 − h̄2

2

Nn

∑
k

∇2

Mk

+
1
2

Ne

∑
i�= j

e2∣∣ri − r j
∣∣ + 1

2

Nn

∑
k �=l

ZkZle2

|Rk −Rl | −
Ne,Nn

∑
i,k

Zke2

|ri −Rk| (2.1)

where i, j indices are for the electrons and k, l are denoting different nucleus.
Zk and Zl are the atomic number of the nucleus, me and Mk are the mass of the
electron and the different nucleus.

2.2 Born-Oppenheimer approximation
The Schrödinger equation can only be solved exactly for the simplest and
lightest element hydrogen (that consists of one proton and one electron). The
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equation is getting complicated to be solved exactly for the second lightest
element. To resolve this issue, Born-Oppenheimer approximation has been
evolved, which says that the nucleus are much heavier than the electrons and
therefore we can treat them as stationary with respect to the electrons. For this
reason we can divide the equation in two parts one for the nucleus and one for
the electrons. The effect of the nucleus can be added as an external potential
V̂ext when solving the electronic part of the equation.

Ĥ =− h̄2

2me

Ne

∑
i

∇2 +
1
2

Ne

∑
i�= j

e2∣∣ri − r j
∣∣ +V̂ext . (2.3)

2.3 Hohenberg-Kohn Theorems
In connection with the previously mentioned approximations, we need to de-
termine the effect of all the electrons. Instead of calculating all the elec-
trons interacting with each other, Hohenberg and Kohn proposed the concept
of electron density ρ0(r) within the framework of density functional theory
(DFT) [23]. Now we can calculate the external potential as follows from the
theorems:

1. The ground-state electron density ρ0(r) determines the external potential
Vext(r) for a system of interacting particles.

2. For any external potential, there exists a universal energy functional
F [n]. The minimum value of the energy functional for a specific ex-
ternal potential Vext(r) is the ground state energy where the density that
minimizes the functional is the ground state density ρ0(r).

The potential of the system only depends on the electron density and the
ground state electron density is the minimum of the energy functional.
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2.4 Kohn-Sham Ansatz
According to Kohn-Sham ansatz, the ground state energy of a system can be
expressed as:

E0[ρ(r)] =T [ρ(r)]+
∫

Vext(r)ρ(r)dr+
1
2

∫∫ ρ(r)ρ(r′)
|r− r′| drdr′+Exc[ρ(r)]+EII ,

(2.4)
Since all the electrons are affected by the charge density instead of inter-

acting with the other electrons, we can let every electron have its own eigen-
function, the Kohn-Sham eigenfunction ψi. Subsequently, we determine an
effective potential, Ve f f and the eigenfunctions ψi.

{
−1

2
∇2 +Ve f f (r)

}
ψi(r) = εiψi(r), (2.5)

ρ(r) =
N

∑
i=1

|ψi(r)|2 (2.6)

From the above, we can determine the corresponding electron density and the
effective potential. Equation 2.5 and 2.6 are solved self-consistently until we
eventually find the ground state energy of the system. [11]

2.5 Exchange-Correlation Functional
The effective potential of Equation 2.5 can be divided into three parts as
Ve f f = VHartree +Vext +Vxc, where VHartree and Vext can be calculated exactly.
The Vxc term is still unknown, therefore we need some approximations to use
Equation 2.5 properly. The two most widely used exchange-correlation func-
tionals are Local Density Approximation (LDA) and Generalized Gradient
Approximation (GGA). The LDA functional uses the electron gas of interact-
ing particles as an approximation for the exchange and correlation functional
according to Equation. 2.7. It might still work fine for different systems, how-
ever it tends to underestimate the lattice parameters and band gap and over-
estimate binding energies. In systems, where LDA does not work reasonably
good, GGA has been proposed as an alternative for exchange and correlation
functional. The GGA functional employs not only the electron density in ev-
ery point but also the rate in which the density varies (the gradient) according
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to Equation. 2.8. The GGA functional improves the accuracy for different
physical properties, as energies and lattice parameters. The GGA functional
itself can be describes in different ways according to Becke, Perdew, Wang or
Ernzerhof for example. [12] [13]

ELDA
xc [ρ(r)] =

∫
r
εxc(ρ)ρ(r)dr (2.7)

EGGA
xc [ρ(r)] =

∫
r
εxc(ρ,∇ρ)ρ(r)dr (2.8)

2.6 Projector Augmented Wave (PAW) formalism
Considering all the aforementioned approximations and correlations, the elec-
tronic structure calculations are still computationally expensive. One way to
decrease the computing time is to use the projected augmented wave (PAW)
formalism. This method uses a smooth wave function describing the electrons
near the nucleus; the core region (C). This can be done in a good agreement
with theory because it is only the valence electrons overlapping to neighbour-
ing atoms. A real description of the core electrons is a fast oscillating wave
function, which would require many wave functions to make up for the total
Fourier transformation. Instead, the PAW method uses pseudo wave functions,
which are transformed by an operator T̂ into the real Kohn-Sham single parti-
cle wave functions. [24] [14]

|ψ〉= T̂ |ψ ′〉 (2.9)

where |ψ〉 is the real single particle wave function and |ψ ′〉 is transformed the
pseudo wave function. We can construct the operator T̂ by considering that
the wave functions have to be the same outside the core region. Inside the core
region, it is possible to construct this region with smoother partial waves.

|Ψ′〉= ∑
i
|φ ′

i 〉ci (2.10)
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We can write the total single particle wave function inside and outside the core
region as Equation. 2.11 where TC only acts inside C.

|Ψ〉= ∑
i
|φi〉ci = T̂ |Ψ′〉 (2.11)

T̂ = 1+∑
C

Tc (2.12)

ci = 〈p̂i|Ψ′〉 (2.13)

〈p̂i|φ ′
j〉= δi j (2.14)

∑
i
|φ ′

i 〉〈 p̂i|= 1 (2.15)

TC |Ψ′〉= ∑
i

TC |φ ′
i 〉ci = ∑

i
(|φi〉− |φ ′

i 〉)〈p̂i|Ψ′〉 (2.16)

T̂ = 1+∑
i
(|φi〉− |φ ′

i 〉)〈p̂i| (2.17)

The transformation of the pseudo wave functions into real functions has to
be linear. This means that it is possible to project the coefficients from the
operators p̂i according to Equation. 2.13, if we consider that Equation. 2.14
and 2.15 define the operators p̂i, while using Equation. 2.10 and 2.13, we
finally end up with Equation. 2.16 within the core region with Equation. 2.17
originates from Equation. 2.9.

We have used Vienna Ab-initio Simulation Package (VASP) for perform-
ing the rigorous electronic structure calculations in this thesis-work, which is
based on the formalism of PAW method together with pseudo-potentials for
each element in the structure. In the pseudo-potentials, the nuclear charge is
screened by the core electrons, which is a good approximation since only the
valance electrons are responsible for the interatomic interactions.
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2.7 Hybrid Exchange Correlation Functional
In case of band gap determination of bulk or surface systems, the accuracy
provided by the exchange correlation approximation such as LDA and GGA
are not sufficient. To resolve this issue, different approaches have been taken
into consideration, with different mixing of non local Hartree-Fock exchange
and local exchange correlation, while mixing of exact and approximated func-
tional. Few of such useful functionals are PBE0 (2.18) and Heyd-Scuseria-
Ernzerhof (HSE 06) (2.19), where they both have different exchange and cor-
relation terms.

EPBEO
xc = αEHF

x +(1−α)EPBE
xc (2.18)

EHSE
xc = αEHF,SR

x +(1−α)EPBE,SR
x +EPBE,LR +EPBE

c (2.19)

where α is the mixing parameter and SR and LR stand for short ranged and
long ranged respectively [15] [16] [17] [18] [19].

2.8 Molecular Dynamics Simulation
We can determine atomic movement due to thermal energy in Molecular Dy-
namics (MD) simulation. The atomic displacement is because of the forces
acting upon them,

Fi = Miai (2.20)

where Fi and ai are the force and acceleration of the individual atom with mass
Mi. In our works, we have used Born-Oppenheimer Molecular Dynamics [25],
which allows us to determine the positions of the electrons and the nuclei sep-
arately. The self-consistent Kohn-Sham equations are solved for the electrons
with the atoms at initial positions, and subsequently the forces acting on the
nuclei are determined using Verlet algorithm [26]. This continues for a certain
amount of time until the nuclei find the local minimum. The first step is to
calibrate the system into thermal equilibrium and subsequently the simulation
is performed to manifest the information for determining the material’s prop-
erties. In this thesis, MD simulation has been used to determine the positions
of the hydrogen atoms on the 2D material’s surface. We also investigate the
stability of the surface for the 2D material, while the atomic bindings within
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the layer stay more or less constant, whereas the layer-hydrogen bindings are
changing. We can relax the final structure to get the binding energy for HER
once the system is in equilibrium with hydrogen adsorbate.
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3. Photocatalytic Water Splitting Mechanism
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3.1 Introduction
Nowadays, the biggest challenge for scientific community is to search for a
sustainable solution to the growing energy demand and at the same time re-
duce the use of carbon based fuels. The idea of producing electricity using
renewable energy sources like wind depends on the weather, as it will be high
when the wind is blowing and low in the less presence of wind. Therefore, in
order to exploit the full advantage of the energy produced, we will need clean,
efficient, abundant, cheap and better ways to store such energy. The most
promising solution to the problem is hydrogen production and the economi-
cal way to produce hydrogen is to split the water into oxygen and hydrogen
(water splitting H2O ⇒ H2 +O2). This process is an endothermic reaction,
which requires an external source of energy. The easiest way would be electro-
chemical process, which was induced in 1972 by Fujishima and Honda while
splitting the water into H2 and O2 based on a photoelectrochemical method.
This method required a bias voltage to the electrodes, however it was shown
in 1979 that while using a powder of TiO2 with the sun as an energy source, it
was possible to split the water without adding the bias. Since then, scientists
have been trying to find better materials for this type of applications.

The hydrogen based energy is easily accessible (hydrogen can be part of
many different reaction), it is produced by water, which is an abundant sub-
stance, has a great storage possibility in gas or liquid form or absorbed in metal
hydrides. If done efficiently hydrogen will have an environmental, econom-
ical and social impact on the world. However, to be fully able to substitute
the energy from carbon based fuels we have to make the production cheaper
and more efficient, while thinking about the social implication and use cat-
alyst material that will not harm us or future generations. To date the most
efficient catalyst are noble metals, which of course are not abundant and ex-
pensive. With this in mind scientist still have some issues to resolve. The
main process in the water splitting material is to create electron-hole pairs.
This means that the material in question has to have a good electron gathering
possibility. To be able to create electron-hole pairs we have to excite elec-
trons from the valance band to the connection band, which creates electrons
in the conduction band and holes in the valance band. If this is to be done
by absorbing visible solar light, the band gap of the material needs to be opti-
mum in order to absorb solar radiation frequency to excite the electrons. The
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idea is to let electron-hole pairs react with the adsorbed water molecules on
the surface, where they can start the Hydrogen Evolution Reaction or HER
(4H2O+ 4e− ⇒ 4OH−+ 2H2), and the Oxygen Evolution Reaction or OER
(4OH− + 4h+ ⇒ O2 + 2H2O ⇒ 4H+ + 4e− + O2). This is possible if the
electron-hole pairs can migrate to the surface of the material before they re-
combine. [4]

3.2 Hydrogen Evolution Reaction (HER)
To have a material "better" for HER, there are a few important aspects to look
for in the search for a optimal catalyst. They are efficiency, durability and
cost-effectiveness. First of all, we need to know the exchange current density,
i0, which is basically the rate in which H2 forms from H+ at equilibrium. An-
other important criteria is the Tafel slope, which is a measurement over the
potential needed to increase the the current by one magnitude at the time of
starting the reaction with the "onset potential" applied. An ideal HER catalyst
should have high exchange current density and a low Tafel slope. Even if the
material is optimal for HER with a substantial efficiency, but can not stand
against the tide of time (if material is corroding or in another way contami-
nated) then the material still would not be a good choice for a HER catalyst.
The total cost of a HER catalyst can be divided into two parts called "hard
costs" and "soft costs". The first term is related to the price of the element and
chemicals used in the process of making the material and the second is related
to the synthetic manufacturing of the photo-catalyst. To have less expensive
catalytic material, one can choose more abundant elements, elements with a
low market price. The overall HER reaction, which is taking place at an elec-
trode in contact with an electrolyte is consisting of three elementary reactions.
The first step is mainly regarding the dissociation of H2 and adsorbed hydro-
gen atom. It can be undergone in two ways, which are called Tafel route and
Heyrovsky route. In Tafel route (H2 → 2H∗), H∗ denotes hydrogen adsorbed
on the surface hydrogen adsorbed on the surface and in Heyrovsky way it is
like H2 → H∗ +H∗ + e−. This adsorbed hydrogen is discharged afterward
which follows Volmer route H∗ → H++ e−. Even on the most studied elec-
trode material like Platinum, it is still not completely agreed, which of the two
pathways, Tafel-Volmer or Heyrovsky-Volmer is favorable. Seeing these facts,
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Figure 3.1. The figure shows the reaction coordinate for HER ( paper IV). Site1, Site2,
Site3 and Site4 refer to hydrogen adsorption sites on a particular material.

the research interest is mainly revolving around modeling of electrochemical
double layer at an electrode, which has to be done with more precision based
on DFT simulations. Changing the number of protons/electrons in the double
layer can be an intuitive investigation of the system as a function of electrode
potential.

3.3 Oxygen Evolution Reaction (OER)
The oxygen evolution reaction (OER) in the counter-electrode, can be com-
posed of four reaction steps, whereas at each step, there H+ and e− pair are
forming, and this is why this mechanism is called four electron pathway as
follows (equations 3.1-3.4):

H2O(l)� HO∗+H++ e− (3.1)
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HO∗ � O∗+H++ e− (3.2)

O∗+H2O(l)� HOO∗+H++ e− (3.3)

HOO∗ � O2(g)+H++ e− (3.4)

Figure 3.2. The figure shows the reaction coordinate for Oxygen Evolution Reaction

The thermochemistry of these reactions can be explained by a previously
developed model based on density functional calculation. These reaction steps
are mainly followed in acidic medium. In presence of alkaline medium, the
thermodynamic analysis and the intermediate products remain the same. How-
ever, in our calculations, we have considered the systems to be at pH=0. The
potential required to remove proton and electron is determined by the change
in adsorption free energy of the reaction intermediates. Thus minimization of
the overpotential requires binding of the reaction intermediates to the catalyst
surface with right strength. The total free energy for oxygen evolution is usu-
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ally determined by the second step as it is the step with largest free energy
change. Now If we know the overpotential for each step, then the free energy
diagram or the reaction coordinate can easily be deduced.

3.4 Two-dimensional (2D) Catalytic Materials
The promising candidates for water splitting processes are semiconductors,
they have the required band gap and 2D materials have large surface to vol-
ume ratio. Since the discovery of graphene, the 2D materials have been an
attractive subject area for both theoreticians and experimentalists. In theory,
one can determine new combinations of different species of atoms to build
several types of 2D materials based on the DFT formalism, while the experi-
mentalists can synthesize more and more of these kind of 2D materials. With
the tools available in the DFT code we can now tailor several properties of ma-
terials and can see whether the material in question would be a good candidate
for this application or not. DFT uses the electron density to calculate the most
stable configuration of the system by comparing the total energy, the lower the
energy the more stable the system is. If we compare different adsorbate on the
pristine and functionalized 2D sheet (like H2O and the corresponding inter-
mediates of HER and OER process), we can actually determine the adsorption
free energy of H∗ in case of HER and O∗, OH∗, OOH∗ in case of OER and
compared the values between pristine and functionalized monolayer to see the
effect of substitutional and functionalization on the respective catalytic activ-
ity. The band gap can be obtained by evaluating the density of states (DOS).
[7]

One of the recent advancements in exfoliation techniques is the synthesis of
2D transition metal dichalcogenides (TMDCs), having the structural formula
MX2 (where M is a transition metal and X = S, Se, and Te), which have been
attracted significant attention because of their distinctive crystal structures and
rich chemical diversity. For instance, several semiconducting TMDCs, such
as MoS2, MoSe2, WS2, and WSe2, undergo an indirect to direct bandgap tran-
sition while going from bulk to monolayer. The relatively high mobility of
charge carriers in TMDCs has opened up new avenues for employing these
materials in a variety of applications
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3.5 Role of DFT for Prediction of HER and OER
Activities

The ability of a given surface to be a good HER catalyst is given by exchange
current density, which can be related to the free energy of adsorbed hydrogen
(H2) when the reaction is at equilibrium. The free energy of hydrogen in the
adsorbed state is defined as ΔG = Eads + ΔEZPE − T ΔS, where Eads is the
adsorption energy of hydrogen, ΔEZPE represents the zero point energy (ZPE)
difference of H2 in the adsorbed state and the gas phase and T ΔS is the entropy
of H2. A good catalyst has ΔG is close to zero. To predict a good OER catalyst,
it is important to have a low overpotential, which can be calculated as the
difference between the adsorption energies of HOO∗ and HO∗ respectively,
where * denotes that O is binding to the surface. These adsorption energies
and consequently the adsorption free energies are calculated using Vienna Ab-
initio Simulation Package (VASP) within the framework of DFT formalism.
[20–22]

We have extensively used DFT to investigate the catalytic activity for the
2D materials in the thesis-work, which are revolving around (i) platinum disul-
phide (PtS2) and tungsten disulphide (WS2), functionalized with different dopants,
(ii) boron monolayer, and (iii) Mg3N2 monolayer. We have changed the struc-
tural and electronic properties of the boron sheet by doping it with carbon,
nitrogen, phosphorous, sulphur and lithium and PtS2 and WS2 with different
transition metals like Ru, Rh, Pd, Aq, Ir, Au and Hg. We have determined
the corresponding adsorption energies of hydrogen and oxygen to predict the
activity of HER and OER, in addition to the determination of the density of
states and optical absorption cross section. We have also envisaged Mg3N2

monolayer for HER activity while changing the concentration of hydrogen
adsorption. After obtaining the adsorption energies, we construct the reaction
coordinate for HER on the specific 2D systems, which eventually will measure
the ability of the material as an efficient catalyst for hydrogen generation.
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4. Efficient 2D Materials: PtS2, WS2, Boron
and Mg3N2 monolayer
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4.1 Two-dimensional PtS2 and WS2 Monolayers for
HER and OER Mechanism

In this study, we have investigated the catalytic activity of ultrathin PtS2 and
WS2 nanostructures for the hydrogen evolution reaction by electronic structure
calculations based on the spin-polarized DFT. We have also explored the effect
of van der Waals interactions on the surface adsorbate interactions. Using the
adsorption free energy of hydrogen as an activity descriptor, we have tuned
the photocatalytic water splitting activity of PtS2 and WS2 by functionalizing
the individual systems with different transition metals such as Ru, Rh, Pd, Ag,
Ir, Au, and Hg. The density of states has been calculated along with the band
structure to find the effect of different dopants on the fundamental band gap,
which is one of the primary parameters in the photocatalytic water splitting.

All the calculations of platinum disulphide (PtS2) and tungsten disulphide
(WS2) were made with DFT in the VASP code. To describe the ion-electron
interaction we used the PAW method and for the exchange-correlation terms
we used the GGA functional based on the PBE form. To better describe the
dispersive forces and correctly describe the adsorption energy we used (D3)
of Grimme. The plane wave basis set had a energy cut-off at 500 eV. For the
structural convergence criterion we used less than 0.02 eV/Å for the forces
on the atoms and 1.0× 10−5 eV for the change in energy. All the adsorption
energy calculations used 3 × 3 × 1 supercell with an extra 22Å vacuum in the
z-direction (including 27 atoms, 9 metal atoms and 18 S atoms). The optimiza-
tion of the gas (H2) adsorption were calculated using spin polarization. As a
starting guess for bond distances the H2 molecules were placed at distances 3-
4.2Å from the metal layer. The Brillouin zone sampling used k-points in a 4 ×
4 × 1 k-mesh from the Monkhorst-Pack scheme. Band gap calculations were
made using the hybrid HSE06 functional and the DOS was calculated with the
GGA functional by a 8 × 8 × 1 k-mesh. The crucial part of the HER activity
calculation is H2 adsorption energy on the catalyst surface. The H2 adsorption
energy or the adsorption free energy of H2 (ΔGH) on the electrode is how the
catalytic activity for the HER is described. The expression for the adsorption
free energy is ΔGH = Eads +ΔEZPE −T ΔSH , where Eads is the adsorption en-
ergy for the H2 molecule, EZPE is the zero point energy difference of H2 in
the adsorbed and gas state and T ΔSH is the entropy of the H2 molecule in the
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adsorbed and gas state. ΔEZPE for H2 varies from 0.01-0.04 eV and T ΔSH

has an approximate value of 0.4 eV. The vibrational entropy is small for H2 in
the adsorbed state, so the adsorption entropy is 1/2 of H2, ΔSH ≈ −1/2ΔSH2 ,
where ΔSH2 is the entropy of H2 in the gas phase. An optimal HER catalyst
has ΔGH = 0. If ΔGH = Eads + 0.24 = 0, then Eads should be in the region
of -0.24 eV. We used the formula Eads = Ex+H2 − Ex − EH2 to evaluate the
adsorption energy, where x represent the different pristine and functionalized
catalyst materials versions of PtS2 and WS2. We tried different sites for the H2

adsorption to find the most probable adsorption.
The relaxed crystal structures of PtS2 and WS2 pseudo-monolayers are

shown in Fig. 4.1. Pt and W are sandwiched between two layers of sulphur,
where Pt- and W atoms have octahedral- and trigonal coordination symme-
tries. The sulphur atoms have hexagonal or rhombohedral symmetries respec-
tively. The lattice constant for PtS2 is 3.538 Å with a Pt-S bond length of 2.389
Å and the W-S bond length is 2.407 Å and WS2 has a lattice constant of 3.146
Å. One of the most important descriptors for catalytic activity is the band gap
of the material. In Fig. 4.1 (C) and (f) the band structure for PtS2 and WS2 is
shown. PtS2 is a semiconductor with an indirect band gap of 2.60 eV, where
the valance band maximum (VBM) is situated at Γ−K and the corresponding
conduction band minimum (CBM) at Γ−M. WS2 has a direct band gap of
2.14 eV. To tune the efficiency of photocatalytic activity, both systems were
functionalized with 4d (Ru, Rh, Pd and Ag) and 5d (Ir, Au and Hg) transition
metals. In Table 4.1 the calculated bond length of the dopants to the nearest
neighbour sulphur atoms are shown. The largest deviation compared with the
pristine PtS2 and WS2 was found for the Ag-, Au- and Hg-doped PtS2 sys-
tems, where the bond length increased with 0.21 Å and in the Pd-, Ag-, Au-
and HG-doped WS2 systems the increase was 0.22 Å. In all the other doped
PtS2 and WS2 systems not much deviation was found. The workfunctions (Φ)
are displayed in Table 4.1.

In Fig. 4.2 the DOS for the pristine and doped system are plotted to see
the effect on the band gap with respect to the functionalization. In the case of
doped PtS2 systems the dopants Au, Ag and Hg induce states inside the band
gap near the Fermi level. It has been shown that the gap was shifted toward
lower energy in comparison to pristine PtS2. For the other systems neither ef-
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Figure 4.1. (a) and (b) show the crystal structure of PtS2 in 1T phase, top- and side
view respectively. (d) and (e) show the crystal structure of WS2 in 2H phase, top-
and side view respectively. (c) and (f) show the band structure of PtS2 and WS2. The
colours of the element are green=S, brown=Pt and red=W.

fects were found. All the dopants shift the VBM toward more negative energy
levels compared to the pristine WS2 monolayer. The catalytic activity for the
HER can be enhanced for PtS2 and WS2 monolayers do to the strong effect on
the band gaps of PtS2 and WS2 from the dope atoms. Another important indi-
cator to predict catalytic activity for the HER is hydrogen adsorption energy,
which is calculated using the equation Eads = Esystem+H2 −Esystem −EH2 . Eads

is the adsorption energy of the hydrogen gas, Esystem+H2 is the energy of the
nanosheet with the adsorbed gas, Esystem is the energy of the nanosheet without
the adsorbed gas and EH2 is the energy of the gas molecule. The adsorption en-
ergy was calculated for top and hollow sites of pristine and the functionalized
pseudo-monolayers. Two configurations were considered, one with the where
the bond axis of the hydrogen gas molecule was perpendicular to the surface
of the material and one where the bond axis was parallel to the surface. The
adsorption energies for the doped and pristine PtS2 and WS2 are presented
in Table 4.2, where all the energies are calculated with and without van der
Waals interaction included. In conclusion, when WS2 was doped with Pd, the
strength of the binding energy increased by an order of magnitude and made
the hydrogen adsorption energy for this system optimal for the HER. [27–32]
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PtS2 PtS2 WS2 WS2

Impurity S-X(Å) Φ(eV ) S-X(Å) Φ(eV )
Pristine 2.389 6.280 2.407 5.632

Ru 2.384 5.880 2.380 4.234
Rh 2.370 6.222 2.413 4.507
Pd 2.390 6.276 2.484 4.836
Ag 2.494 5.624 2.562 5.047
Ir 2.374 6.062 2.390 4.304

Au 2.483 5.200 2.572 4.894
Hg 2.601 5.482 2.626 5.198

Table 4.1. Optimized bond lengths S-X (X is Pt, W from the pristine case and the dope
atoms) and the workfunctions of the pristine and doped PtS2 and WS2.

PtS2 PtS2 WS2 WS2
Impurity Non-VDW VDW Non-VDW VDW
Pristine -0.0117⊥ -0.0407‖ -0.0109⊥ -0.0654⊥

Ru -0.0118‖ -0.0533‖ -0.0079⊥ -0.0647⊥
Rh -0.0153‖ -0.0509⊥ -0.008⊥ -0.0736⊥
Pd -0.0100‖ -0.0502⊥ -0.0103⊥ -0.232⊥
Ag -0.0689⊥ -0.0543‖ -0.0299‖ -0.0664⊥
Ir -0.0119⊥ -0.0533‖ -0.0114⊥ -0.0647⊥

Au -0.0143‖ -0.0520⊥ -0.0446‖ -0.0666⊥
Hg -0.0181⊥ -0.0556⊥ -0.0114⊥ -0.0668⊥

Table 4.2. Adsorption energies (in eV) of H2 on pristine and doped PtS2 and WS2.
The symbols ‖ or ⊥ represent if the adsorption of H2 is parallel or perpendicular

4.2 Two-dimensional Boron Monolayer for HER and
OER Mechanism

The hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
have been envisaged on a two-dimensional (2D) boron sheet through elec-
tronic structure calculations based on DFT framework. To date, boron sheets
are the lightest 2D material and, therefore, exploring the HER and OER activ-
ity of such a monolayer system would be quite intuitive both from fundamen-
tal and application perspectives. We have functionalized the boron sheet (BS)
with different elemental dopants like carbon, nitrogen, phosphorous, sulphur,
and lithium and determined the adsorption energy for each case. The free en-
ergy calculated from the individual adsorption energy for each functionalized
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Figure 4.2. The left hand column shows the total DOS of pristine (a) and functional-
ized PtS2 (b)-(h). The right column shows the total DOS of pristine (i) and function-
alized WS2 (j)-(p). Both PtS2 and WS2 are functionalized with Ru, Rh, Pd, Ag, Ir, Au
and H. Zero energy represents the Fermi level.

BS subsequently guides us to predict which case of functionalization serves
better for the HER or the OER.

To calculate the structural optimizations, electronic and optical properties
we employed DFT as implemented in VASP. The description of the core elec-
trons and the ion-electron interaction were made using the PAW method. For
the optimizations of the boron sheets (both pristine and functionalized) we
used the PBE functional and the exchange and correlation contribution was
described with GGA. A 25 × 25 × 1 k-mesh integration within the Brillouin
zone was used for the description in the Monkhorst-Pack scheme. Plane wave
basis set with an energy cut-off of 500 eV were used for the valence electrons.
The optimization ran until the Hellman-Feynman forces on the atoms were
less than 0.02 eV/Å and the change in energy was less than 1.0×10−5 eV. A
larger k-mesh of 41 × 41 × 1 k-points was used to calculate DOS and optical
spectra. To avoid interaction with neighbouring images 30Å vacuum is added
to the cell in the z-direction. To see the optical response i.e the adsorption
spectra we used the following formula for the real and imaginary part of the
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frequency-dependent dielectric function ε(ω) = ε1(ω)+ iε2(ω). The ability
of a HER catalyst is measured by exchange current density, which can be re-
lated to ΔGH . The same formula can be used when you want to measure the
ability of the material for OER. For O2 the entropy difference is 0.63 eV, this
leads to using the same reasoning that ΔGO = Eads + 0.33 = 0. For the opti-
mal OER catalyst Eads should be in the order of -0.33 eV. We calculated the
adsorption energies for H2 and O2 on different sites for pristine and functional-
ized boron sheets. The adsorption energy, Eads = Esystem+gas −Esystem −Egas,
where Esystem+gas is the total energy for the sheet with the gas adsorbed, Esystem

and Egas are the energies only for the sheets and the gases respectively.
The optimized boron monolayer structure is shown in Fig. 4.3, where the

unit cell contains 14 atoms (shown within the dashed lines). The lattice con-
stants are 5.85 Å and 6.67 Å. The BS is functionalized with dope atoms, C, N,
S, P and Li in a study of the HER and OER. The most stable configurations
were found trying different doping sites. Boron atoms in a BS have either 5 or
6 coordination number (CN) and it has been found that if 5 CN boron atom is
replaced, it leads to the most stable configuration.

Figure 4.3. The unit cell of the boron sheet is shown within the dashed lines. B5 and
B6 represent sites with coordination number 5 and 6 respectively.
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In Table 4.3 the bond length between the impurity atoms and the boron
atoms with 5 CN (B5-X) an 6 CN (B6-X) are presented. These bond length
differ from the bonds in the pristine BS, where bonds with 5 CN and 6 CN
have the same bond length (1.68 Å); the dope atoms displace the nearest and
second nearest neighbours.

BS C N S P Li

EH(eV ) -2.47 -3.22 -3.89 -3.61 -5.73 -3.64
EO(eV ) -1.74 -2.21 -3.93 -4.66 -4.39 -3.99
Φ(eV) 4.22 4.18 4.42 4.49 4.11 4.41

B5-X(Å) 1.61 1.59 1.91 1.77 1.80
B6-X(Å) 1.655 1.644 1.768 1.888 2.403

Table 4.3. The workfunctions and the adsorption energies of hydrogen and oxygen on
pristine and doped BS. The bond length for each dope atom to 5 CN and 6 CN boron
atom respectively.

Fig. 4.4 shows the pristine and doped BS with the hydrogen and oxygen
gas molecules adsorbed the surface. It shows that the most favorable sites for
hydrogen adsorption are at the top site of a boron atom having 5 CN (Li doped
BS) and boron atom having 6 CN (pristine, C and P doped BS). In the oxy-
gen case the most favorable sites are at the bridge sites (between boron atoms
with 5 CN and 6 CN) (pristine and Li doped BS), on the top site of carbon and
molecule binds at the hollow between boron atoms with 5 CN and on top of the
Adsorption energies and workfunction are shown in Table 4.3. It shows that

both hydrogen and oxygen bind strongly to all the systems. For the good HER
hydrogen adsorption energy should be close to 0.33 eV and close to 0.24 eV
for the good OER, which shows that the pristine and carbon doped BS are the
most promising candidates for both the HER and the OER. The investigation
from calculated DOS show a metallic behavior for the doped systems Fig. 4.5.
The optical absorption spectra for the pristine and doped boron sheets (BS) are
shown in Fig. 4.6. The spectra from pristine BS show several adsorption peaks
at 1.26, 2.67, 6.50 and 9.38 eV, which gives response in the visible range. The
doped system show the largest adsorption peaks at low photon energy. [33–39]
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Figure 4.4. The two left columns (a)-(d) show the optimized structure of pristine and
functionalized boron sheet. Each structure has hydrogen (the white ball) adsorbed to
them at the preferable site. In the two right columns the same is shown for oxygen
(the red ball) adsorption. The dopants are C (black), P (purple) and Li (yellow).

Figure 4.5. The total DOS of pristine and functionalized boron sheets. The dopants
are C, N, P, S and Li.

4.3 Two-dimensional Boron Monolayer for Sensing
Application

As band structure and the band edge alignment is the essence behind the in-
vestigation of photocatalytic materials, the same philosophy can be envisaged
in the gas sensing application, where the gas molecules could be sensed or
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Figure 4.6. The absorption spectra for pristine and functionalized boron sheets are
shown with the dopants C, N, P, S and Li.

detected with respect to the band gap changes in the materials. In this regard,
boron monolayer can also be used for gas sensing applications, because of its
large surface to volume ratio along with the charge transfer from gas to sur-
face or surface to gas. In addition to graphene, other 2D materials have been
investigated for their suitability in gas sensing application like silicene, MoS2,
phosphorene [40–44]. Borophene is the boron equivalent to graphene [45–47]
and it has been studied for electronic and optical properties[48] It has been
investigated for applications like anode material in Li and Na ion batteries as
well. [49–51]

The DFT based electronic structure calculation has been done meassuring
the directional dependence of the electronic transport properties [52] and NH3

has been examined on the boron based nanostructure B40 fullerene. [53] So
in this paper we wanted to investigate borophene even further as a gas sensor
for the gas molecules CO, CO2, NO, NO2 and NH3 (Fig. 4.7). In this work,
we have performed DFT based investigations to find the preferable orienta-
tions, arrangements together with binding energies for the gas adsorption on
the boron monolayer surface. For the sensing application, we have investi-
gated the transmission function and determined the corresponding I-V curves
using the non-equilibrium Green’s function (NEGF) [54] [55] formalism.

We have found that as compared to the other 2D materials such as phospho-
rene, graphene and MoS2,the binding of the gases with borophene are much
superior and the amount of charge transfer show better sensitivity. It has also
been found that the adsorption of different gases lead to the large transmis-
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Figure 4.7. The borophene monolayer set up for the gas sensing application

sion function for each of the gases. Thus borophene monolayer has also been
emerged as a realistic gas sensor device with distinct ON and OFF states.

4.4 Two-dimensional Mg3N2 Monolayer for HER
Mechanism

In the quest for efficient 2D catalytic materials, we have subsequently envis-
aged Mg3N2 monolayer particularly for hydrogen evolution reaction based on
electronic structure calculations within DFT framework. The Mg3N2 mono-
layer is having a hexagonal two-dimensional structure with a lattice constant
of 6.8316 Å× 6.8316 Åwith 1.972 Åas Mg-N bond-length. We have per-
formed electronic structure calculations for pristine Mg3N2 monolayer in the
form of 3×3 supercell (Fig. 4.8).

The reaction coordinate (Fig. 4.9) is a deterministic way to compare the
HER catalytic activity of different systems. The idea is to compare the adsorp-
tion free energy, ΔG, for the intermediates of HER, H++e−, H∗ and 1/2H2 (*
denotes that H is adsorbed to the surface of the material.) The difference in
adsorption free energies needs to be closed to zero for a optimal HER cata-
lyst. In this work, we have determined the hydrogen adsorption free energy
for different adsorption sites, while comparing the results with the platinum
case, which is the best HER catalyst till date.
The Density of States (DOS) calculation (Fig. 4.10) for the pristine Mg3N2
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Figure 4.8. The 3× 3 supercell of the Mg3N2 2D material, green balls are nitrogen
and orange are magnesium.

Figure 4.9. Reaction coordinates for hydrogen adsorption in different sites on a
Mg3N2 2D material compared to hydrogen adsorption on a platinum surface.

monolayer shows semiconducting nature with a bandgap of 1.69 eV, which
is in the visible range of solar spectrum. From the DOS, one can observe
HOMO, LUMO and Fermi level as at -3.99 eV, -2.31 eV and -3.15 eV respec-
tively. The hydrogen adsorption has been found to be occurring most likely
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due to the s− p hybridization, as the p states of N atoms are most prominent
below the Fermi level. The overlap of N − p states orbitals with Mg− s or-
bitals around -6.13 eV together with Mg− p states have been observed. In
general, the HER takes place while the electrons are getting extracted from
the material, and therefore the lower workfunction often leads to the better
catalytic property. All the values of workfunction, Fermi level and bandgap of
the considered systems are depicted Table 4.4.

Figure 4.10. Density of States for the pristine Mg3N2 monolayer. Total DOS is dis-
played by the gray area, whereas the Mg − p, Mg − s, N − s and N − pstates are
depicted by the blue, red, green and black lines.

System Work function (eV) Fermi level (eV) Bandgap (eV)
Pristine sheet 3.96 -3.14 1.69
1H 3.59 -2.71 -
2H 3.74 -2.86 0.79
4H 3.35 -2.34 0.17
6H 3.04 -2.11 0.32

Table 4.4. Work functions, Fermi levels and Bandgap for the pristine, 1H, 2H, 4H and
6H systems.

Further, we have determined the hydrogen adsorption energies for different
number of hydrogen atoms adsorbing on different favourable adsorption sites.
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Table 4.5 shows the associated adsorption energies for 1H, 2H, 4H and 6H
adsorptions, where it has been found that hydrogen tends to adsorb only on
the nitrogen site in the pristine 2D structure. For a optimal HER catalyst, the
binding of hydrogen with the corresponding substrate should not be too strong
or too week. In this connection, Fig. 4.11 shows the best adsorption sites for
1H, 2H, 4H and 6H adsorption.

Number of Hydrogen at Nth site
Total energy
(eV)

Adsorption
energy (eV)

Binding energy
/Hydrogen atom (eV)

1H on 1st site -186.626 2.333 2.334
1H on 2nd site -189.894 -0.934 -0.934
1H on 3rd site -186.79848 2.16203763 2.162
1H on 4th site -186.790 2.170 2.170
2H on 1st site -194.238 -1.892 -0.946
2H on 2nd site -193.198 -0.853 -0.427
2H on 3rd site -194.261 -1.914 -0.957
4H on 1st site -202.541 -3.425 -0.856
4H on 2nd site -202.856 -3.741 -0.935
4H on 3rd site -202.427 -3.311 -0.828

Table 4.5. Total energy, binding energy and binding energy (eV) / H atom for hydrogen
adsorption with different number of atoms and on different sites.

The determined density of states (DOS), work function, Fermi level and
Bandgap are depicted in Fig. 4.12 for the non pristine structures. We can
observe that the work function for the pristine structure is slightly higher (≈4
eV) as compared to the systems with hydrogen (≈3.5 eV), however in the
case of 6H adsorption, the corresponding value getting decreased (≈3 eV).
The corresponding Fermi level has been shifted from -3.1455eV (pristine) to
-2.1126eV for 6H adsorption case. The band gap change for different number
of H adsorption has also been depicted in Table 4.4.
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Figure 4.11. Mg3N2 supercell with 1H, 2H, 4H and 6H adsorbed on the surface of the
2D material.

The charge transfer between the catalytic material and the hydrogen atom
is also one of the decisive factors, as it has been represented in the form of
charge difference for various cases in Figure 4.13. With the help of Bader
charge analysis, as shown in table 4.6, we can explain the charge difference
for the constituent atoms of the monolayer (Mg and N average charge), which
can also imply the hydrogen adsorption on the favourable adsorption sites.
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Figure 4.12. The Density of State for 1H, 2H, 4H and 6H adsorption cases

We have observed that in case of 1H, the hydrogen atom is acquiring a posi-
tive net charge (+0.321 e) with the nitrogen atom associated with the hydrogen
adsorption (acceptor 1) with a positive charge difference (+0.186 e) as com-
pared to the average charge for nitrogen. Moreover, it can be seen that the
negative charge is distributed around the neighbouring nitrogen atoms mak-
ing the nitrogen atoms with more negative average charge (-0.007 e) while
the magnesium atoms are becoming less positive average charge (-0.007 e) as
compared to the pristine Mg3N2 case. For the 2H case the situation is similar,

System/element Mg N
N
acceptor 1

N
acceptor 2 H

Mg3N2 1.510 -2.246 - - -
Mg3N2+1H 1.503 -2.253 -2.067 - 0.321
Mg3N2+2H 1.491 -2.252 -2.044 -2.018 0.310

Table 4.6. The average net charge for the elements and the net charge for the acceptor
nitrogen atoms.
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Figure 4.13. The charge difference for 1H and 2H, bird’s eye and side view.

however the negative charge is less distributed on the neighbouring magne-
sium and nitrogen atoms. Therefore, the magnesium atoms have less positive
average charge (-0.019 e) , while the nitrogen atoms have a more negative av-
erage charge (-0.008 e). The hydrogen atoms are having average net charge
(+0.310 e), while the nitrogen atoms are having positive charge difference
(+0.208 e and +0.234 e) as compared to the average charge. [56–65]
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5. Summary and Future Outlook
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In summary of the catalytic activity investigation of PtS2 and WS2, we have
tuned the HER catalytic activity of both the monolayers by electronic structure
calculations based on the density functional theory (DFT). We have system-
atically investigated the effect of foreign elements, such as Ag, Au, Hg, Pd,
Ir, Rh, and Rh, on the catalytic activity of these two monolayers. We have
also demonstrated that the van der Waals (VDW) interactions are important
enough to accurately predict the adsorption energy on the individual catalytic
surfaces. The band structure has been determined using hybrid exchange cor-
relation functional with spin-orbit coupling. PtS2 is an indirect band gap semi-
conductor, whereas WS2 exhibits a direct band gap. The DOS has been cal-
culated to predict the effect of dopant on the band gap. To find the optimal
photocatalytic activity, we have functionalized these materials with a series
of transition metals, such as Ru, Rh, Pd, Ag, Ir, Au, and Hg. The electronic
structure calculations of pristine and functionalized PtS2 and WS2 show that
among all systems considered, the Pd doped WS2 system shows the optimal
binding energy of H2 for the catalytic activity in the HER.

DFT based electronic structure calculations within PBE functional have
also been performed to explore the structural, electronic, and optical prop-
erties of the pristine as well as functionalized (with C, N, P, S, and Li) boron
monolayer. The DOS calculations predict the metallic nature of the considered
systems, while the optical spectra are found to display the absorption peaks at
low photon energies. From the calculated adsorption energies of hydrogen
and oxygen, it has been found that both hydrogen and oxygen are strongly
bound to the surfaces of pristine and functionalized BS. The hydrogen atom
is found to be most stable at the top site on the six coordinated B atom for
pristine, C and P doped and on the five coordinated B atom for Li doped BS,
while the O atom is found to be stable at the bridge site for pristine and Li
doped BS, hollow site for C and on the top site for P doped BS. We have also
found that among all the functionalization cases, C-doped Boron monolayer
has been emerged as the promising most candidate after pristine BS to show
HER and OER activity.

The future direction is to investigate novel 2D materials for example B2C
to envisage the HER and OER activity based on the reaction coordinate. To
construct the reaction coordinate for OER would be a real challenge, which we
will pursue in near future. We want to explore how the transport of electrons
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can be correlated with the catalytic reaction mechanism in 2D materials. We
would like to predict novel 2D materials and subsequently investigating their
catalytic activities from the perspective of HER and OER, which could be
validated in the experimental synthesis condition.
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6. Sammanfattning på svenska

I den här avhandlingen har verktyg och metoder som är sammanlänkade med
densitetsfunktionalteori (DFT) använts för att förutsäga den katalytiska effek-
ten hos tvådimmensionella (2D) nanomaterial för använding inom vätgaspro-
duktion med vatten som råmaterial och solljuset som energikälla, så kallad
fotokatalytisk vattensplittring.

Arbetet omfattar en grundläggande beskrivning av teorin som är DFT från
Schrödingerekvationen med teorier och definitioner av en fullskalig flerpartikels-
Hamiltonian genom Born-Oppenheimer-approximationen, Hohenberg-Kohn-
teoremen och Kohn-Shams sats till den gällande densitetsfunktionalteorin.
Beskrivningen tar upp definitioner och härledningar av pseudopotentialer, en-
ergiutbytesfunktionaler, samt vertyg och metoder som använts. Med Schrödin-
gerekvationen beräknas energin hos en molekyl, ett material eller ett 2D-
material genom att beräkna krafterna mellan atomer, protoner, elektroner och
mellan dem själva. I DFT ersätts elektronerna med en elektrondensitet, som
beräknas för varje atomkonfiguration. Sedan jämförs resultaten för att finna
den konfiguration som har den lägsta energin, dvs man löser Schrödingerek-
vationen genom att minimera energin. Från den slutgiltiga elektrondensiteten
kan fysikaliska storheter beräknas. Vidare kommer en redogörelse av innebör-
den av fotokatalism. Här berättas det om vattensplittringens två delreaktioner
Hydrogen evolution reaction (HER) och Oxygen evolution reaction (OER),
dvs hur vätgas (H2) och syrgas (O2) bildas från vattenmolekyler (H2O). Poän-
gen med användandet av en katalysator förklaras, vilket är att sänka den elek-
trokemiska potentialen så att energin från solljuset är tillräckligt för att bryta
de kemiska bindningarna i vattenmolekylen ungefär som hur en katalysator i
en bil bryter bindningarna i CO- och NO-molekylerna för att bilda koldioxid
(CO2) och kvävedioxid (NO2). Varför 2D-material kan vara goda substitut
till ädelmetaller förklaras genom att visa vad som katagoriserar en optimal
katalysator, saker som bandgap (HOMO och LUMO), adsorptionsenergier för
väteatomen och syreatomen, absorbtionsspekra, m.m. Att man dessutom kan
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enkelt kan dopa 2D-material genom att byta ut en eller flera atomer med antin-
gen främmande atomslag eller vakanser och på så sätt manipulera bandgap,
adsorbtionsenergier, etc, visas också. Slutligen berättas hur man kan använda
DFT för att bestämma funktionaliteten hos ett specifikt material genom att
definiera den fria energin hos respektive gasmolekyl i den adsorberade fasen
när reaktionen befinner sig i jämviktsläget och hur man beräknar den utifrån
adsorptionsenergin. Det man gör är jämförelser av energin hos olika system,
med eller utan adsorberade atomer, med eller utan dopatomer och vakanser.
Dessutom jämförs resultaten med en referens (i fallet vattensplittring (både
HER och OER) jämför man ofta med platinum. I nästkommande kapitel visas
bilder, grafer och resultatdata från undersökningen av diverse material från
artiklarna, vilka den här avhandlingen bygger på. Varpå följande kapitel sam-
manfattar arbetet och drar slutsatser av resultaten. Sist av allt kommer artik-
larna och manuskripten i sin fulla form.
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