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ABSTRACT

THE JANUS GEPAS MONOLAYER FOR EFFICIENT
PHOTOCATALYTIC WATER SPLITTING

Dogukan Hazar Ozbey
M.S. in Materials Science and Nanotechnology
Advisor: Engin Durgun
August 2021

The sun is considered an inexhaustible natural energy resource compared to fos-
sil fuels. Regarding the limited amount of fuels such as coal and petroleum and
their effect on nature, any application that has the ability to harvest the sun-
light and produce energy becomes extremely important. One of the potential
mechanisms that can remedy the energy demand in the future is photocatal-
ysis, and two-dimensional (2D) materials with suitable electronic and optical
properties offer new possibilities for photocatalytic applications. Although vari-
ous 2D materials have hitherto been specified as adequate candidates, materials
with high photocatalytic efficiency for water splitting are still minimal. In this
regard, a novel 2D Janus GePAs monolayer is predicted and its capability for
photocatalytic water splitting is examined by performing first-principles density
functional theory. The GePAs monolayer is shown to possess robust dynamic
and thermal stability. The direct electronic band gap in the visible region and
band edge positions of the strain-free and strained monolayers are revealed to be
convenient for redox reactions in wide pH ranges. The low recombination proba-
bility of charge carriers ensured by high and anisotropic carrier mobility enhances
the material’s photocatalytic potential. Optical response calculations, including
many-body interactions, exhibit significant optical absorption capacity in the
UV-visible range. Furthermore, ultra-low exciton binding energy facilitates dis-
sociation into free electrons and holes, promoting photocatalytic reactions. Our
study suggests GePAs monolayer is an ideal and remarkably promising material
to be utilized in visible-light-driven photocatalytic applications.

Keywords: ab initio, density functional theory, Janus, photocatalysis, water split-
ting.
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OZET

VERIMLI FOTOKATALITIK SU AYIRMA ICIN IKI-
BOYUTLU JANUS GEPAS TEK KATMANLISI

Dogukan Hazar Ozbey
Malzeme Bilimi ve Nanoteknoloji , Yiiksek Lisans

Tez Danigmani: Engin Durgun
Agustos 2021

Giines, fosil yakitlara kiyasla titkenmez bir dogal enerji kaynag olarak kabul edilir.
Komiir ve petrol gibi yakitlarin sinirh miktarda olmasi ve bunlarin dogaya etk-
ileri diigtiniildiigiinde, giines 151¢1m1 toplama ve enerji tiretme kabiliyetine sahip
herhangi bir uygulama son derece onemli hale gelmektedir. Gelecekteki enerji
talebini giderebilecek potansiyel mekanizmalardan biri fotokatalizdir ve uygun
elektronik ve optik ozelliklere sahip iki boyutlu (2B) malzemeler fotokatalitik
uygulamalar i¢in yeni olanaklar sunmaktadir. Bugtline kadar cesitli 2B malzemeler
uygun adaylar olarak belirtilmis olsa da, su ayirma igin yiiksek fotokatalitik ver-
imlilige sahip malzemeler hala minimum diizeydedir. Bu baglamda, yeni bir 2B
Janus GePAs tek tabakasi ongoriilmekte ve ilk prensipler yogunluk fonksiyoneli
teorisi uygulanarak fotokatalitik su ayirma kabiliyeti incelenmektedir. GePAs
tek tabakasinin saglam dinamik ve termal stabiliteye sahip oldugu gosterilmistir.
Gerilimsiz ve gergin tek tabakalarin goriiniir bolgedeki dogrudan elektronik bant
araligi ve bant kenar1 konumlarinin, genis pH araliklarinda redoks reaksiyonlari
i¢cin uygun oldugu ortaya cikarilmigtir. Yiksek ve anizotropik tasiyici hareketliligi
ile saglanan yiik tagiyicilarimin diigiik rekombinasyon olasiligi, malzemenin fo-
tokatalitik potansiyelini arttirir. Cok elektron etkilegimlerini iceren optiksel yanit
hesaplamalari, UV-goriintir aralikta 6nemli optik absorpsiyon kapasitesi sergiler.
Ayrica, ultra digiik eksiton baglanma enerjisi, fotokatalitik reaksiyonlar: tesvik
ederek serbest elektronlara ve deliklere ayrismay:1 kolaylagtirir. Caligmamiz,
GePAs tek tabakasinin, goriiniir 1gikla galisan fotokatalitik uygulamalarda kul-

lanilmak tizere ideal ve oldukg¢a umut verici bir malzeme oldugunu one siiriiyor.

Anahtar sozcikler: ab initio, yogunluk fonksiyoneli teorisi, Janus, fotokataliz, su

ayirma.
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Chapter 1

Introduction

Since the early years of the two-dimensional (2D) materials era, noteworthy
advancements have been carried out in the discovery of post-graphene 2D
nanostructures|1, 2, 3, 4, 5, 6]. Considerable interest in these materials explored
with tremendous endeavors throughout the years bounds up with their remark-
able properties, which mainly arise from the low dimensionality aspect of the
structures. When dimensions are reduced to the nanoscale, in conjunction with
lower interaction and symmetry effects, the behavior of materials can alter in
a favorable way in terms of electrical conductivity, chemical reactivity, mechan-
ical and optical properties. For instance, while graphite is very soft and slip-
pery, graphene, on the other hand, becomes the strongest material ever known
when exfoliated from its bulk form[7]. On the other hand, due to the quan-
tum confinement feature, 2D materials can exhibit exciting physical phenomena
which enable their potential usage in various technological applications, including
optoelectronics[8], catalysis[9], energy storage[10], sensors[11], strain-engineered

photonics[12] and even cancer therapy[13].

Amongst the growing family of 2D materials, some of them exhibit unique
electronic properties that can be exploited to produce one of the cleanest energy

sources, hydrogen. Photocatalytic water splitting is a promising strategy, which



can be operated directly by sunlight to generate hydrogen, offers an environment-
friendly solution to the great energy demand of the present day and future. Apart
from the specific suitability of certain 2D materials, they have several intrin-
sic properties of paramount importance. For instance, their high surface area
compared to bulk materials allow 2D structures to contact sunlight at a signif-
icant level[14]. Moreover, the migration of photogenerated free charge carriers
to the water interface is extremely fast due to the quantum confinement effect
in conjunction with the apparent low dimensionality of the monolayers[15]. Ad-
ditionally, a monolayer with directionally anisotropic transport properties brings
about an efficient photocatalytic process due to the rapid separation and effective

migration of photogenerated electron-hole pairs[16].

Considering all of the advantages mentioned above, 2D materials display a wide
range of possibilities for better photocatalysts for hydrogen production purposes.
However, the practically applicable materials for water splitting applications still
lack due to efficiency issues. A theoretical contribution to this scientific effort
plays a key role in remedying the mentioned issue. Density functional calculations
are capable of determining of the thermodynamic and mechanical stability and
estimating electronic properties, including band gap, band edges, carrier trans-
port of a proposed material. In this regard, the main objective of this thesis is to
explore a suitable and efficient material to assist the technological advancement

of water splitting applications by exploiting computational methods.

In the following sections, an overview will be given for 2D Group IV-V ma-
terials. Subsequently, Janus monolayers and will be introduced, and general in-
formation about the photocatalytic water splitting process and related literature

will be presented.



1.1 Overview of Two-dimensional Group IV-V

Materials

Group IV-V compounds with formula MX (M = C, Si, Ge, Sn, Pb; X= N, P,
As, Sb, Bi) have gained growing attention and have been intensively investigated
both theoretically and experimentally[17, 18, 19, 20]. A subset of this class (SiP,
SiAs, GeP, and GeAs) in bulk form belongs to the van der Waals (vdW) layered
materials family with orthorhombic (Cmc2; for SiP) or monoclinic (C2/m for
GeP, GeAs, and SiAs) symmetries[21]. Generally, owing to the possibility of
mechanical exfoliation, the realization of a vdW layered system can be regarded as
a pioneering work for the isolation of 2D material. For this reason, the fabrication
of bulk single crystals of group-IV monopnictides has made these materials even
more attractive from a scientific point of view([21]. Accordingly, few-layer SiP
nanoflakes have been successfully obtained by mechanical exfoliation methods,
and its anisotropic nonlinear optical properties have been anticipated to possess
great potential for future photonic integrated circuits and quantum chips [22].
Lately, following the synthesis of SiAs nanosheets, the production of a field-effect
transistor (FET) and photodetector devices have been demonstrated. It has been
shown that fabricated photodetector devices offer high photosensitivity with a
strong anisotropy in the UV-visible domain [23]. Moreover, GeP nanoflakes have
been synthesized from bulk, and photodetectors with highly anisotropic electronic
transport and photoresponsivity have been realized[24, 25]. Based upon the same
production procedure, Wang et al. have reported a 2D GeP-based photonic
device in which they have exploited the strong nonlinear optical properties of GeP
nanoflakes[26]. Likewise, few-layered GeAs nanosheets have been synthesized
successfully, and a GeAs-based photoanode has been characterized as a promising

candidate for high-performance optoelectronic nanodevices[27].

By considering the experimental progress on the group IV-V family, researchers



have concentrated significantly on 2D Ge-based binary structures due to their su-
perior stability, earth-abundance, distinguished anisotropic properties, and tun-
able band gaps|[28, 29, 30, 31, 32, 33, 34]. Predominantly owing to their low sym-
metry and having different bonding types along with different directions, GeP
and GeAs systems in monolayer form have been predicted to exhibit anisotropic
electronic, mechanical, and optical absorption characteristics. For instance, these
semiconductors possess wide band gaps falling into the visible transmittance range
with 2.08 (direct) and 2.31 (indirect) eV estimated by hybrid functional calcu-
lations, respectively[19]. Moreover, the anisotropic absorption coefficient of GeP
and GeAs single-layers has been found to be higher compared to SiP and SiAs,

and they have been suggested as promising candidates for solar water splitting[35].

1.2 Janus Monolayers

Even though structures obtained by top-down strategy encompass a significant
portion of the field of 2D materials, synthetically produced monolayers have been
realized with experimental endeavors, as well[36, 37, 38]. One of the intriguing
derivatives of them is Janus monolayers designed by substituting all atoms at one
side of their binary counterpart with a different atom. In these materials, since
atoms on each facet have different atomic sizes and electronegativities, charge
distributions on opposite sites are not equivalent, as well. This results in sym-
metry breaking, and due to the broken out-of-plane mirror symmetry by adding
a third element, Janus monolayers can exhibit fascinating physical properties,
or their capabilities can be enhanced concerning the prior structure. In 2013,
the first experimental realization of a Janus graphene has become successful by
modifying the graphene nonsymmetrically[39]. The centrosymmetric structure of
the pristine graphene does not allow it to intrinsically exhibit piezoelectric char-
acteristics. However, it is demonstrated in-plane, and out-of-plane piezoelectric
responses can be induced to the possible Janus morphologies of graphene[40].
These exciting studies on Janus structures evoked an significant interest beyond
graphene. These exciting studies on Janus structures evoked significant inter-

est in the field of 2D materials. Following the fabrication of Janus graphene,

4



two research groups have synthesized Janus MoSSe monolayer by using a mod-
ified CVD method with different approaches. The realization of ternary MoSSe
monolayers and their intrinsic vertical piezoelectric response underline the great
potential of Janus materials[41, 42]. Apart from transition-metal dichalcogenides
(TMD), various Janus structures have been predicted, and their potential usage

for diverse applications has been investigated[43, 44, 45, 46].

1.3 Photocatalytic Water Splitting

Nanoengineered batteries, fuel cells, and catalysts may be able to leverage im-
proved reactivity at the nanoscale to develop cleaner, safer, and more cost-
effective energy production and storage methods. The advantage of increased
surface area and enhanced reactivity in nanostructured materials allow them to
be exploited in the development of better catalysts. One of the most poten-
tial solutions for long-term energy and environmental concerns is photocatalytic
hydrogen generation via solar water splitting. Numerous experimental studies
have demonstrated that the benefits of 2D materials can lead to an increase in
photocatalytic activity compared to bulk materials[47, 48]. Various Janus 2D ma-
terials are anticipated to be effective photocatalysts for water splitting because
of their adjustable band gaps, high specific surface area, and appropriate band
edge locations with optimum redox potentials[49, 50, 51].

The electronic structure of the photocatalyst, which regulates the early phases
of photocatalytic water splitting, is one of the crucial characteristics of photocat-
alytic water splitting. Incident light with adequate energy promotes an electron
over the optical band gap of the photocatalysts, resulting in the formation of
an electron-hole pair. Subsequently, the excited electron initiates the hydro-
gen reduction reaction to produce hydrogen, while the hole participates in the
oxidation reaction for oxygen production. In order to classify a material as a
photocatalyst, there are substantial requirements that should be fulfilled. Two

indispensable factors are to possess a sufficient band gap higher than the free



energy of water splitting, which is 1.23 ¢V, and have appropriate band edge po-
sitions which must straddle the redox potential of water. On the other hand, a
potential photocatalyst that will be utilized on an industrial scale should also
be efficient. To achieve this, visible light absorption capability is of paramount
importance. The capacity of photocatalytic water splitting materials to catch a
substantial percentage of sunlight determines their effectiveness. A potential 2D
material with a high optical absorption might have a high efficiency for photo-
catalytic water splitting. Moreover, excitonic effects are also decisive considering
the necessary spatial separation of electron-hole pairs. A low exciton binding
energy promotes the separation of excitons into free charge carriers, with which
photocatalysis efficiency will improve. On the other hand, a 2D semiconductor

photocatalyst must be insoluble in aqueous environments.

1.4 Motivation

Due to the fact that the layered structure of GeP and GeAs materials facilitates
their production and possible functionalization, these structures, apart from other
IV-V binary materials, are thoroughly examined in the literature.According to
mentioned studies on 2D GeP and GeAs systems, they have been shown as note-
worthy materials in various aspects. However, much more theoretical and exper-
imental research is needed to offer a thorough understanding of the novel physics
and phenomena that might emerge from Janus derivatives. Considering the
emerging properties of GeP and GeAs monolayers given in the literature[18, 35],
the possibility of obtaining material in Janus morphology with the potential to
be an efficient photocatalyst drove our curiosity and motivated us to explore 2D

Janus GePAs structure.



1.5 Organization of the Thesis

In this thesis, motivated by the aforementioned experimental and theoretical ad-
vancements and considering unique properties of GeP and GeAs systems, we
designed Janus GePAs monolayer and unveiled its effective photocatalytic per-
formance. Following the brief information about theoretical background based
on first-principles density functional theory (DFT) in chapter 2, we started our
analysis by examining the structural properties of the ground state configuration
of GePAs monolayer in chapter 3. Subsequent to confirmation of its mechanical,
dynamical, and thermal stability with elastic constants C', phonon spectra analy-
sis, and ab initio molecular dynamics simulations (AIMD), respectively, we gave
the electronic properties with band edge positions concerning the redox potential
of the water. Next, we presented the variation of electronic bandgap and band
edge positions of the monolayer with respect to applied strain, and we determined
mechanical properties such as angle-dependent in-plane stiffness Y2 (0) and Pois-
son’s ratio v(©). Then we computed the carrier effective mass m* and mobility
w1 in two directions reflecting the ability to inhibit recombination of electron-hole
pairs. Lastly, taking into account many-body interactions, we expressed the op-
tical response of the GePAs monolayer by the frequency dependence of the real
and imaginary parts of the complex dielectric constant and optical absorbance

capacity for incident light polarization along the x and y directions.



Chapter 2

Theoretical Background: Density
Functional Theory

Revealing and understanding the physical properties of materials enables one
to exploit them in various applications that can facilitate our lives. It is not a
new practice, conversely, mankind is capable of researching materials’ properties,
comprehending their limits and "taming” to get benefit from them since early
ages. For instance, after distinguishing differences of matters, ancient people
understood that rocks could be sharpened and metals can be melted, and this
knowledge became the foundation of what we call civilization today. Since those
ages, our comprehension of the behavior of materials has changed dramatically
as we discover how nature works. It has been required so much time and effort
to figured out that the characteristics of materials and their response to external
physical stimuli are originated from their elementary building blocks, which we

know as atoms now.

When we enter the realm of atoms that make up the matter and electrons
within, the governing law for these small particles is quantum mechanics. In this
regard, one of the most profound scientific progress in history can be counted as
the development of quantum mechanics with which one can trace down the origin

of material properties up to atomic scale or nanoscale. From a materials science



point of view, quantum mechanical approach accounts for the results of com-
plex interactions between atoms and the concept of physical properties are only
the reflection of these interactions. However, the mentioned complexity impedes
obtaining the full quantum mechanical description of material properties, and
only for non-relativistic hydrogen-like systems can the exact solution be given.
These kinds of elementary systems can be solved analytically by the Schrédinger
equation, a linear partial differential equation that treats particles as wave func-
tions. Unless some momentous approximations are employed, practical usage of
the Schrodinger equation is not possible. In order to model interactions between
constituent atoms without prior knowledge and investigate realistic systems at
the nanoscale, some sophisticated methods are required. At this point, simplify-
ing the problem to a certain level without losing essential information about the
systems that are examined is of importance. That kind of a theoretical approach
without any usage of experimental data and only based on the basic theorems of

quantum mechanics is known as ab initio or first-principles methods.

Ab initio methods allow one to avoid expensive experiments and serve as a
predictive power in materials science and solid-state physics. On the other hand,
it can provide a valuable information to explain and verify the experimental data.
Various ab initio methods have been developed, which are beneficial and appro-
priate for certain cases. Among them, the density functional theory (DFT) has
a great reputation due to its computational efficiency, complete transferability,
and applicability to a wide range of materials. The success of DFT has brought
notable popularity to its application in materials science and solid-state physics
since the 1970s. Up to the present day, the theory has become a standard ap-
proach complementary to experimental studies on materials. Two historic pub-
lications which are considered as foundations of the theory have been presented
by Pierre Hohenberg-Walter Kohn in 1964 [52] and Walter Kohn-Lu Jeu Sham
in 1965 [53]. The Hohenberg-Kohn paper has shown that instead of the ground-
state wave function, the ground-state electron density p(r) equivalently defines
the system and uniquely determines all of its properties, including ground state
energy. Subsequently, Kohn and Sham have expressed that finding the right

electron density can be achievable by solving a set of single-electron equations.



These revolutionary approaches have decreased the difficulty of the problem by
removing the electronic wave function from the play, and they have been proven
for years to be successful in quantum-mechanical modeling of a broad class of

materials.

Considering that all the calculations throughout the thesis have been per-
formed in the framework of first-principles density functional theory (DFT), this
chapter is devoted to the fundamentals of the theory. After introducing the com-
plexity of the problem and Born-Oppenheimer approximations, the Hartree-Fock

method will be given. Lastly, brief information about DFT will be presented.

2.1 Complexity of the Problem

Erwin Schrodinger published a breakthrough paper which is considered as the
foundation of wave mechanics in 1926. In these times, it was understood that
small particles could only be defined as a wave, and a wave function could con-
tain all the information about the particle. In his paper, he introduced a wave-
equation and its application to the hydrogen atom|[54]. Apart from the hydrogen,
when a system contains two or more electrons, one needs to deal with the many-

body Schrodinger equation which has a naive presentation as the following:

A

HU,(r,R) = E;U;(r,R) (2.1)

H, 1 and E denote Hamiltonian operator, wave function and eigenvalue of the
Hamiltonian, which is the energy of the system, and r and R define coordinates
of electrons and nucleus as variables, respectively. The many-body Schrédinger
equation, unfortunately, is extremely complex to solve. To express this, it is
informative to present the terms involved in the Hamiltonian of a many-body

system, which is in the following form:

10
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where m and r; (i = 1,...., N) correspond to mass and position of electrons and,
M, Ryand Z; (I = 1,...., N) represent mass, position and nuclear charge of nuclei,

respectively. Terms in the Hamiltonian define kinetic energy of electrons, kinetic
energy of nuclei, interaction between nuclei and electrons, interaction between

electrons and interaction between nuclei, respectively.

In order to simplify this complexity, it is required to employ a number of ap-
proximations. The Born-Oppenheimer approximation is the assumption that the
electronic motion and the nuclear motion in molecules can be separated. Firstly,
due to the fact that nuclei are incomparably massive to electrons, their velocities
are substantially lower. It means that electrons’ response to the motion of the nu-
cleus is instantaneous; hence they always take the ground state with respect to the
nuclear configuration. The positions of the nuclei can be described as frozen from
the electrons’ point of view. This information allows one to decouple electrons’
and nucleus’ motion, which is called the Born—-Oppenheimer approximation[55].
This approximation makes it possible to solve the electronic problem with fixed
nuclei coordinates then moving them regarding the forces aroused from electronic
and ionic distribution. However, this approach is still not enough to remove the

complexity of the problem at the tractable level.

Another sight of the problem can be reflected by the computational complexity
of solving the many-body Schrédinger equation. For a simple estimation, one
can consider a real-space representation of the many-body wavefunction ¥ =
U(ry,ry,....r,) on a mesh discretized by using 10 mesh points to interpolate
the wave function on each spatial coordinate. Thus, ¥ will be a function of 3n
coordinates and 103" values are needed to define ¥ in real space. It means that
to store the many-body wavefunction of an oxygen atom (n=8), one needs to
store 10%° values on a computer. If we take 1 byte per value and 5 x 10° bytes
per DVD, the amount of data will equal 2 x 10?° DVDs to store such a simple

system.
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It is clear that handling each particle dependant is not possible; instead, they
should be thought of as independent particles, and their interactions with others
should be taken in an averaged manner. To bring the problem down to the desired
level, in 1928, Douglas R. Hartree proposed a method to handle the electronic
problem[56]. The suggested approximation postulates that the wave function
of the many-body system can be treated as the product of one-electron wave
functions (U = Wy x Wy x .....U,)), which satisfies the single-particle Schrodinger
equation in an effective field. This procedure introduced by Hartree is known as

the self-consistent field method aiming to solve the wave equation as follows:

(_ L ) +UH<r>>w<r> ~ pu) 23

where U,,; is the attractive potential between electrons and nuclei. Uy term is
called Hartree potential aroused from Coulomb interaction between each electron
and the effective field. Taking the electrons independently, total energy becomes
only the sum of n one-electron energies. However, since two important principles
of quantum mechanics, namely anti-symmetry and Pauli’s exclusion principle,
are not taken into account, this method allows obtaining only a crude estimation

of the energy.

Hartree’s method was refined with the inclusion of the anti-symmetry prin-
ciple, and the wave function was expressed better with writing it as Slater
determinant[57]. Being the simplest many-body system, the wave function of

helium atom can be written as follows:

1
V2

1
= E[\Ifl(rl)\lfg(rg) — Wy(ry) Wy (ry)]

Wy(ry) Wa(ry))

\Ij(rhrz) - \111(1'2) \Ijg(rl)

This refinement allows the wave function to contain antisymmetry property
(U(ry,re) = —¥(re,r1)); hence the effect of the exchange of two electrons’ coor-
dinates is taken into account correctly, while the many-body correlation is com-

pletely disregarded. The one-electron wave function in Slater determinant form
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assures that the total wave function is antisymmetric, and with the inclusion of
the exact exchange term to the wave function, the approach is known as the
Hartree-Fock method. The original Hartree method can be considered an ap-

proximation to the Hartree-Fock method by neglecting exchange.

To conclude, the Hartree—Fock method makes five substantial simplifications

when providing solutions for a many-body system.

e Assumptions have given by the Born—Oppenheimer approximation are still

valid and play a key role in solutions of n-electron systems.

e Relativistic effects are entirely omitted and motion of the particles are as-

sumed to be non-relativistic.
e Each energy eigenfunctions are described by a single Slater determinant.

e The mean-field approximation accounts for the electron exchange term:;

however, the electron correlation is neglected.

e The variational solution is considered to be a linear combination of a fi-
nite number of basis functions that follow orthogonality and normalization

conditions.

2.2 Density Functional Theory

2.2.1 Hohenberg-Kohn Theorems

In 1964, Pierre Hohenberg and Walter Kohn presented two theorems with which
DFT has been first put on a sound theoretical footing[52]. The connections
between Hamiltonian, electron density, external energy, and wave function have

been completed with these theorems.

The first theorem states that the ground state enerqy determined by solving

Schraodinger equation is a unique functional of the electron density. With this
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theorem, it can be concluded that the electron density alone can determine the
external potential in a particular system at its ground state and vice versa. More-
over, due to the fact that the internal energy is independent of the system and
there is no dependency on the external potential, a density-dependent internal
energy should be as a universal functional of the electron density while its ex-
plicit formula is unknown. Thus, electron density defines the system’s external

potential, Hamiltonian, wave function, and all ground-state characteristics.

The second theorem, which is known as variational principle in the framework
of DFT, states that the electron density that minimizes the energy of the overall
functional is the true electron density corresponding to the full solution of the
Schrodinger equation. This theorem provides a highly versatile and powerful way
of determining ground-state energy and other characteristics. Fundamentally, it
identifies a procedure for determining a system’s minimum energy and demon-
strates that the ground state of a system could be found using the variational
principle. In other words, if the energy of the system is minimized with a varying
electron density, the lowest energy reached will be ground-state energy, and the

final electron density will be the actual ground-state density, correspondingly.

These two theorems have constituted the basis of the theory, and the incom-
plete electronic kinetic energy term problem, which results in unsuccessful at-
tempts to exploit electron density, has been resolved by Walter Kohn and Lu Jeu
Sham.

2.2.2 Kohn-Sham Approach

Considering Equation 2.3, the main problem arises from the coupled electron-
electron interactions of the n-electron system, namely the Hartree potential given
with the 3.term. Interactions between electrons are extremely complex, and their
formulation is cumbersome. In order to overcome this difficulty, Kohn and Sham
proposed substituting the kinetic energy of interacting electrons with the kinetic
energy of a fictitious system non-interacting system[53]. Therefore, they found

a way to map interacting n-electron systems on the non-interacting one-electron
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systems under external energy.

All the interacting effects that is required to be considered to replace
the n-electron system to one-electron system can be specified as kinetic(non-
interacting+interacting), Hartree, exchange and lastly correlation energies. It
should be noted that the correlation energy was absent in the Hartree-Fock
method. The exchange-correlation energy contains all the unknown terms and is
composed of exchange and correlation energies; and additionally, a contribution
to correlation energy comes from electron(interacting) kinetic energy. Hence, the
final expression of the total energy comprises four energy terms: electron(non-
interacting) kinetic energy, external energy(due to the Coulombic electron-ion
attraction), Hartree energy(due to the electron-electron repulsion) and exchange-
correlation energy. In addition, the repulsive interaction energy between the
nuclei is added as a constant, as the Born-Oppenheimer approximation suggests.
Amongst them, only the exchange-correlation energy is not known and should be

approximated.

Working with independent electrons rather than a complex interacting system
facilitates the calculations. It can be deduced that this kind of sophisticated

approach is able to mimic the real interacting system accurately.

The set of equations known as Kohn-Sham equations can be written as follows:

( — %Vz + Ueff(r)> D;(r) = €;P4(r) (2.4)
where Ugs(r) = Ueyt(r) + Un(r) + Uxe(r).

Here, U,y is the effective potential including three potential terms which are
external, Hartree and exchange-correlation potentials, respectively. ®;(r) denotes
Kohn-Sham orbitals which are the solutions of Kohn-Sham equations. These

equations are solved self consistently.
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2.2.3 Exchange-Correlation Functionals

2.2.3.1 Local Density Approximation(LDA)

One of the straightforward ways for treating the electron densities in a system
is local density approximation(LDA). With this approximation, the complicated
system is subdivided into numerous parts with uniform electron density with
varying values. It is feasible to compute the exchange-correlation energy for each
electron using the electron density assumed to be constant in that parts. The
energies corresponding with these local components are added together to provide
the overall exchange-correlation energy. Given that real systems are far from a
homogeneous electron gas, the LDA works best in situations where the charge

density fluctuates slowly, such as covalent systems and simple metals.

Some of the most common disadvantages of LDA functionals are:

e Since it underestimates the lattice parameters, calculations using LDA re-

sults in an overestimation in cohesive energy and the bulk modulus accord-

ingly.
e LDA calculations give high adsorption energies and low diffusion barriers.
e LDA band gaps are usually found to be underestimated in most cases.

e [t is unable to characterize transition metals with LDA.

2.2.3.2 Generalized Gradient Approximation(GGA)

As realistic systems are not homogeneous and are comprised of varying density
landscapes near electrons, the generalized gradient approximation (GGA) can ac-
quire local as well as semi-local information which implies the electron density and
its gradient at a given point. When a system has rapidly changing charge density
characteristics, the exchange correlation energy becomes extremely different com-

pared to homogeneous electron gas. Despite in LDA, the error of the exchange
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and correlation parts tends to compensate each other to a certain degree, GGA
formalism becomes more appropriate to approximate the inhomogeneity of the

electron density by taking the gradient and high order derivatives into account.

2.2.3.3 Hybrid Functionals

Although the GGA approach refines the bandgap underestimation problem of
LDA at a certain level, inaccuracy in the calculation of the bandgap using GGA
is still present and reaches up to 50% compared with experimental data. In order
to overcome this problem, a specific combination of the Fock exchange and the
GGA correlation is used, which is called hybrid functionals. Because the mixing of
HF exchange energies provides a better cancelation of self-interaction, the use of
hybrid functionals results in a wider band gap. However these functionals require
much higher computational cost. On the other hand, due to the low screening
that converts the nonlocal exchange term to the full Fock exchange term in wide
gapped semiconductors, hybrid functional overestimate the gap. In contrast, the
exchange term in moderate gapped semiconductors with intermediate screening

can be compensated by a fractional amount of Fock exchange term.
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Chapter 3

Results

3.1 Structural Properties

Inspired by the recent experimental studies of ternary monolayers and the syn-
thesized 2D GeP and GeAs configurations, the GePAs structure is designed by
substituting the topmost layer of the 2D GeP [19] with arsenic atoms. Following
this substitution, Janus GePAs monolayer is characterized by the monoclinic Cj
point group (C'm space group) with broken symmetries including rotation and
inversion symmetry with respect to GeP and GeAs counterparts which belong to
the Cy, point group (C2/m space group). As illustrated in Fig. 3.1(a), the unit
cell is rectangular with optimized lattice constants of a=3.70 A, b=21.59 A and
consists of 12 germanium, 6 phosphorus, and 6 arsenic atoms. Our Bader charge
analysis indicates that shared electrons are distributed in accordance with the

electronegativity difference of respective atoms, as shown in Fig. 3.1(b).

18



Y90'S

Figure 3.1: (a) Top and (b) side views of Janus GePAs monolayer. The unit cell is
marked by dashed black rectangle. Thickness and bond lengths (red) are denoted
in the figure and donated/accepted (+/—) charges are shown with relevant color
codes. Germanium, phosphorus, and arsenic atoms are presented by blue, pink,
and green spheres, respectively.)

3.2 Stability

Bond strength is an important parameter regarding the thermal stability of a
material, which can be reflected by the cohesive energy. The cohesive energy per

atom (Fp) of GePAs monolayer is calculated as,

EGepAS—IQXEGe—6XEp—6XEAS

Eco =
h 24

(3.1)

where Egepas 18 the total energy of GePAs monolayer; Eg., Fp, and Ejg are

the single atoms energy of respective elements. According to our calculations,
the E.n of GePAs (3.73 eV/atom) is in between the GeP (3.84 eV /atom) and

GeAs (3.62 eV /atom) monolayers. Considering the experimental realization of
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2D GeP and GeAs, E.,;, indicates that Janus GePAs configuration is energetically

favorable.
0.20 | | | |
@ uniaxial-x
@ uniaxial-y
— biaxial
>0.15}- shery /5
3 ® shear-xy
=
Pudk
= 0.10
c
LLl
< 0.05
©
ot
n
0.00
| | | | |

20 10 0 10 20
Strain(%x1073)

Figure 3.2: The strain-energy curve of GePAs monolayer for uniaxial strain along
the z- and y-directions, biaxial strain, and shear strain.

The variation of the strain energy with the different types of applied strain
was plotted in Fig. 3.3. The elastic constants C;; were obtained by fitting second
derivatives of strain energy per unit area with respect to in-plane uniaxial, biaxial,

and shear strains using the following equations:

1 1
Es(&T) = 501153: + 502282 + 01283;8:[/ + 20665173 (32)
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Eq(e) = 5011896 (€y,Exy = 0) — uniaxial — x (3.3)
1 .
Eq(e) = 5022696 (€2, €4y = 0) — uniaxial —y (3.4)

1 1
Es(€) = (5012 + 5022 + 012)63 (5z =&y, Exy = 0) — biaxial — y (35)

Ey(e) = 2Ce6e0,  (£a,6y = 0) — shear (3.6)

where I is strain energy over unit area, ¢, and ¢, are uniaxial strain levels in z—
and y—directions, respectively. C; and Csy were calculated in order of Equation
3.3 and 3.4 for uniaxial-z and -y strains where the strain was only applied along
related directions with e,, = (I —lp)/lp. In order to take Poisson’s effect into
account, when uniaxial strains were applied, the other side of the monolayer was
relaxed until the stress on this side reaches zero. Moreover, C'j5 was obtained using
Equation 3.5, where the equi-biaxial strain was applied to the GePAs monolayer.
Lastly, Cgs was calculated by Equation 3.6 with implementing shear strain to
the structure. The elastic constants C}1, Cay, Ci2 and Cgg were found as 87.32,
64.63, 14.25, and 23.28 N m™!, respectively. The constants satisfy the Born-
Huang criteria[58] with C1;Co — C%, > 0 and Cgg > 0 expressions and confirm
the mechanical stability of the GePAs monolayer.

Albeit the structural optimization and Born-Huang criteria provide essential
conditions, they do not ensure dynamical stability. Therefore, phonon spectra
analysis is performed, and the lack of imaginary modes in the phonon band
structure, as shown in Fig. 3.3(a), demonstrates that the GePAs monolayer is dy-
namically stable. We further analyze the high-temperature stability by carrying
out AIMD simulations, in which the monolayer is kept at 200 K, 400 K, and 600

21



K during a total of 9 ps simulation time with 1 fs time steps. Resultant snapshots
demonstrate no bond breaking, and the total energy fluctuates around a certain
value without a distinct drop during the simulation for considered temperatures,
as given in Fig. 3.3(b). These findings indicate that the GePAs monolayer can

maintain its crystalline form even at elevated temperatures.
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Figure 3.3: (a) Calculated phonon dispersion spectra of GePAs monolayer along
high symmetry directions in Brillouin Zone. (b) The evolution of total energy
during the AIMD simulations (lower panel) and the snapshots of the monolayer
from side view at the end of each 3 ps (upper panel). The ground state energy
at 0 K is displayed by the dashed blue line.

3.3 Electronic Properties

Having demonstrated its stability, we proceed to our examination with the elec-
tronic properties of the monolayer. The electronic band structure of GePAs mono-
layer calculated at the level of GGA-PBE and HSE06 with the inclusion of SOC
are given in Fig. 3.4. The electronic band structures without SOC is also given
in Fig. 3.5.

The HSE064+SOC calculations suggest that the GePAs monolayer is a direct
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Figure 3.4: The electronic band structure and projected density of states (PDOS)
of GePAs monolayer. The results for the PBE4-SOC and HSE06+SOC are shown
with solid blue and red dashed lines, respectively. The Fermi level is set to zero.

. For comparison, the electronic

semiconductor with 2.21 eV band gap (EFSF-50)

structure of its binary counterparts was calculated and found that GeP mono-

EJSE759C with 100 meV direct-indirect bandgap

layer has 2.41 eV quasi-direct
difference and GeAs has 2.07 eV direct E}'S*~59C_ Different dispersion profiles of
valance and conduction bands close to the Fermi level of GePAs can induce a high
degree of in-plane anisotropy to electronic transport properties. The projected
density of states (PDOS) of GePAs monolayer is also given in Fig. 3.4. The main
contribution to conduction band minimum (CBM) comes from s orbitals of Ge
atoms, while valence band maximum (VBM) is mostly composed of p, orbitals
of Ge, P, and As atoms. As illustrated in Fig. 3.6(a), a semiconductor with a
band gap larger than 1.23 eV, which is the minimum Gibbs free energy required
to split water, has the potential to be exploited as a photocatalyst. Even though
numerous semiconductors meet the band gap criterion, their band alignments
with respect to the redox potential of the water are not viable for photocatalytic

applications. To test the mentioned fundamental requirement for photocatalytic

water splitting, band edge positions are aligned with respect to the vacuum level.
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Figure 3.5: The electronic band structure of GePAs monolayer calculated by
GGA-PBE and HSE06 functionals without the inclusion of SOC.

As depicted in Fig.3.6(b), the energy level of VBM (-5.86 eV) and CBM (-3.64
eV) of GePAs perfectly fit the redox potential of water. It is important to note
that a competent catalyst should also operate in a wide pH range[59]. The re-
dox potential of water splitting increases with pH, given with the Nerst equation
[60]: Ew+/n, = (—4.44 + pHx 0.059) eV and Eo,/m,0 = (—5.67 + pHx 0.059).
As demonstrated in Fig. 3.6(b), the E;{SE_SOC of GePAs monolayer completely
covers both the oxidation potential of Oy/H,O and the reduction potential of
H*/Hy throughout the full pH range, from pH=0(acidic) to pH=14(basic). This
suggests that the GePAs monolayer is photocatalytically active for simultaneous

production of hydrogen and oxygen even in extreme conditions.
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Figure 3.6: (a) Representation of water splitting process using a semiconductor
photocatalyst. (b) Band edge positions (VBM and CBM) of GePAs monolayer
with respect to vacuum level. The redox potentials of water splitting are shown
with black, red, and green dashed lines.

3.4 The GePAs Monolayer Under Strain

Considering realistic applications, a semiconductor photocatalyst that maintains
its functionality under strain is highly desirable. Therefore, we examined the band
gap alteration and band alignment of GePAs monolayer with respect to applied
uniaxial strain (in z- and y-directions) and biaxial strain. Fig. 3.7 exhibits
the variation of the E}®" with the band alignment of the -2% to +8% strained

monolayers.

25



(a) I T I T I T (b) T T T T T T

2.4

E. (eV)

Figure 3.7: HSE06 band gaps (blue dots) and band edge positions for (a)
uniaxial-z, (b) uniaxial-y, and (c) biaxial strains of GePAs monolayer with
respect to the vacuum level under strain from —2% to +8%, respectively (nega-
tive/positive numbers refer to the compressive/tensile strain). The pink and blue
colored bars represent the positions of the CBM and the VBM, respectively. The
redox potentials of water splitting are shown in black, red, and green dashed lines.
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Remarkably, E}®Fs of 2D GePAs under all uniaxial and biaxial strains (except
+8% biaxial strain) are larger than 1.23 eV, and related band edge positions cover
water redox potentials in wide pH ranges. These results indicate that GePAs
monolayer can operate under practical compressive and tensile strain levels. In
this manner, it is also worth mentioning the mechanical response of the system
in the elastic regime. The in-plane elastic modulus Y?P(0), which is a measure

of tensile stiffness, is computed as 84 and 62 N m~!

along x- and y-axis, and
indicates the flexibility of GePAs monolayer. Having soft elastic constants is an

advantage in terms of strain engineering without inducing fracture[61].

A
—CH 84 + ng C4 + (B — 2012) C2 82

Yop(0) (3.7)

— B)c? g2 — 4 4
() = _(Cu +4C22 4) c s _012 (c —;- z ) (3.9)
011 §* + 022 c* + (B 2 012) c” S

where ¢ = cos(0), s = cos(f), A= (Cy; Cy — C%), and B = (%66_%)

In order to express the anisotropic mechanical behaviour of the structure we
further investigated angle-dependent in-plane stiffness Y?P(0) and Poisson’s ratio
v(0) according to the Equation 3.7 and 3.8, respectively[62]. The resultant plots
can be seen in Fig. 3.8 (a) and (b)-. According to the given results, the high
direction-dependency of the monolayer is evident and can be correlated to the

different bonding environments in x— and y— directions.
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Figure 3.8: The angle-dependent a) in-plane stiffness Y?P(0) and b) Poisson’s
ratio v(O).
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3.5 Carrier Effective Mass and Mobility

A promising semiconductor to be exploited for photocatalytic water splitting
should possess not only overall suitability but also exhibit high efficiency. As
spatially discrete electrons and holes perform redox activities separately by the
hydrogen reduction, 2H"+ 2e~ — H, and oxidation, H,O + 2h™ — 1/2 Oy + 2HT
reactions, decrease in the recombination possibility of photogenerated charge car-
riers boost the photocatalytic performance[61]. Recombination of free electrons
and holes can efficiently be suppressed if the catalyst offers highly anisotropic
transport of charge carriers[63]. To investigate the migration ability of carriers,
effective mass (m*) and carrier mobility (u) are calculated along the z- and y-
directions of GePAs monolayer. The effective mass of electrons (m}) and holes

e

(m;) are estimated by the quadratic fitting of the electronic band structure with
the given expression: m* = h(d*E(k)/dk*)~' where h is the reduced Planck
constant, k is wave vector and F(k) is the energy with respect to k. To ob-
tain p, we calculate the deformation potential constant E;; and using m*, C,
and Fy we get the room temperature carrier mobility for x- and y-directions
(g and p,) by using the formula within the deformation potential theory[64]:
= eh*C/(2m)*kgTm*m;E} where mg = /mimy is the average effective mass,
C is corresponding elastic constant, kg is the Boltzmann constant and T is the
temperature in Kelvin. Resultant values are summarized in Table 3.1 and angle-

dependent m; and mj are illustrated in the Fig. 3.9.
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Table 3.1:  Carrier effective mass m* (my is the mass of free electrons) along
['-X and I'-Y directions, deformation potential constant E,; in eV, and carrier
mobility ¢ in (em?V~'s™!) of GePAs monolayer along the x- and y-directions.

my/mg  my/mo  my/mo  Ej £y s Iy
electron 0.08 9.09 0.85 0.59 8.83 7.78 x 104 2.28
hole 0.30 2.75 0.91 0.30  7.82 7.38 x 10*  9.01

Taking the electronic band structure into account, the disparity in the cur-
vature of the band dispersion throughout I'-X and I'-Y directions for both the
lowest conduction band and the highest valence band is the indication of the
anisotropic character of m* and u. The presence of light charge carriers along
['-X direction with m; ,=0.08mg and m; ,=0.30mg stems from the available bond-
ing environment of 2D GePAs in the z-direction, and gives rise to an extremely
high mobilities with p.,=7.78x10* and p;,=7.38x10* cm?*V~!s!, larger than
the ultrahigh mobility of few-layered black phosphorus, which is shown to have
p=2.60x10* theoretically and «~ 10* cm?V ~s~! experimentally[65]. On the other
hand, the horizontal Ge-Ge bond in the y-direction behaves as a bottleneck for
free-electron and -holes. The different dispersion profiles regarding I'-X direc-
tion and low values of corresponding carrier mobilities in the y-direction can be
attributed to this structural anisotropy. Consequently, the excellent migration
capability of the GePAs monolayer with strong anisotropy facilitates the photo-

generated carriers’” motion and, therefore, boosts the photocatalytic efficiency.

3.6 Optical Absorbance

Since the primary strategy in visible-light-driven photocatalysis is to convert sun-
light into chemical energy, the solar light absorption capacity of a photocatalyst
plays a crucial role in improving efficiency. Moreover, weak exciton binding en-
ergy (Ey) enables charge carriers to be separated rapidly to improve the perfor-
mance of the water-splitting process. To specify the optical absorption capability

and exciton binding, we calculated the frequency-dependent imaginary dielectric
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function (e(w) = e1(w) + iea(w)) and the optical absorbance for incident light
polarization along x (E//x) and y (E//y) directions by taking into account the

electron-hole correlations in Fig. 3.10 and Fig. 3.11, respectively.
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Figure 3.10: Frequency dependence of the a) real and b) imaginary parts of the
complex dielectric constant.

The first prominent absorption peaks are observed in the mid-visible region, as
shown in Fig. 3.11. The absorbance spectrum shows that a significant portion of

light can also be captured from the ultraviolet region and the anisotropic nature

32



of the GePAs monolayer is much more pronounced in this region. Thus, the
GePAs monolayer covers a broad absorption range with high absorbance («~ 10°
cm™!) and can be comparable to perovskite solar cells [66], supporting its superior
properties in terms of water splitting reaction. In addition, Ey is obtained with
respect to ng and found as 90 meV, which is weak and enhances the efficiency

of the GePAs monolayer.
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Figure 3.11: Optical absorbance for incident light polarization along the x- (blue)
and y-directions (pink). Energy range of visible light is given by the color spec-
trum in the plot. The band gap at the level of GW (Eg;w) is denoted by dashed
line.
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Chapter 4

Conclusion

In conclusion, motivated by recent experimental advancements in 2D GeP and
GeAs materials, we designed Janus GePAs monolayer and revealed its unique
properties within the scope of photocatalytic water splitting using first-principles
DFT methods. In the beginning, we have shown by extensive analysis of me-
chanical, dynamical, and thermal stability using ab-initio phonon and finite tem-
perature molecular dynamic simulations that free-standing GePAs monolayer is
dynamically stable and can preserve its crystalline configuration even at high
temperatures. After verifying its stability, the proposed system has been charac-
terized as a direct band gap semiconductor using the HSE4+SOC level of theory.
Considering that one of the most fundamental requirements of a prospective pho-
tocatalyst is to have appropriate band edge positions with respect to the redox
potential of the water, the GePAs monolayer’s band edge suitability is remark-
able. Accordingly, the examined structure has been shown to be operative for
the simultaneous production of hydrogen and oxygen in mediums with a wide pH
range. On the other hand, its behavior under applied strain has been inspected,
and it has been shown that GePAs monolayer can operate under applicable strain
levels (-2% to +8%). Additionally, the mechanical properties have been studied,
and its flexibility that is beneficial in terms of photocatalytic applications, under-

lined. Furthermore, anisotropic and significantly high mobility (v~ 10°cm?V~1s™1)
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induce an excellent migration capability of the GePAs monolayer. In order to ex-
press optical characteristics that are decisive parameters regarding photocatalytic
efficiency, GW calculations have been performed, taking excitonic effects into ac-
count. A high optical absorbance in the visible to UV part of the spectrum
and weak exciton binding herald superior performance of GePAs monolayer as
a photocatalyst. Consequently, within this thesis, we have shown by applying
state-of-the-art computational methods that the Janus GePAs monolayer satis-
fies not only vital requirements of the water-splitting process but also offers high
efficiency, thus unveiling it as an ideal material to be utilized in photocatalytic

applications.
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Appendix A

Details of Density Functional

Calculations

All calculations in this thesis were performed with the Vienna Ab initio Simulation
Package (VASP)[67, 68] based on density functional theory (DFT). To approxi-
mate the exchange-correlation functional, the generalized gradient approximation
with Perdew-Burke-Ernzerhof (GGA-PBE)[69] formalism was selected. The pro-
jected augmented wave method (PAW) with a plane-wave cutoff energy of 530
eV was used to take into account the ion-electron interactions [70]. The Bril-
louin zone (BZ) was sampled by I'-centered 24 x 4 x 1 k-point mesh within the
Monkhorst-Pack scheme [71]. To avoid artificial interactions, vacuum space was
set to v~ 15 A, which was tested to be adequate. The Grimme method (DFT-
D3) was applied to describe van der Waals (vdW) interactions[72]. The lattice
parameters and atomic positions were relaxed until forces on the atoms were less
than 0.01 eV/ A and the energy difference between two successive steps smaller
than 1075 eV. Being a well-known fact that GGA-PBE formalism underestimates
the electronic band gaps, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional
approach was implemented to calculate a more accurate electronic band gap and
band edges [73, 74]. The effect of spin-orbit coupling (SOC) was taken into con-
sideration with the fully unconstrained noncollinear magnetic method [75] for

both PBE and HSEOQ6 levels. The charge transfer analysis among the atoms
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was performed by using the Bader technique [76, 77]. Using 8 x 1 x 1 supercell,
phonon spectrum was obtained by the small displacement method implemented
in the PHONOPY package[78]. The thermal stability was studied by performing
ab initio molecular dynamics (AIMD) simulations during a total of 9 ps simula-
tion time with 1 fs time steps. To examine the optical response of the system
beyond the independent-particle approach, single-shot GoW} approximation[79]
was employed, and excitonic effects were treated by solving the Bethe-Salpeter
equation (BSE)[80] within the Tamm-Dancoff approximation. For the GoW, cal-
culations, a k-point set of 18 x 3 x 1 and cutoff energy of 320 eV were used, and

the number of bands was increased to 144.
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