
 i

 

Computational Exploration of Two-Dimensional Materials 
for Photocatalytic Water Splitting 

Abdulrahman Haidar Abdulrahman Alhaidar 

MEng (Mech)  

 

Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy  

School of Chemistry and Physics 

 Faculty of Science 

Queensland University of Technology 

2024 



ii Computational Exploration of Two-Dimensional Materials for Photocatalytic Water Splitting 

Keywords 

Clearage energy, band gap, bilayer density functional theory (DFT), electronic, 

first-principles calculation, structure, light absorption, photocatalytic, strain 

engineering, stress, two-dimensional, phonon spectrum and water splitting. 

  



Computational Exploration of Two-Dimensional Materials for Photocatalytic Water Splitting iii

 

Abstract 

The environmental pollution and the energy crisis brought by the fast-growing 

economy have become serious challenges of the twenty-first century. Over the past 

decade, hydrogen production has received increasing attention due to the rapid 

increase in energy demand and environmental concerns. Photocatalytic water splitting 

provides a promising approach to tackling energy and environmental problems using 

sunlight to generate hydrogen. Water-splitting photocatalysts have received 

tremendous attention in recent years.  

Two-dimensional (2D) materials have outstanding electronic and physical 

properties, both in theory and practice, which make them suitable for hydrogen 

production using water splitting. The exploration of new 2D materials that have 

excellent visible-light absorption and suitable band alignment is essential for efficient 

photostatic water splitting. In this work, we computationally studied structural 

properties, edge positions of the conduction band minimum (CBM) and the valence 

band maximum (VBM), and electronic, and optical properties for unexplored 2D 

materials using density functional theory (DFT). This thesis is divided into three main 

studies. 

First, exploring novel 2D water-splitting photocatalysts and finding strategies to 

boost their efficiency are two important tasks in the current energy climate. Here, 

employing first-principal calculations, we proposed a novel 2D material, MgAl2S4 

monolayer, and studied its potential applications in photocatalytic water splitting. This 

monolayer is noble metal-free and possesses great thermal and dynamical stability. 
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The cleavage energy is around 16 meV/Å2, which is even lower than graphene, 

indicating the high feasibility for experimental fabrications. The band edge positions, 

and the optical absorption spectra indicate the pristine MgAl2S4 monolayer can work 

as a photocatalyst upon ultraviolet irradiation. Its high electron mobility, around 745 

cm2v-1s-1, and high CBM position suggest a high reduction ability. Furthermore, we 

illustrated that the oxidation and light absorption abilities of this monolayer can be 

significantly enhanced by applying tensile strain. The complementary marriage of 

MgAl2S4 and SnSe2 monolayers can form a direct z-scheme heterostructure, which can 

fully utilise the photocatalytic potential of both components. 

Second, we studied the potential applications of the newly developed 2D 

photocatalytic material, AgGaP2Se6 monolayer, based on first-principals calculations. 

In addition, this monolayer possesses high thermal and dynamical stability. This 

material also has lower cleavage energy than graphene, so fabrication in an experiment 

is expected to be very feasible. A photocatalyst can be generated from the pristine 

AgGaP2Se6 monolayer by irradiating it with visible-region light. AgGaP2Se6 

monolayer has a high position of its CBM, suggesting a high reduction ability.  

Third, the purpose of this study is to provide a comprehensive overview of 

selected materials from the Computational 2D Materials Database (C2DB). This 

database was carried out to screen some possible 2D photocatalysts for water splitting. 

We aimed to investigate several 2D materials that have not yet been synthesised or 

studied before. We investigated structure, electronic and optical properties of many 

materials by considering some criteria for candidate selection such as ABC materials 

from groups 6 and 7, band gap from 1.6 to 2.8 eV via HSE calculation, and these 

monolayers should not be magnetic. We found AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 
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ScSeCl, ScSeI and InSI (the space groups of these materials are Pmmn (no. 59)) can 

be used as photocatalytic water splitting. These materials were dynamically stable and 

possessed excellent visible light absorption. The calculation band gaps were between 

2.2 and 2.8 eV and their edge positions of the CBM and VBM perfectly fit the water 

oxidation and reduction potentials.  
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Chapter 1: Introduction 

This chapter outlines the main purpose of the research. In Section 1.1, we explore 

the motivation for the selected research topic is explored, along with the basis of the 

central problem. Section 1.2 outlines the research context, describing the choice of 

focal point, given the many options available. The research problem is briefly 

described in Section 1.3. The purpose of this thesis is mentioned in Section 1.4, which 

describes the aims and objectives of the research along with selected questions to be 

answered by the completion of the project. Then, a description of the scope of the 

research is presented in Section 1.5. Finally, the thesis chapter outlines are given in 

Section 1.6. 

1.1 Background 

Fossil fuels have been used for thousands of years, but their impact on the 

environment and human health has become increasingly concerning1,2. The burning of 

fossil fuels releases greenhouse gases into the atmosphere, leading to global warming 

and climate change, air and water pollution, land degradation, and environmental 

disasters2–7. Although there has been a growing recognition of the need to transition to 

cleaner and more sustainable sources of energy, fossil fuels remain the dominant 

source of energy worldwide, and the transition to renewable energy will take time and 

require significant investment and policy changes4,8. 

Global warming is a phenomenon that results from the increased concentration 

of greenhouse gases in the Earth's atmosphere, particularly carbon dioxide, which is 

primarily emitted by human activities such as burning fossil fuels, deforestation, and 
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industrial processes3,6,7. This phenomenon has negative effects on the environment, 

including rising sea levels, more frequent and severe weather events, changes in 

ecosystems, and negative impacts on human health and well-being5,9,10. To mitigate 

the impacts of global warming, renewable energy sources such as sunlight, wind, 

water, and geothermal heat are considered to be important solutions since they produce 

little or no greenhouse gas emissions11,12. The Figure 1 below, illustrate the energy 

consumption worldwide from 2000 to 2019, with a forecast until 205013. 

 

 

There is a direct relationship between global warming and renewable energy 

since the shift towards renewable energy sources can help to reduce greenhouse gas 

emissions, which can mitigate global warming2. This reduction in the amount of 

Figure 1 Energy consumption worldwide from 2000 to 2018, with a forecast until 

205013. 
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carbon dioxide (CO2) and other greenhouse gases released into the atmosphere can 

slow down the rate of global warming8,14,15. As a result, many countries have set targets 

to increase their use of renewable energy in order to reduce their carbon footprint and 

contribute to global efforts to mitigate climate change11,16.  This has led to significant 

growth in the renewable energy sector, with new technologies and innovations being 

developed to harness the power of renewable resources in increasingly efficient 

ways17. Increasing the use of renewable energy is crucial in ensuring a sustainable 

future for generations to come and is a crucial step towards diminishing global 

warming11,15,18. 

With the aim of narrowing the gap between energy production and consumption, 

while avoiding fossil fuel depletion and ecological contamination, hydrogen 

production using water splitting has emerged as a highly productive, efficient and 

environmentally friendly process. Water splitting using photocatalysts is one of the 

key research areas to produce and store hydrogen. With this technology, solar energy 

can be converted into hydrogen fuel without the use of fossil fuels or CO2 emissions. 

For a photocatalyst to be operationally feasible, it must meet certain 

requirements. These requirements include effective harvesting of visible light photons 

to generate electron-hole pairs, lower band gaps, unhindered mobility of charge 

carriers, a low electron-hole pair recombination rate, and a larger surface area, which 

results in more active sites exposed.  

There are several limitations to conventional photocatalysts such as zinc oxide 

(ZnO) and titanium dioxide (TiO2), for example, the wider band gap energy that allows 

the material to absorb UV light instead of visible light. Another limitation is the 

inaccessibility of active sites in bulk material. Research in this field has concluded that 
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nanomaterials are better photocatalysts due to their high surface area in comparison to 

3D bulk materials. Two-dimensional (2D) materials are promising photocatalyst 

alternatives due to their favourable electrical, thermal, and mechanical properties. This 

research is a continuation of previous efforts to discover new 2D materials for 

photocatalysis for water splitting. 

1.2 Context 

As we mentioned in the background, the impact of fossil fuel and global 

warming and some limitations for some materials that is already used as 

photocatalytic. In this research we are concentrating to find new 2D materials ether 

synthesized or not synthesized yet to work as an excellent photocatalytic water 

splitting.  

Renewable energy resources are sources of energy that are replenished naturally 

and can be sustained in the long term. These resources include19: 

1. Solar energy: Energy from the Sun is captured using solar panels and 

converted into electricity. 

2. Wind energy: Energy from the wind is harnessed using wind turbines and 

converted into electricity. 

3. Hydropower: Energy from moving water is captured using turbines and 

generators to produce electricity. 

4. Geothermal energy: Heat from the Earth's core is harnessed using 

geothermal power plants to generate electricity. 

5. Biomass energy: Energy from organic matter, such as wood, crops, 

agricultural and food waste, is converted into electricity or fuel. 
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6. Tidal energy: Energy from the movement of tides is captured using tidal 

turbines to generate electricity. 

Each of these renewable energy sources has its advantages and disadvantages. 

For example, solar and wind energy are abundant and widely available, but their output 

can be variable depending on weather conditions. Hydropower is a reliable source of 

energy, but it can have significant environmental impacts, such as altering river 

ecosystems. Geothermal energy is a relatively stable source of energy, but it is only 

available in certain regions. The use of renewable energy is essential to reduce 

greenhouse gas emissions and mitigate the impacts of climate change18. In recent 

years, there has been significant growth in renewable energy installations around the 

world, driven by falling costs and policy incentives. As renewable energy becomes 

increasingly competitive with fossil fuels, it is expected to play a more significant role 

in the global energy mix in the coming decades12. Solar energy efficiency by 

photocatalytic conversion to chemical or solar fuels is one of the most likely long-term 

solutions for global energy and environmental problems20–22. In the following 

paragraphs, the alternative of photocatalysis will be reviewed in detail. 

The notion of developing a hydrogen-based energy system has emerged as a 

viable solution to tackle the prevailing energy crisis and its associated environmental 

predicaments23. This approach is seen as a promising solution, with the potential to 

provide fuel in various contexts, such as automotive, fuel cells, and other similar 

scenarios. Furthermore, hydrogen can be produced, stored, transported, and used on a 

massive scale ranging from several grams to millions of tonnes24,25. These attributes 

render hydrogen energy a realistic and practical option for the wider community. 
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Photocatalysis is a chemical process that uses light energy to speed up chemical 

reactions20,26–29. It is a type of energy conversion process that involves a catalyst, 

usually a semiconductor material, that absorbs light and promotes chemical reactions 

at the surface of the material30. The most widely studied photocatalyst is TiO2
31,32, 

which is a versatile and highly stable material that can be used for a range of 

applications, including air and water purification, self-cleaning surfaces, and energy 

conversion33.In photocatalysis, light energy is absorbed by the photocatalyst, which 

excites electrons from the valence band (VB) to the conduction band (CB), creating 

electron-hole (e-h) pairs34. These electron-hole pairs can then react with adsorbed 

molecules on the surface of the catalyst, promoting chemical reactions that would not 

occur in the absence of light35; see Figure 2. One of the most significant applications 

of photocatalysis is in the degradation of organic pollutants in water and air36. When a 

photocatalyst is added to polluted water or air and exposed to light, the photocatalyst 

reacts with the pollutants, breaking them down into harmless substances, such as water 

and carbon dioxide37. This process is known as photocatalytic degradation and is 
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highly effective for removing a range of organic pollutants, including pesticides, dyes, 

and pharmaceuticals38. 

 

 

 

 

 

 

 

Photocatalysis also has potential applications in energy conversion, such as the 

production of hydrogen fuel by splitting water using sunlight20,27–29. Hydrogen is a 

high energy carrier that can be used in engines and fuel cells39–41. While photocatalysis 

has great potential for a range of applications, it is still a developing technology with 

ongoing research to improve its efficiency and practical applications. 

1.3 Research problem 

As a result of utilising fossil fuel, the world faces many environmental issues, 

such as global warming and climate change. There is a need for a clean source of 

energy for electricity production to reduce the negative impacts on the environment, 

that is, a process in which no carbon is used. Photoelectrochemical (PEC) cells use 

light energy to split water into its chemical components, hydrogen and oxygen. It is an 

efficient system for solar water splitting28,39,42,43. In PEC, the anode or the cathode 

Figure 2 Excitation generation concept using water splitting  
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should be a light-absorbing semiconductor. It is important to highlight that if both 

anode and cathode are light absorbing semiconductors, this is known as a tandem PEC 

cell. A single semiconductor with suitable conduction band minimum (CBM) and 

valence band maximum (VBM) band structure positions is enough to achieve oxygen 

evolution reaction (HER) and hydrogen evolution reaction (OER) in the same cell, and 

one aim of this research is to identify such materials. 

As mentioned in the previous sections, two-dimensional materials have 

outstanding electronic and physical properties44–50, both in theory and practice, which 

make them suitable for hydrogen production using water splitting. However, many of 

the studied 2D materials have limitations, such as stability, carrier mobility, and the 

use of solar energy. This can restrict the use of such materials in physical applications, 

especially those that use visible light. Moreover, although extensive research has been 

done on 2D materials in water splitting, some 2D materials are largely unexplored. 

The focus of this research covers two aspects: (1) designing and discovering 2D 

materials for water splitting applications due to their remarkable mechanical and 

electronic properties, compared to their bulk (3D) counterparts; and (2) conducting 

further experiments on previously studied materials. The 2D materials that this 

research is investigating are shown in Table 1 The materials that we uesd in this 

research and we listed only the exellent materials for water splitting. The reasons for 

selecting these materials are as follows: (1) they are new materials that to our 

knowledge have not been researched before; and (2) they are suitable for water 

splitting because of their band gap.  
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Table 1 The materials that we uesd in this research and we listed only the exellent 
materials for water splitting  

n Materials Space Group  n Materials Space Group  

1 MgAl2S4 R-3m 9 InSI Pmmn59 

2 AgGAP2Se6 P3̅1c 10 AlSI Pmmn59 

3 AlSeI Pmmn59 11 ScSI Pmmn59 

4 AlSeBr Pmmn59 12 ScSeI Pmmn59 

5 ScSeBr Pmmn59 13 ScSeCl Pmmn59 

 

1.4 Purposes 

This research focused on finding a semiconductor that is two-dimensional and 

composed of a single layer of atoms or unit cells, also known as single-layer materials. 

In addition to high-performance gas sensors51 and electronics, 2D materials have been 

used in photovoltaics, spintronics and catalysis52,53. Special properties of these 

materials include the ability to absorb more incident light than bulk materials. 

Furthermore, they can be easily integrated into waveguides for high performance light 

modulation in optoelectronics and are suited to heterostructures. Therefore, one of the 

core research areas of this work was to investigate the potential to produce hydrogen 

fuel from water splitting. 

Research aim 

The main aim of this study was to identify 2D materials as catalysts for 

improving hydrogen production through water splitting. The process of producing 

electricity by this method is not simple to execute. This thesis aims to identify an ideal 

method to reduce the dependency on fossil fuel using an alternative way to produce 

energy, with minimal impact on the environment. To reach this aim, water splitting 

could be used with some 2D materials that have not been tested before. Such materials 
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include MgAl2S4, AgGAP2Se6, AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and 

InSI. In the research, high carrier mobility, good light absorption, mechanical 

flexibility and thermal conductivity materials need to be considered. Density 

functional theory (DFT) and the software VESTA and Material Studio will be used to 

assess these materials. Origen, photoshop and Diagram applications will be used to 

render results as images. 

Objectives 

1. Testing photocatalysis characterisation parameters such as optical, electronic, 

phonon spectra and band gap of unexplored two-dimensional materials.  

2. Design two-dimensional materials (transition and post-transition metal 

chalcogenides) and analyse their suitability and select the most appropriate 

structures for use as electron or hole-transporting materials for water splitting.  

1.5 Significance, scope, and definitions 

The research study selected for this project is significant for various reasons. 

Firstly, the primary goal of this fundamental research is to theoretically predict the 

properties of new or extensively researched materials. Secondly, the study contributes 

to addressing the global issue of climate change. Thirdly, the research aims to pre-

empt experimental studies, thus save time and expenses, and eliminate futile efforts in 

doing unproductive experiments. Fourthly, the study emphasises the theoretical 

characterisation of less-researched 2D materials, such as oxides or chalcogenides of 

elements from Group IV-V, for alternative perovskite solar cells materials, which 

would provide opportunities for further studies. Additionally, the research aims to 

identify low-cost processing and production of simply structured materials. It also 

explores the design of new organic structures for carbon quantum dots to enhance 

charge transport in solar cells. Moreover, the study is engaged in producing solar fuels, 
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that is, hydrogen and oxygen, from solar water-splitting, and it provides opportunities 

for further studies on emerging photovoltaic technology, such as perovskite solar cells. 

1.6 Thesis outline 

The thesis is organised into seven chapters. In Chapter 2, the literature review 

and research problem are discussed. Chapter 3 provides information on the research 

design, including theoretical physics models, computational methods and resources 

used. Chapters 4 to 6 cover the completed work and any published and submitted 

manuscripts. Chapter 7 presents the conclusion of the thesis and the future scope of 

research. Error! Reference source not found. provides a snapshot of the thesis 

structure, summarising the different sections and their organisation.  
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Figure 3 The thesis structure, summarising the different sections and their 

organisation. 
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Chapter 2: Literature Review 

As a part of this chapter, a review of the literature on photocatalytic water 

splitting has been presented. The purpose of section 2.1 is to provide background 

information on the process of photocatalytic water splitting. Section 2.2 provides a list 

of two-dimensional photocatalyst materials that can be used in two-dimensional 

photocatalysis. A detailed description of the methods for splitting water is presented 

in section 2.3. As a conclusion, section 2.4 summarizes the main points that have been 

discussed in this chapter. 

2.1 Background of photocatalytic water splitting  

Since Honda and Fujishima successfully decomposed water into H2 and O2 using 

solar energy in the 1970s using TiO2
54,55, there have been many studies to find effective 

photocatalysts for water splitting. The following sections will discuss some of the 

related works in the literature.  

Due to an energy shortage and the negative implications of fossil fuels on the 

environment, such as global warming, climate change and pollution, there is an 

increasing interest in using clean energy sources to meet the global demand. There are 

several renewable energy resources that can be used to produce clean energy. 

Hydrogen is one type of clean energy recourse that could replace fossil fuel40,41,56,57. 

According to Acar et al.58, there are several methods that can be used for hydrogen 

production using fossil fuel, water or biomass. The techniques that can use water for 

hydrogen production are: photocatalysis, PV electrolysis, photoelectrochemical, 

electrolysis, thermolysis, thermochemical processes water splitting and photo-

electrolysis58. Hydrogen can be produced by solar energy from the water splitting 
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process, and this can be an effective alternative for generating energy to reduce the 

dependency on using fossil fuels56. Hydrogen fuel can be utilised in many applications, 

such as powering electric engines with no toxic emissions. The process of hydrogen 

production using photocatalytic water splitting has been termed artificial 

photosynthesis59,60. In the process of water splitting, a semiconductor is used as a 

photocatalyst that absorbs photonic energy. Then, electron-hole (e-h) pairs are formed 

as photons hit the photocatalyst and the generated electrical charge is used for water 

separation. That is, the energy generates excited electrons that can split water into 

hydrogen and oxygen56,59; see Figure 4. To dissociate the water into hydrogen and 

oxygen the conduction band minimum (CBM) of the photocatalyst should be above 

the reduction potential of water, -4.44 eV, and the valence band maximum (VBM) 

should be less than the oxidation potential, -5.67 eV60–64. Therefore, the band gap for 

water splitting photocatalysis should not be lower than 1.23 eV65,66 and not larger than 

3.00 eV 60. If the band gap is higher than 3.00 eV, there will be very low light 

absorption60.  

The photocatalytic water splitting process can be expressed by the following 

reaction equations58,60 :  

Photo-reduction: 2𝐻ଶ𝑂 + 2𝑒ି  
௛௩
ሱሮ  𝐻ଶ + 2𝑂𝐻ି 

Photo-oxidation: 2𝐻ଶ𝑂 
௛௩
ሱሮ  𝑂ଶ + 4𝐻ା + 4𝑒ି 
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Figure 4 Steps of water splitting using photocatalysis27  

  

Figure 5 Band gap of semiconductor photocatalysis27 
 

Criteria for selecting an appropriate semiconductor for water splitting. 

There are four basic requirements that need to be satisfied when selecting a 

semiconductor for water splitting 67: 

 Suitable band gap and band alignment with the redox potential of water 

(Figure 5) 

 Effective charge separation 

 Fast charge transport  
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 Long-term durability in aqueous environments. 

In addition to the main criteria, efficient photocatalyst should also meet the Goldilocks 

principle as follows 55:  

 High photon harvesting   

 Good charge carrier mobility  

 Low recombination rate (e-h) pairs 

 Active sites for fast energy and charge exchange with other species (as 

mentioned above). 

 

Figure 6 Photocatalyst properties for hydrogen production adapted form58  

 
After Honda and Fujishima successfully decomposed water into H2 and O2 using 

solar energy in the 1970s using TiO2 54,55, there have been many studies searching for 

effective photocatalysts for water splitting in the UV region68–76; see Figure 7. The 

following sections will discuss some of the related works in the literature. 
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Figure 7 Comparison between different semiconductors and water redox potential77 
 

2.2 Two-dimensional photocatalysts materials 

The development of highly efficient photocatalysis can help to achieve practical 

water splitting. In the literature, there has been much study of photocatalysis for water 

splitting. Two-dimensional materials and three-dimensional materials can be used as 

photocatalysts in both the UV and visible regions of the electromagnetic spectrum. 

According to Tang et al., the optical and electronic properties of 2D materials are 

usually better than those of 3D materials 56,78. Two-dimensional materials generally 

have a small charge transport distance and high surface-to-volume ratio, which make 

them more suitable to be used as photocatalysts59. Particle size and crystal structure 
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have a high impact on the performance of photocatalysts. In the overall photocatalytic 

water splitting literature, many nanomaterials have been found to be more efficient 

than those with large particle size79. However, that is not always the case as the 

performance depends on the nanomaterial features. 

Following graphene discovery47, many 2D materials have been discovered for 

applications in water splitting55. There has been  large interest in finding effective 2D 

materials for water splitting in regards to optical properties80–82, thermal83,84, 

electronic85–88 and distinctive mechanical properties89. Interestingly, defects90,91 , 

solvents92,93 , adsorption94,95, stress96,97, and external electric fields98,99 can effectively 

modulate the physical and chemical properties of 2D materials, greatly expanding the 

potential for their application. Two-dimensional materials are also very interesting in 

photocatalytic water splitting because of their intrinsic advantages: high specific 

surface, adequate adsorption and catalyst sites, high mobility of transporters, short 

migration distances of transporters and excellent mechanical properties100–103. 

Nevertheless, there are some challenges encountered with 2D materials when it comes 

to implementing them in water splitting. Because 2D materials are thin, the carriers 

that are excited by light tend to remain in the same area and rapidly combine with each 

other. Photocatalytic water splitting is negatively affected by the rapid recombination 

of photoinduced carriers104,105. The photocatalytic performance of certain 2D materials 

is restricted by their surface catalytic activity and their limited capacity for light 

absorption106. 

The following sections will discuss several promising 2D materials for hydrogen 

production. 
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2.2.1 Metal oxides 

Many metal oxides, such as TiO2, ZnO, WO2, and BiVO4 107,108, have been 

studied both theoretically and experimentally to demonstrate their performance as 

materials for 2D photocatalytic water splitting 109–114. TiO2 nanosheets have a large 

band gap (3.2 eV to 3.8 eV) compared to their bulk form but similar semiconducting 

traits. The e-h photogenerated pairs in nanosheets have better redox ability as these 

pairs have higher CB and lower VB than the bulk115. Su et al. reported that compared 

to planar, heterojunction is an effective technique that helps to enhance efficiency by 

combining features from each element 107. They concluded that WO3/BiVO4 

heterojunction films improved the PEC performance, as a result of high surface area 

and charge separation of the WO3/BiVO4 interface107,108. Tungsten trioxide, WO3, and 

bismuth vanadate, BiVO4, showed promising properties as a photocatalyst.116–120 

Wang and Liu reported that 2D WO3 nanomaterial increased charge transport and 

reduced the recombination rate, which can increase surface area when using it as 

supporting material.  

A variety of techniques have been used to improve the photocatalytic and PEC 

activity of BiVO4. These methods involve: forming nanocomposite 

structures107, controlling morphologies121,122, doping123 and coupling with oxygen 

evolution catalysts (OECs)124. In their study, Zhang et al. found that TiO2 surface and 

bulk defects can help split electron-hole pairs, improve light absorption and improve 

donor capacity.125 

It’s worth noticing that very recently, researchers have successfully exfoliated 

2D Fe2O3 monolayer within a few of angstroms (hematene) from natural iron ore 

hematite (α-Fe2O3)126. The amazing part of this work is that different from graphene 

or MoS2, hematene is a non-van der Waals 2D material derived from bulk hematite of 
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which layers are tightly bonded by chemical bonds (as shown in Figure 8 (a)). This 

discovery could open a new gate for the exploration of 2D materials with exotic 

properties. Heterostructure composed of hematene and titania nanotubes has shown 

enhanced visible light photocatalytic activity. The band alignment of this 

heterostructure is shown in Figure 8 (b): photoelectrons in the CB of hematene 

transferred to the CB of TiO2 and then reduce water into H2 while the holes in the VB 

of hematene turned water into O2. The drawback of 2D metal oxide is obvious: due to 

the strong chemical bonds between its atomic layers, more energy is needed to obtain 

ultrathin monolayers from its bulk phase. 

 

 

Figure 8 (a) Atomic structure of 2D hematene. (b) schematic representation of e-h 

transfer between hematene and TiO2
126 

. 

2.2.2 Transition metal Dichalcogenides 

Many transitions metal dichalcogenides (TMD) have attracted attention as 

promising candidates for photocatalysis. Hai et al. stated that a single layer MoS2 

nanosheet has a band gap of 1.8 eV127 and that this can make it suitable for water 

splitting. They produced MoS2 and WSe2 nanosheets by mechanical exfoliating and 

their study demonstrated that MoS2 and WSe2 can be used in hydrogen production 
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applications127. Monodisperse tin disulfide, SnS2, has been claimed by Jing et al. to 

have properties for photocatalysis application128. The obtained SnS2 nanosheets 

showed high photocatalytic hydrogen production, and the results demonstrated that 

SnS2 nanosheets have outstanding response in the visible light region in comparison 

with other SnS2 morphologies128  

When exfoliated from its bulk phase, 2D MoS2 nanosheet has a direct band gap 

of 1.8 to 1.9 eV129 which makes it a perfect photocatalyst with proper band edges and 

good visible-light absorption ability. As shown in Figure 9 (a), with the decrease of 

thickness, the band gap of MoS2 increases and shows an indirect to direct conversion.32 

The black arrow in Figure 9 (a) shows the thickness dependent band gap. It can be 

seen clearly from Figure 9 (b) that the CBM (vs. NHE) of bulk MoS2 is too high to 

trigger the reduction of water while the CBM of monolayer MoS2 is lowered to an 

appropriate position so that it can have high enough potential to split water into H2.  

 

Figure 9 (a) Thickness dependent band structures of bulk, 3-layered, 2-layered and 

monolayer MoS2.130 (b) Band edges of bulk and monolayer MoS2, (vs. NHE)131. 

Besides 2D MoS2, there are also many other 2D metal chalcogenides which 

can be used as suitable photocatalysts, such as XS2 (X = Sn, Ti, W, and Zr)127,128,132–

CBM 
CBM 
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134, XSe2 (X = Mo and W)127,135. They are attracting not only because of their excellent 

catalytic and absorption properties but also due to their low cost compared to noble 

metals. The mainly limitation for 2D metal chalcogenides is their low carrier mobility. 

For example, the carrier mobility of MoS2 only ranges from 0.5 cm2V-1s-1 to 180 cm2V-

1s-1 136, depending on the different contacting substrates. Such low carrier mobility will 

greatly hinder the transport of e-h pairs and decrease the photocatalytic efficiency. 

2.2.3 Metal free photocatalysts 

There are many metal-free 2D materials, such as graphene137, phosphorus138, 

binary carbon nitride139, graphitic carbon nitride and hexagonal boron nitride (h-

BN)140 and so on. Graphene is the first kind of 2D material people ever found, by 

mechanically exfoliating from its bulk phase. It has a hexagonal structure due to the 

sp2-hybrid carbon atoms, shown in Figure 10 (a). The carrier mobility of graphene is 

very high, and it has excellent stability and large surface area. However graphene has 

no bandgap46 (shown in Figure 10 (b)) thus it cannot be used as photocatalyst because 

it has no band gap, although it has high stability and surface area141. The band position 

of GO is shown in Figure 10 (c) and the CB of GO has high overpotential to generate 

H2 from water and excited electrons could interact with the water molecules directly, 

whereas the holes in VB of GO interact with hole accepter (methanol) instead of water 

molecule. 

Graphitic carbon nitride (g-C3N4) has some features that can make it a suitable 

catalyst, including  large surface area and good stability142. Zheng et al. improved the 

conductivity of g-C3N4 by combining it with carbon, and they showed it to be a 

promising oxygen reduction reaction (ORR) electrocatalyst142. Ping et al. proposed a 

thermal oxidation method to prepare g-C3N4 nanosheets from the bulk. Their 

nanosheet experiment results showed larger surface area, increased band gap and 
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better electron transport compared with bulk g-C3N4 under UV–visible and visible 

light139. Black phosphorus (BP) showed potential as a good alternative 2D material for 

several electronic applications138.  

 

 

 

Figure 10 (a) Structure of graphene141. (b) Band structure of graphene141. (c) Schematic 

energy‐level diagram of GO143. 

g-C3N4 has become increasingly popular because of its eco-friendly 

composition, easy manufacturing and appropriate band alignments144–149. Different 

shapes, such as nanosheets and hollow spheres, have been proposed139,150. Introducing 

sulfur to g-C3N4 through doping can alter its band structure and lead to increased 

reactivity151–153. The band structure of 2D g-C3N4 are shown in Figure 11 (a). The band 

gap calculated by Perdew-Burke-Ernzerhof (PBE) functional is only 1.2 eV (Figure 

11 (b)) which is far smaller than the experimental value of 2.7 eV. However, the 

HSE06 functional gives us a more accurate description of the band gap 2.7 eV for g-

C3N4, as shown in Figure 11 (c). This difference is understandable since PBE always 

underestimates the band gap. If we want to get the accurate band gap by DFT 

calculations, applying HSE functional in the calculation will be a good choice. The 
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main problems of the above-mentioned metal free 2D materials are the poor light 

absorption due to the large band gaps and the unstable structures. 

 

Figure 11 (a) structure of g-C3N4. (b) Band structure calculated by PBE functional. 

(c) Band structure calculated by HSE06 functional154. 

2.2.4 Improving Photocatalytic Performance of 2D Material 

This section will briefly summarise the most popular and practical ways to 

improve the photocatalytic activity of 2D materials. The first method is band 

engineering-the band structure of 2D material could be modified by elemental doping, 

straining and defect engineering. Doping means introducing impurities to the host 

material, which can effectively increase the number of charge carriers and result in 

positive visible light response. Some successful examples are nitrogen doped 

graphene155, phosphorous doped g-C3N4
156, Rh doped Ca2Nb3O10

157, Tb doped 

Ca2Ta3O10 nanosheets158, etc.. Defects would influence the structure of material thus 

have remarkable effects on the photocatalytic properties. For example vacancy in 

MoS2 accelerates the capture of free water molecules159. Defects in g-C3N4 would lead 

to a narrower band gap, enhancing the solar absorption property of g-C3N4
160. 

Monolayer material can also sustain high mechanical strain which give us freedom to 

manipulate the band structure of 2D materials by strain. For example the band gap and 

band edges of phosphorene can be modified by applying strain161. Another method is 
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to construct heterojunctions or co-catalysts. The main idea is combining light 

harvesting semiconductors and appropriate co-catalyst together which usually 

promotes the process of photocatalytic water splitting. 

2.3 Methods for water splitting 

2.3.1 Photoelectrochemical (PEC) Water Splitting 

Water splitting using photoelectrochemical technology holds great promise for 

capturing and storing Earth's abundant solar energy43,54,147,162. Water oxidation is the 

most challenging reaction in this technology, involving four electrons and four 

protons. A large energy input is typically required to drive this electrochemical 

reaction because of the kinetic barriers. 

In PEC, usually one or two photoelectrodes are used to absorb photonic energy 

and one of the photoelectrodes is coated with semiconductor materials58. In 1972, 

Fujishima and Honda used a titanium dioxide, photoanode and a platinum (Pt) cathode 

as the first PEC device for water splitting54. Since then, many semiconductors have 

been studied for use in PEC, such as ZnO, BiVO4, WO3 and n-type and p-type silicon 

58.  

PEC Principle:   

When solar light reaches the semiconductor electrode, part of the sunlight is 

absorbed by electrons in the VB. Gaining more energy, the electrons jump to the CB, 

which creates a hole (positive charge) in the VB, and these electron-hole pairs are 

excitons. When achieving separation of these excitons into an electron and a hole, 

these will cross the system and the electron creates electricity. The pH of the cell 

influences the reaction to assist with water splitting. In an acidic cell (low pH) the 
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charge transfer occurs by holes (h+) and generates H+ ions and produces an oxygen 

evolution reaction (OER).  

2H2O (l) + 4h+ → O2 (g) + 4H+ (at low pH) at anode 

The hydrogen ions, H+, diffuse through the water while the electrons in the anode 

travel through an external circuit to the cathode. Then these electrons combine with 

H+ to produce hydrogen gas, and this known as a hydrogen evolution reaction (HER).  

4H+ + 4e− → 2H2 (g) (at low pH) at cathode  

 

Figure 12 Photoelectrochemical water splitting systems using n-type semiconductor 
photoanode (a), p-type semiconductor photocathode (b), and tandem system (c)163  

2.3.2 Photocatalysis / Photovoltaic (PV) Electrolysis Water Splitting 

In the photocatalysis process, water is split into H2 and O2 with the use of the 

electron holes pairs that are produced by a photocatalyst 58,164–166. In PV electrolysis, 

PV panels are utilised as an electricity source58. According to Joshi et al., hydrogen 

production through PV methods has low efficiency compared to other methods, and 

this might be due to low PV efficiency167. 

2.4 Summary and Implications 

This research project focused on hydrogen production using photocatalysis 

water splitting, and discovering effective semiconductors, with particular emphasis on 
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2D materials, also known as single-layer materials. Such materials are claimed to have 

unique properties, such as absorbing much higher incident light compared to their 3D 

counterparts. Dimensionality reduction could be beneficial in increasing surface area 

and decreasing migration distance; therefore, these properties can improve 

photocatalytic performance to a certain degree. This research focused on identifying 

materials that may be candidates for improving performance in the field of water 

splitting technology. 
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Chapter 3: Research Design 

The Methodology and research design are described in Section 3.1, which 

illustrates the density functional theory used in this research. A description of the 

instrument can be found in Section 3.2. More information about the analysis used in 

this research is outlined in Section 3.3. 

3.1 Methodology and Research Design 

3.1.1 Methodology 

The methodology used in this research involved the application of theoretical 

principles from quantum physics to determine and forecast the properties of nanoscale 

materials. This was accomplished by conducting a computational study using 

computer software for all the topics presented in the research. In this research, the 

calculations were based on density functional theory that is implemented in the Vienna 

Ab initio Simulation Package (VASP)168,169. The use of simulation is efficient and 

more cost and time effective than performing experiments when testing conditions for 

obtaining the best performance of 2D materials. The properties that are important for 

a crystal to be used as a photocatalyst involve suitable band gap, stability, electronic 

properties, band-edge alignment, charge transfer, optical absorption and strain 

response; these can be calculated using the DFT method, and the approximation 

equations are mentioned below. 
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3.1.2 Schödinger Equation 

The Schrödinger equation is a differentiation equation that can be used for multi-

particle systems to describe the way particles behave through space and time. It can be 

expressed as the following:  

𝐻෡𝜓(𝑟, 𝑅) = E𝜓(𝑟, 𝑅) (1) 

 

Where 𝐻෡ 𝑖𝑠 Hamiltonian operation, 𝜓(𝑟, 𝑅) is the wave function of a quantum 

system, E is total energy at 𝜓(𝑟, 𝑅), r is a set of all electronic coordinates and R is a 

set of nuclear coordinates.  

The Born-Oppenheimer approximation is a simplified interpretation of the 

Schrödinger equation. It can be expressed as:  

𝐻𝜑(𝑟, 𝑅) = (𝐻௘ + 𝐻௘ିே)𝜑(𝑟, 𝑅) = 𝐸𝜓(𝑟, 𝑅) (2) 

Because nuclei are heavier and slower than electrons, it is more reasonable to treat 

each one separately (variable separation) and that is the purpose of the Born-

Oppenheimer approximation. 

  The Hamiltonian operator in the above equation for N-electron systems can be 

represented as 

𝐻(𝑟, 𝑅) = 𝐻௘ + 𝐻ே + 𝐻௘ିே = 𝑇௘(𝑟) + 𝑉௘(𝑟) + 𝑇ே(𝑅) + 𝑉ே(𝑅) + 𝑉௘ିே(𝑟, 𝑅) =
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(3) 

where, 𝑇௘(𝑟), 𝑉௘(𝑟), 𝑇ே(𝑅), 𝑉ே(𝑅) and 𝑉௘ିே(𝑟, 𝑅) represent kinetic energy of 

electrons, Coulomb interaction between electrons, kinetic energy of nuclei, Coulomb 

interaction between nuclei and Coulomb interaction between electrons and nuclei, 
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respectively. Since there are too many electrons and nuclei, it is impossible to solve 

the equation exactly. A reasonable approximation is necessary to simplify the 

complicated equation. 

Because the mass of a nucleus is 103–105 times larger than that of an electron, 

the velocity of a nucleus is far less than that of an electron. It is reasonable to treat the 

movements of electrons and nuclei separately. That is the main idea of the Born-

Oppenheimer approximation. In this approximation, it is assumed that nuclei are 

stationary when considering the motion of electrons and nuclei are moving in a 

negative electric field made by electrons. Thus, the Schrödinger equation will be 

simplified as follows: 

𝐻𝜑(𝑟, 𝑅) = (𝐻௘ + 𝐻௘ିே)𝜑(𝑟, 𝑅) = 𝐸𝜓(𝑟, 𝑅) (4) 

3.1.3 Hartree-Fock Approximation 

Even after the Born-Oppenheimer approximation simplified the Schrödinger 

equation, it is still a difficult process to precisely calculate the interactions between 

electrons. Hartree’s hypothesis was that electrons are moving in an average potential 

field, and therefore the motion of a single electron depends only on the average density 

distribution of the whole electron cloud. The multiplication of all electrons can 

substitute the wave function of the system by: 

𝜑(𝑟) = 𝜑ଵ(𝑟ଵ)𝜑ଶ(𝑟ଶ) … 𝜑௡(𝑟௡)   (5) 

and this is called the Hartree wave function. Then, the Hartree equation can be derived: 

ቈ−∇ଶ + 𝑉(𝑟) + ∑ ∫ 𝑑𝑟ᇱ
௜ᇲ(ஷ௜)

หఝ
೔ᇲ൫௥ᇲ൯ห

మ

|௥ᇲି௥|
቉ 𝜑௜(𝑟) = 𝐸௜𝜑௜(𝑟)  (6) 
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The Hartree-Fock equation can be obtained by taking the anti-symmetry of electronic 

exchange into account; the equation involves the interaction between electrons but 

does not consider the anti-parallel spin electrons: 

[−𝛻ଶ + 𝑉(𝑟)]𝜑௜(𝑟) + ∑ ∫ 𝑑𝑟ᇱ
௜ᇲ(ஷ௜)

ቚఝ
೔ᇲ൫௥ᇲ൯ቚ

మ

|௥ି௥ᇲ|
𝜑௜(𝑟) − ∑ ∫ 𝑑𝑟ᇱ

௜ᇲ(ஷ௜),∥

ఝ
೔ᇲ
∗ ൫௥ᇲ൯ఝ೔൫௥ᇲ൯

|௥ି௥ᇲ|
𝜑௜ᇲ(𝑟) = 𝐸௜𝜑௜(𝑟)   (7) 

3.1.4 Kohn-Sham Equation 

The function of electron density can express the ground state properties of a 

system. Kohn and Sham introduced the idea that kinetic energy can be obtained by 

non-interacting particles that produce the same density as the system of interacting 

particles. Using the Kohn-Sham equation, the properties of a material in the ground 

state and also the wave function of the ground state can be obtained. Knowing that the 

electron density of N particles is 𝜌(𝑟) = ∑ |𝜑௜(𝑟)|ଶே
௜ୀଵ  , the Kohn-Sham equation is: 

[−
ଵ

ଶ
∇ଶ + 𝑣௘௙௙(𝑟)]𝜓௜(r)=𝜀௜𝜓௜(r) (8) 

where 𝑣௘௙௙(𝑟) is the Kohn-Sham potential and can be written as: 

𝑣௘௙௙(𝑟) = 𝑣(𝑟) + ∫ 𝑑𝑟′
ఘ(௥ᇱ)

|௥ି௥ᇱ|
+

ఋாೣ೎(ఘ)

ఋఘ(௥)
 (9) 

3.1.5 Exchange-Correlation Functional 

There are some methods that have been introduced to estimate the exchange 

correlation functional of certain physical quantities, and they are: 

a) Local Density Approximation (LDA) 

LDA is a class of density functional theory where functional values can be 

estimated from the value of 𝜌 at a point. LDA can be expressed as follows: 

𝐸௫௖
௅஽஺[𝜌(𝑟)] = ∫ 𝜌(𝑟) 𝜀௫௖[𝜌(𝑟)]𝑑𝑟 (10) 
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where 𝜀௫௖ is the exchange correlation energy at position r, and it can be computed 

exclusively from the local value of 𝜌. LDA is derived from uniform electron gas, that 

is, uniform density at every position in the space. There are a number of forms for 

LDAs, for example, Perdew-Zunger (PZ81), Cole-Perdew (CP) and Perdew-Wang 

(PW92) All these forms are based on 𝐸௫௖
௅஽஺170–172. 

b) General gradient approximation (GGA)  

GGA is a more sophisticated and accurate estimation of exchange correlation 

functional than LDA, which usually fails to describe systems with rapid electron 

density change. GGA considers the gradient of the electron density, and it can be 

expressed as: 

𝐸௫௖
ீீ஺[𝜌(𝑟)] = 𝐸௫௖[𝜌(𝑟), |𝛻𝜌(𝑟)|] (11) 

GGA shows improvements in accuracy over LDA. GGA is a useful method for 

obtaining accurate outcomes for molecular geometries, electronic structures, ground-

state energies, and other relevant properties. There are various forms of GGA 

available, including PW91, PBE, and Becke88172–174. Each form has its unique 

characteristics and is appropriate for different types of computations. Utilising GGA 

in computational research provides a reliable way to evaluate complex systems and 

helps researchers better understand the fundamental principles underlying a range of 

physical phenomena. 

c) Hybrid Functional (HF) 

For more accurate band structures, HF can be used in some of the calculations. 

HF involves a portion of exact Hartree-Fock approximation, and the rest of the terms 

are from semi-local or local density or PBE functional. There are many kinds of HF 



33 | P a g e  
 

functionals, for instance, HSE03 and HSE06 175,176. The exchange-correlation of 

HSE06 functional can be expressed as: 

𝐸௫௖
ுௌா =

ଵ

ସ
𝐸௫

ௌோ(𝜇) +
ଷ

ସ
𝐸௫

௉஻ா,ௌோ(𝜇) + 𝐸௫
௉஻ா,௅ோ(𝜇) + 𝐸௖

௉஻ா  (12) 

3.2 Research Design 

The main aim of this research was to identify novel two-dimensional materials 

as catalysts for improving hydrogen production through water splitting. The process 

of producing electricity by this method is not simple to execute. This thesis aims to 

identify an ideal method to reduce the dependency on fossil fuel using an alternative 

way to produce energy with minimal impact on the environment. To reach this aim, 

Water Splitting could be used with some 2D materials that have not been tested before. 

Such materials include MgAl2S4, AgGAP2Se6, AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 

ScSeCl, ScSeI and InSI. More information on these materials can be found in Chapters 

4 to 6. This research investigates materials properties by looking for high carrier 

mobility, good light absorption, mechanical flexibility, thermal conductivity. DFT and 

the software VESTA and Material Studio were used to test these materials. Origen, 

Photoshop, and Diagram applications were used to render results as images.  

 

3.3 Instruments 

A. Software: 

 Vienna Ab initio Simulation Package (VASP) 

 Xshell  

 phonopy 

  QuantumEspresso 

 CALYPSO 
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  Excel 

 Zotero 

 Visualization for Electronic and Structural Analysis (VESTA) 

 Materials Studio 

 Origin   

B. Hardware: 

 Desktop computer 

 Printing facilities 

 High Performance Computing (HPC) & Research Support  

 National Computational Infrastructure (NCI) 

 Magnus 

 Material projects 

Most of these facilities are currently provided by QUT.  

 The library database, as well as the printing facilities are two of the other 

resources available. 
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3.4 Analysis 

 

Figure 13 The method used to investigate the materials of interest in this research. 

This research focuses on discovering 2D materials with exceptional properties 

using first-principles calculations, specifically through DFT calculations using the 

Vienna Ab initio Simulation Package (VASP) to analyse atomic geometry, electronic 

structure, atomic forces, magnetic properties, electric polarisation and optical 

absorption. To further process the outputs of the DFT calculations, we employed 

Phonopy, CALYPSO, and Monte Carlo codes for phonon spectra, structural prediction 

and critical temperature. Figure 13 shows how the method used to investigate the 

materials of interest in this research.  

For all calculations, five different files were required: INCAR, POSCAR, 

POTCAR, KPOINTS and a Linux OS-dependent job-script file, each with a different 

purpose. The INCAR file is specific to the software and includes ‘key-tags’ and a 

numerical value assigned to the desired characteristic related to the calculation. The 
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POSCAR file includes the sequence of elements and the atomic Cartesian coordinates 

of each atom in the material’s defined crystal structure. The POTCAR file contains the 

‘pseudopotential’ of each atomic species used in the calculations, and the VASP 

software supplier provides the POTCAR files of all elements in a periodic table for 

user simulations/calculations. The KPOINTS file includes the coordinates of the 

symmetry points in the first Brillouin zone of the material according to its crystal 

lattice. The first four input files (INCAR, POSCAR, POTCAR, KPOINTS) should not 

be changed for any material system, while the job-script file can be named according 

to conventional computer file naming. 

All calculations related to our research were conducted using supercomputing 

facilities from the National Computational Infrastructure (NCI), supported by the 

Australian Government through QUT, and the High-Performance Computing (HPC) 

at QUT. We have published three peer-reviewed journal articles, and a fourth article 

has been submitted for review and publication. 

The study focuses on 2D structures of selected compounds, including MgAl2S4, 

AgGaP2Se6, AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI. The research 

methods included are:   

 Geometrical optimisation through ground state energy relaxation. 

 Phonon structure analysis. 

 Ab-initio molecular dynamics (AIMD) calculation. 

 PBE and HSE06/Wannier90 band structure analysis. 

 Band gap estimation. 

 Optical properties for estimating light harvesting properties. 
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  Band gap variation with respect to tensile strain and compressive stress. 

  Schematic representation of calculated properties to assess potential 

photocatalytic applications. 

 Band edge calculations.  

 Alignment correction with vacuum potential after HSE06 band structure 

predictions. 

 Interface charge density difference calculations for perovskite surfaces 

and potential HTM materials (organic and inorganic). 
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Chapter 4: Two-dimensional MgAl2S4 as 
Potential Photocatalyst for 
Water Splitting and Strategies to 
Boost its Performance 

4.1 2D materials, MgAl2S4 

Exploring novel 2D water-splitting photocatalysts and finding strategies to boost 

their efficiency are two important tasks in nowadays energy regime. Here, employing 

first-principal calculations, we predicated a novel 2D material, MgAl2S4 monolayer, 

and studied its potential applications in photocatalytic water splitting. This monolayer 

is noble metal-free and possesses great thermal and dynamical stability. The cleavage 

energy is around 16 meV/Å2 which is even lower than graphene, indicating the high 

feasibility for experimental fabrications. The band edge positions, and the optical 

absorption spectra indicate the pristine MgAl2S4 monolayer can work as a 

photocatalyst upon ultraviolet irradiation. Its high electron mobility around 745 cm2v-

1s-1 and high conduction band minimum (CBM) position suggest a high reduction 

ability. Furthermore, we illustrate the oxidation and light absorption abilities of this 

monolayer can be significantly enhanced by tensile strain. The complementary 

marriage of MgAl2S4 and SnSe2 monolayers can form a direct z-scheme 

heterostructure, which can fully utilize the photocatalytic potential of both 

components. 
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4.2 Introduction 

Hydrogen production by photocatalytic water splitting has drawn intensive 

research interest nowadays due to the increasing demand for clean and renewable 

energy43,54. The key in to sunlight-driven water splitting is the semi-conductive 

photocatalysts which can generate photoexcited electron-hole pairs with redox abilities 

upon light irradiation20,28,177. Nevertheless, the conventional three dimensional (3D) 

photocatalysts have a low specific surface area, leading to limited reactive sites 

participating in the water redox reaction. The interior photoexcited carriers also need 

to migrate to the surface which would increase the possibility of their recombination. 

Such intrinsic flaw can limit the photocatalytic efficiency of the 3D 

photocatalysts27,178. As a result, the 2D photocatalysts have been paid continuous 

attention in the past decade due to their intrinsic high specific surface area and 

minimum carrier migration distance compared with their 3D counterparts55,179–182. 

To date, a wide variety of 2D materials have been discovered but only a few of 

them show photocatalytic capacity because some basic criteria have to be met. A 

potential candidate must possess band edge positions straddling the water redox 

potential, the ability to absorb solar irradiation, and stable a freestanding structure20,55. 

The wide light absorption range, low e-h recombination rate, spatially separated 

catalytic sites, and strong redox ability under various pH conditions are also highly 

desired to improve the photocatalytic efficiency178. Unfortunately, it is extremely hard 

to find a perfect photocatalyst possessing all these advantages simultaneously. Most 

of the discovered 2D photocatalysts have their flaws such as high cost (PtSSe183 and 

PdSeO3
179 containing noble elements), low carrier mobility (MoS2),184 low light 

absorbance (g-C3N4),185 unstable structures (2D metal oxides like Fe2O3),126 and so 

forth. Hence, the hunt for novel 2D photocatalysts with as many merits as possible 
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remains imperative. Moreover, searching for effective strategies to fulfill the potential 

of a proposed photocatalyst is also a challenging but crucial task. 2D materials have 

flexible structures and intrinsic reduced dimensions, which make it possible to tune 

their photocatalytic performance via strain modulation186–188 and heterostructures 

design189,190. However, the inappropriate strain and unfitting components for a 

heterostructure can even lead to declined photocatalytic ability. It would be instructive 

to shed light on how to improve the photocatalytic capacity by these two methods 

when proposing a new 2D photocatalyst. 

In this work, using density functional theory (DFT) calculations, we theoretically 

predict a new kind of 2D material, MgAl2S4 monolayer, and studied its potential 

applications in photocatalytic water splitting. 2D MgAl2S4 is noble elements free and 

does not contain toxic compositions which will benefit commercial use. They possess 

great thermal and dynamical stability and can be easily exfoliated from their bulk 

phases. Hybrid functional calculations revealed the indirect band structure of 2D 

MgAl2S4 and it shows high electron mobility around 1500 cm2v-1s-1. The band edge 

positions of pristine MgAl2S4 straddle the water redox potential in all pH conditions. 

A moderate tensile strain can be applied to further enhance its oxidation and light 

absorption abilities. Moreover, a direct z-scheme MgAl2S4/SnSe2 heterostructure can 

be constructed which possesses high redox ability, spatially separated e-h pairs, and 

pronounced light absorbance. 

4.3 Computational details 

The DFT calculations were carried out by the Vienna Ab Initio Simulation 

Package (VASP).The exchange-correlation and electron-ion interactions were 

described by generalized gradient approximation (GGA) of the Perdew-Burke-

Ernzerhof (PBE) type191 and the projector augmented-wave (PAW) method,192 
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respectively. The kinetic energy cut-off was set to 400 eV, and the Gamma-Centred k-

point mesh of 11×11×1 was applied to sample the first Brillouin zone. The structures 

were fully optimized until the maximum residual force acting on each atom and the 

energy of the whole system were converged to 0.005 eV/Å and 10-6 eV, respectively. 

The electronic structures were calculated by Heyd-Scuseria-Ernzerhof (HSE06) 

hybrid functional193 and the optical absorption spectra including excitonic effects were 

predicted by solving  the Bethe-Salpeter equation (BSE)194 on top of single-shot GW 

(G0W0)195 calculations. The phonon spectra were computed using the density 

functional perturbation theory (DFPT) as implemented in the Quantum ESPRESSO 

code196,197. The thermal stability of the MgAl2S4 monolayer was studied by an Ab initio 

molecular dynamics (AIMD) simulation lasting for 10 ps. The time step of 1 fs and 

NVT ensemble controlled by Nose-Hoover thermostat198 were applied in the 

simulation. 

 For 2D materials, the carrier mobility is given by the following expression199–

202: 

𝜇ଶ஽ =
௘ℏయ஼మವ

௞ಳ்௠೐
∗௠೏(ா೗)మ

                                                                 (2) 

where 𝑒 is the electron charge, ℏ is the reduced Plank constant, 𝑘஻ is the Boltzmann 

constant and T is the temperature. 𝐶ଶ஽ is the elastic constant in the transport direction 

derived from (𝐸 − 𝐸଴)/𝑆଴  = 𝐶(∆𝑙/𝑙଴
ଶ)/2, where E and 𝑆଴ are the total energy and 

surface area of the 2D material respectively, 𝑙଴ is the lattice constant along the transport 

direction and ∆𝑙 is the corresponding deformation. 𝑚௘
∗  is the effective mass of the 

charge carriers and 𝑚ௗ is the average effective mass calculated by 𝑚ௗ = ඥ𝑚௔
∗ 𝑚௕

∗ . For 

hole mobility, 𝑚௔
∗  and 𝑚௕

∗  denote the carrier effective mass along with GM and KG 

respectively. While for electron mobility, 𝑚௔
∗  and 𝑚௕

∗  represent the carrier effective 

mass along with GM and MK respectively. 𝐸௟ is the deformation potential of the VBM 
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or the CBM along the transport direction, defined as 𝐸௟ = ∆𝑉/(∆𝑙/𝑙଴) where ∆𝑉 is the 

change of VBM or CBM upon deformation ∆𝑙. 

4.4 Results and discussion 

4.4.1 Properties of pristine MgAl2S4 monolayer 

The bulk phase of the MgAl2S4 exhibits stratified structures with the space 

group of R-3m203,204. Each unit cell contains three monolayers stacking to each other 

with van der Waals interaction, indicating the feasibility to prepare the MgAl2S4 

monolayer by mechanical exfoliation method. The calculated lattice constants of the 

bulk crystal are a=3.69 Å and c=36.60 Å, which are in good agreement with the 

experiment data, as listed in Table S (1). The MgAl2S4 monolayer possesses sandwich-

like structures consisting of AlS-MgS2-AlS atomic layers as shown in Figure 14 (a-b). 

It’s clearly shown in Table S (1) that the calculated lattice constants of the monolayer 

are quite close to that of the bulk phase, demonstrating the interlayer interactions in 

the bulk MgAl2S4 are considerably weak, which is desired for the mechanical 

exfoliation at a low energy cost.  
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Figure 14 (a) and (b) Top view and side view of the MgAl2S4 monolayer respectively. 

The dashed line represents the border of the unit cell. (c) Cleavage energy Ecl as a 

function of separation distance d. Inset is the model used to calculate Ecl. (d) Phonon 

spectrum of the MgAl2S4 monolayer. 

To verify the feasibility of obtaining a MgAl2S4 monolayer, two computational 

methods were applied. The first one is calculating the formation energy, Ef, which 

determines the strength of the interlayer van der Waals interactions. The lower the Ef 

is, the less energy is needed to exfoliate the monolayer from its bulk phase. The Ef is 

defined as59,187 

Ef=
E2d

n2d
-

E3d

n3d
                                                                 (1) 

where E2d and E3d are the total energy of the 2D and 3D unit cells respectively, and 

n2d and n3d are the numbers of atoms in the 2D and 3D unit cells respectively. The 
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calculated Ef for MgAl2S4 is 27.31 meV/atom, which is far smaller than that of MoS2 

(77 meV/atom)205. To give a more intuitionistic description of the energy cost when 

exfoliating a MgAl2S4 monolayer, the cleavage energy (Ecl) is calculated by evaluating 

the energy consumption to extract the top layer from the surface of the bulk phase. As 

shown in Figure 14 (c), the  MgAl2S4 has a small Ecl of (15.70 meV/Å2) and it is 

noticeable that this value is even smaller than that of graphene (~21 meV/Å2) and 

phosphorene (~22.7 meV/Å2)206 which have already been fabricated by experimental 

methods. Considering the small Ef and Ecl, it’s expected the MgAl2S4 monolayer can 

be extracted from its bulk forms at a low energy cost. The stability of MgAl2S4 

monolayer is then checked by the phonon spectrum and AIMD calculations. Its phonon 

spectrum is shown in Figure 14 (d). It can be seen that there are no imaginary frequency 

phonons in the whole Brillouin zone which demonstrates the dynamical stability of 

MgAl2S4 monolayer. Its thermal stability is proved by AIMD simulations, as shown in 

Figure S1. It’s clear that, even under a high temperature of 900 K, its structure only 

oscillates around the equilibrium positions and the energy fluctuates within a narrow 

window, indicating the great thermal stability of 2D MgAl2S4.  

After examining the stability of MgAl2S4 monolayer, we now focus on its 

electronic properties. The orbital projected band structure calculated by the HSE06 

functional is presented in Figure 15 (a). It’s clear that the MgAl2S4 monolayer exhibits 

an indirect band gap of 3.14 eV.  The VBM is located at the G point and dominated by 

the p-orbitals of chalcogen elements, whereas the CBM lies at the M point and 

originates from the p-orbitals of Al atoms. It’s worth noting that the different 

compositions of CBM and VBM imply the electrons and holes upon photoexcitation 

will have different spatial locations. This is further illustrated in the partial charge 

densities of CBM and VBM, as shown in Figure 15 (c). The charge density of CBM is 
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located on the surface of the monolayer while the charge density of VBM is around 

the inner S atoms, which can reduce the probability of electron-hole recombination. 

The carrier effective mass and carrier mobility of MgAl2S4 monolayer were then 

investigated based on the electronic structures. As listed in Table 2, the electron 

mobility of the MgAl2S4 monolayer reaches about 745 cm2v-1s-1 which is significantly 

larger than many 2D photocatalyst such as MoS2 (<200 cm2v-1s-1),136 hydrogenated 

graphene (105 cm2v-1s-1)200 and MnPSe3 (625 cm2v-1s-1)180. It can be seen that the 

electron mobility shows a strongly directional dependence. The electron mobility 

along the M-K line is almost twice times larger than that along the G-M line, which 

originates from the anisotropic effective electron mass along the two directions. 

Moreover, the huge difference between the electron and hole mobility will also benefit 

the separation of electron-hole pairs. 
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Figure 15 (a) and (b) Orbital projected band structures of pristine and 3% stretched 

MgAl2S4 monolayer. The insets represent the first Brillouin zones, and the size of dots 

illustrates the projected weight of the orbitals. Fermi levels are set to zero. (c) Partial 

density of charge of band edge. Pink and purple colour represents the charge density 

of CBM and VBM respectively. (d) Band edge positions of monolayer, bilayer, and 

trilayer MgAl2S4. 

Table 2 Carrier mobility of MgAl2S4 monolayer calculated by HSE06 at the 

temperature of 300K. m* represents the carrier effective mass (in electron mass) for 

a given direction; Edef and C2D are the deformation potential and 2D elastic modulus, 

respectively. 

Carrier type Direction m* Edef (eV) C2D (Jm-2) μ (cm2v-1s-1) 

Electron 

GM 0.85 4.32 122.57 393.34 

MK 0.21 6.80 142.27 745.71 

Hole 

KG 1.56 6.50 142.27 20.17 

GM 3.31 5.84 122.57 10.17 
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A potential photocatalyst shall possess appropriate band edge positions so that 

the excited electron and holes would have enough driven forces to actuate the splitting 

of water. The CBM has to be higher than the reduction potential of H+/H2 (Eୌశ/ୌమ
) 

meanwhile the VBM shall be lower than the oxidation potential of O2/H2O (E୓మ/ୌమ୓). 

The redox potentials with respect to the vacuum level depend on the pH value and we 

take this into consideration by the following equations207: 

Eୌశ/ୌమ
  = −4.44 eV + pH × 0.059 eV                                          (3) 

E୓మ/ୌమ୓ = −5.67 eV + pH × 0.059 eV                                          (4) 

As shown in Figure 15 (d), the MgAl2S4 monolayer has adequate band edge 

positions straddling the redox potentials at all pH values from 0 to 7, implying its 

robust photocatalytic capacity under various pH conditions. It’s worth noting that its 

CBM level is 1.51 eV above the water reduction potential at pH = 0 condition. With 

such a high CBM level and electron mobility, an ideal reduction efficiency can be 

expected for 2D MgAl2S4. Furthermore, the band edge positions of 2D MgAl2S4 are 

less dependent on the thickness due to the weak interlayer interactions (the band 

structures of the bilayer, trilayer, and bulk MgAl2S4 are shown in Figure S (2), which 

will benefit the practical fabrications because the requirement for the thickness of 

photocatalysts can be loosened. In the following part, we will mainly focus on the 

monolayer as the monolayer has the highest specific surface area.  

Another important property of a photocatalyst is its ability to absorb light. To 

explore the optical response, the light absorbance spectrum was calculated by the 

G0W0-BSE method, as shown in Figure 16 (b) It’s clear that 2D MgAl2S4 shows 

pronounced optical absorption in the ultraviolet (UV) region. However, the light 
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absorption onset is only about 385 nm, suggesting the unmodified MgAl2S4 monolayer 

may behave poorly in the visible region of sunlight. 2D MgAl2S4 is expected to have 

promising photocatalytic efficiency upon UV light, just like the most famous 

photocatalyst, TiO2 (light absorption onset of 390 nm)208. It should be noted the light-

harvesting ability could be further enhanced by applying external strain or constructing 

heterostructure, as discussed below.  

4.4.2 Strategies to improve the photocatalytic ability 

So far, we have illustrated the potential applications of the MgAl2S4 monolayer 

in photocatalytic water splitting and some drawbacks were also unveiled. MgAl2S4 

monolayer can efficiently catalyze the redox reaction of water splitting in various pH 

conditions, but its visible light absorption is poor. Is there any way that we could 

eliminate the disadvantage and fulfill the potential of 2D MgAl2S4? Strain modulations 

are widely applied to modify the electronic or optical properties of 2D materials,209 

raising a potential route to enhance the photocatalytic ability of 2D MgAl2S4. We first 

checked the maximum strain the monolayer can withhold as shown in Figure S (3a). 

2D MgAl2S4 possesses flexible structures that can even sustain a biaxial strain as large 

as 26%, giving a large space for strain engineering. The band edge positions and band 

gaps as functions of biaxial strain on the PBE level are shown in Figure S (3b). As the 

increase of strain, the VBM shows a continuous decreasing trend while the CBM and 

band gaps exhibit a volcano-like change. A small amount of tensile strain can lower 

the band gap of MgAl2S4 (thus increasing its optical absorption onset) and decrease 

the VBM (thus enhancing the oxidation ability). It should be noted that the CBM drops 

more significantly than the VBM when tensile strain is applied, thus the magnitude of 

tensile strain should be carefully controlled to avoid the total loss of reduction capacity. 
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The tensile strain of 3% and 6% was then applied to MgAl2S4 monolayer and 

their properties were studied by HSE06 and BSE calculations to prove our PBE results. 

As shown in Figure 16 (a), the strain diminishes the band gaps significantly (from 3.14 

eV to 2.99 eV and 2.68 eV for the strain of 3% and 6%, respectively) and the band 

edge levels are downshifted by the tensile strain which is the same as our PBE 

prediction. It’s remarkable that even if a large tensile strain of 6% is applied, the CBM 

of MgAl2S4 is still 0.21 eV higher than the reduction potential of H2/H2O at pH=7 

(0.62 eV higher at pH=0). This gives large freedom to control the electronic properties 

of 2D MgAl2S4 by tensile strain. Due to the decreased band gap, a prominent redshift 

(shown in Figure 16 (b)) is observed for stretched MgAl2S4 monolayer. The optical 

absorption onset is lifted to the visible light region: ~430 nm for 3% strain and ~480 

nm for 6% strain, indicating the optical absorption ability is efficiently strengthened 

by tensile strain. Besides, an interesting indirect to direct band gap transition is 

observed for    MgAl2S4 monolayer when tensile strain is applied. The band structure 

of 3% stretched MgAl2S4 monolayer is shown in Figure 16 (b) as an example. The 

CBM moves from M point to G point while the VBM remains at G point, resulting in 

a direct band gap. It’s known the direct excitation is easier to take place because such 

excitation requires no assistance of phonon, thus stretched 2D MgAl2S4 can have a 

higher exciton generation rate which is important to improve the photocatalytic 

efficiency. 
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Figure 16 (a) Band edge positions of MgAl2S4 monolayer with and without tensile 

strain with respect to the vacuum level. The redox potentials at pH=0 and pH=7 is 

represented by brown and blue dotted lines respectively. (b) Light absorption spectra 

of MgAl2S4 monolayer with and without tensile strain. The purple and yellow area 

represents the ultraviolet and visible region of sunlight respectively. 

 

Another promising strategy to boost the photocatalytic potential of a material 

is to construct heterostructures. Among various types of heterojunction structures, the 

direct Z-scheme photocatalysts have drawn intensive research interests due to their 

merits in separating photoexcited electron-hole pairs and maintaining the respective 

advantages of each component210. The designing principle of direct Z-scheme 

heterostructures is discussed in detail in Mukhokosi et al work211. Guided by this 

principle, we theoretically designed a MgAl2S4/SnSe2 direct Z-scheme heterostructure 

as shown in Figure 17 (b). The SnSe2 monolayer has been experimentally fabricated211 

and it has a small band gap of 1.39 eV and quite negative VBM level as shown in 

Figure S (4), indicating its great light absorption and oxidation abilities. However, its 

CBM level is too low to trigger the water reduction reaction, thus cannot be directly 

used as an overall water-splitting photocatalyst. The lattice constant of 2D SnSe2 (3.84 

Å) is quite similar to that of MgAl2S4 (3.69 Å), making it a perfect partner to construct 
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heterostructure with MgAl2S4 monolayer. As shown in Figure 17 (a), the work function 

of SnSe2 is 6.46 eV (on the HSE06 level) which is much larger than that of MgAl2S4 

(5.90 eV). Thus, when SnSe2 and MgAl2S4 monolayers are in contact, the electrons of 

MgAl2S4 would flow to SnSe2 until their Fermi levels are aligned. This is also validated 

by the charge density difference of MgAl2S4/SnSe2 heterostructures as shown in Figure 

13 (b). The interaction surfaces of SnSe2 and MgAl2S4 are negatively and positively 

charged respectively due to the charge redistribution, creating a built-in electric field 

from MgAl2S4 to SnSe2. 

Through band decomposition analysis, the band alignment in the 

MgAl2S4/SnSe2 heterostructure is studied, as shown in Figure 17 (b).  It is clear that 

such heterostructure has a staggered band alignment. Upon light irradiation, both 

MgAl2S4 and SnSe2 can generate electron-hole pairs. The existence of a built-in 

electric field favors the recombination between the holes from MgAl2S4 and the 

electrons from SnSe2. Meanwhile, the transfer of electrons from MgAl2S4 to SnSe2 and 

holes from SnSe2 to MgAl2S4 is hindered by the electric field. In this way, photoexcited 

electrons with more positive potential from MgAl2S4 and holes with more negative 

potential from SnSe2 are preserved, leading to enhanced oxidation or reduction abilities 

than individual components. Noticeably, the band edge positions of the heterostructure 

straddle the water redox potential in all pH conditions from 0 to 7, suggesting its great 

adaptability to the chemical environment. Besides, the spatially separated electrons 

and holes can reduce the recombination rate of charge carriers and thus improve 

photocatalytic efficiency. The light absorption ability of MgAl2S4/SnSe2 

heterostructure is also studied by BSE calculations. As shown in Figure S (5), the light 

absorption coefficients of the heterostructures are much higher than the MgAl2S4 

monolayer in the whole visible light region and the light absorption onsets even reach 
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the near-infrared region of sunlight. Hence, the MgAl2S4/SnSe2 heterostructure is 

expected to have a high photocatalytic water splitting efficiency under a wide range of 

light conditions. 

 

Figure 17 (a) The electrostatic potential of MgAl2S4 and SnSe2 monolayers. Black 

and red lines represent MgAl2S4 and SnSe2 respectively. The dashed line denotes the 

fermi level. (b) Left panel: The charge density difference for MgAl2S4/SnSe2 

heterostructures (isosurface values of 0.0001 e/Å3). Right panel: Direct Z-scheme 

photocatalytic mechanism for MgAl2S4/SnSe2 heterostructures. The band edge levels 

of MgAl2S4 and SnSe2 in the heterostructures are shown in blue and red respectively. 

4.5 Conclusion 

In summary, we theoretically predicated MgAl2S4 monolayer as a new member 

of the family of 2D photocatalysts by DFT calculations. The small cleavage and 

formation energy show the high feasibility to fabricate this monolayer. The dynamical 

and thermal stabilities are proved by the phonon calculations and AIMD simulations. 

The band edge positions, and light absorption spectra show the photocatalytic capacity 

of pristine MgAl2S4 monolayer upon UV irradiation. A moderate tensile strain can be 

applied to overcome the poor light absorption in the visible range and improve its 

oxidation ability. Furthermore, based on 2D MgAl2S4, we designed direct Z-scheme 

heterostructures possessing high redox abilities and great visible light absorbance. Our 



55 | P a g e  
 

work not only proposes a potential 2D material for photocatalytic water splitting but 

also highlights the important role of structural engineering in the design of highly 

efficient photocatalysts. 
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Table S1 Calculated structural parameters of MgAl2S4 bulk and monolayer using PBE 

functional along with corresponding experimental values if available.203 

 

 space group a B C 

bulk cal. (exp.) R-3m (R-3m) 3.689 (3.674) 3.689 (3.674) 36.593 

(36.100) 

monolayer cal. P3m1 3.687 3.687 N/A 
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Figure S 1 The evolution of total energy per atom during AIMD simulation at 900 K. 

The insets are the structures of MgAl2S4 monolayer at 0 ps and10 ps. 
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Figure S2. Band edge positions of 2D MgAl2S4 as a function of lattice deformation. 

The insets show the fitted equation, intercept, slope, and the R-squared (the coefficient 

of determination). 

 

 

Figure S 3 (a), (b) and (c) The band structures on HSE06 level of the bilayer, trilayer, 

and bulk MgAl2S4 respectively. For bilayer and trilayer, the vacuum level is set to zero 

and the redox potentials at pH = 7 and pH = 0 are shown as blue and brown dotted 

lines respectively. For bulk phases, the fermi level is set to zero. 
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Figure S 4 (a) Stress in the MgAl2S4 monolayer subjected to biaxial strain. The 

insets are the ruptured structures after crack points. (b) Band gaps and edges (vs. 

vacuum level) as a function of biaxial strain for MgAl2S4 monolayer. Positive and 

negative strain represents tensile and compressive strain respectively. 

 

 

 

Figure S5. (a) and (b) The phonon spectra and the AIMD simulation results at 900 K 

for 2D MgAl2S4 under 6% biaxial tensile strain, respectively. The insets show the 

structures of MgAl2S4 at 0 ps and 10 ps. Clearly, no negative frequency can be found 

in the phonon spectra, which indicates the dynamical stability of 2D MgAl2S4 under 

6% biaxial tensile strain. Moreover, even under a high temperature of 900 K, the 

atomic structure still survives, and the energy only fluctuates within a small range, 

suggesting the great thermal stability of 2D MgAl2S4 under 6% biaxial strain. 
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Figure S 6 The band structures on HSE06 level of monolayer SnSe2 The vacuum level 

is set to zero and the redox potentials at pH = 7 and pH = 0 are shown as blue and 

brown dotted lines respectively.  
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Figure S (7) Light absorption spectra of MgAl2S4 monolayer and MgAl2S4/SnSe2 

heterostructure. The purple, yellow, and pink areas represent the ultraviolet, visible, 

and near-infrared regions of sunlight. 
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Chapter 5: Strategies to Enhance the 
Performance of AgGaP2Se6 as a 
Two-dimensional Photocatalyst 
for Water Splitting 

5.1 2D material: AgGaP2Se6 

Photocatalytic water splitting is a suggested solution for the rapid increase in 

energy demand and environmental concerns. There has been an increasing interest in 

the improvement of efficient photocatalytic two-dimensional materials with excellent 

light absorption and band alignment for water splitting. In this thesis, we studied an 

unexplored 2D AgGaP2Se6 monolayer as a potential photocatalyst for water splitting, 

based on the first-principal calculations. Two-dimensional AgGaP2Se6 monolayers can 

be easily mechanically exfoliated from the bulk phase and are dynamically and 

thermally stable. The calculated band gaps for AgGaP2Se6 are 1.83, 1.53, 1.45 eV and 

1.309 eV for mono-, bi-, tri-layered and bulk, respectively. In addition, they display 

excellent sunlight absorption, and the band edge positions for AgGaP2Se6 monolayers 

perfectly fit the water oxidation and reduction potentials. Therefore, AgGaP2Se6 

monolayer would be a potential 2D photocatalyst that is suitable for water splitting. 
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5.2 Introduction 

 
Despite the fact that tremendous efforts have been made to identify materials 

that possess photocatalytic properties there is still long way to go. In contrast with their 

3D equivalents, the 2D monolayers offer a larger surface area for 

photochemical reactions, while also having minimal carrier migration distances, both 

of which are extremely desirable for the achievement of highly efficient 

photocatalysis. The search for water splitting photocatalysts in recent years has 

therefore focused on 2D materials with a band gap ranging from 1.238 to 3.0 

eV159,194,198,199,201,212,. Even though a large range of 2D materials has been identified, 

relatively few of them are capable of photocatalysis due to the need to satisfy the 

photocatalyst criteria that are mentioned before. Although the band edges of some 2D 

monolayers perfectly satisfy the redox potentials of water, some of the photogenerated 

electrons and holes may be insufficient to provide enough driving force for the overall 

splitting of the water molecules78,213. It is still highly desired to explore novel 2D 

materials with photocatalytic capabilities. 

AgGaP2Se6 was discovered in 1992214. The bulk phases possess a layered 

structures in the space group of P31̅c and it is possible to exfoliate the bulk to achieve 

monolayer AgGaP2Se6
214. The band gap of the bulk phases is reported to be 1.309 eV, 

which is relatively small to guaranty to fit the band position of the water oxide and 

reduction potentials. The 2D AgGaP2Se6 monolayer has not been synthesised, and no 

experimental data are available to date. The aim of this work was to theoretically study 

the potential application of 2D AgGaP2Se6 as a photocatalyst for water splitting using 

DFT calculations. Two-dimensional AgGaP2Se6 monolayers have excellent thermal 

and dynamical stability, and they are also easy to exfoliate from their bulk phases, once 
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obtained. It is important to mention that the band edge positions of AgGaP2Se6 

monolayer span the water redox potential.    

5.3 Computational details 

The DFT calculations have been performed using the Vienna Ab Initio 

Simulation Package 168,169,215. As well as exchange-correlation interactions, electron-

ion interactions were described by the generalised gradient approximation (GGA) of 

Perdew-Burke-Ernzerhof (PBE)173,216 and the projector-augmented-wave (PAW) 

method192. For the first Brillouin zone, the gamma-centred k-point mesh was applied 

with 5 5 1 a cut-off of 500 eV. The structures were optimised until the maximum 

residual force acting on each atom and the whole system's energy converged to 0.005 

eV/Å and 10-6 eV, respectively. A Heyd-Scuseria-Ernzerhof (HSE06) hybrid 

functional193 was used to calculate electronic structures and, GW and (G0W0)195 

calculations were used to predict optical absorption spectra including charged 

electronic excitations. The phonon calculation was performed by PHONOPY code 

based on the finite-displacement method217,218, with the convergence criteria for force 

and energy at 0.001 eV/Å and 10-8 eV, respectively. Ab initio molecular dynamics 

(AIMD) simulations were used to perform the calculation for the thermal stability of 

AgGaP2Se6 monolayer with a 3 × 3 × 1 supercell at 300 K for 10 ps with an applied 

time step of 1 fs. The simulations lasted for 10 ps in NVT ensemble controlled by a 

Nose−Hoover thermostat.198   

5.4 Results and discussion 

Stratified structures are observed in the bulk phase of AgGaP2Se6 with a space 

group of P31̅c214. Figure 18 (a) shows the top view, and (b) shows the side view of 

AgGaP2Se6 monolayer. The optimised parameters for AgGaP2Se6 bulk material were 
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a = 6.40Å, b = 6.40 Å, c = 13.43 Å and β = 120°, at the PBE-D3 level of theory. These 

values are in good agreement with the experimentally measured values ( a = 6.375 Å, 

b = 6.375 Å, c = 13.320 Å and β = 120°)214, as shown on Table 3. 

Table 3 The AgGaP2Se6 bulk and monolayer parameters after using PBE functional 

along with corresponding experimental values where available214. 

 space group a (Å) b (Å) c (Å) 

Bulk (cal.) P3̅1c 6.40  6.40  13.43 

Bulk (exp.) P31̅c 6.37 6.37 13.32 

Monolayer (cal.) P3̅1c 6.40 6.40 N/A 
 

To provide a more intuitive understanding of the energy required for exfoliating 

a monolayer of AgGaP2Se6, the cleavage energy, Ecl, was computed by measuring the 

energy expenditure needed to separate the top layer from the surface of the bulk phase. 

Figure 18 (c) illustrates that the AgGaP2Se6 monolayer possesses a low cleavage 

energy of 18.80 meV/Å2. The value of cleavage energy of AgGaP2Se6 is even smaller 

than the value for graphene (21 meV/Å2)206, which has already been synthesised using 

experimental techniques. Given the low value of cleavage energy, it was anticipated 

that extracting a monolayer of AgGaP2Se6 from its bulk forms will incur minimal 

energy expenses.  
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Figure 18 Top view (a) and side view (b) of AgGaP2Se6 monolayer. The dashed line 

represents the border of the unit cell. (c) Cleavage energy as a function of separation 

distance, d. Inset is the model used to calculate Ecl. (d) Phonon spectrum. 

To investigate the dynamical stability of AgGaP2Se6 monolayers, their phonon 

spectra were calculated within the framework of PHONOPY. As can be seen in Figure 

18 (d), there was no imaginary frequency in this monolayer, which indicates that this 

monolayer is dynamically stable. In addition, AIMD calculations confirmed their 

thermal stability at room temperature. As illustrated in Figure 19, there was no 

significant structural destruction, and the total energy per atom only fluctuated within 

a small range (< 0.1 eV) for a period of 10 ps. By approving that this monolayer has 

high dynamical and thermal stability and low cleavage energy, the material can be 

experimental feasibility verified as a potential photocatalyst. 
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Figure 19 At 300 K, AIMD simulations show how energy per atom changes. The 

insets are the structures of AgGaP2Se6 monolayer at 0 ps and10 ps 

After checking the stability of AgGaP2Se6, HSE06 was applied to determine the 

accurate electronic structure and band gaps of this material219,220. Figure 20 (a– d) 

illustrates the band gaps of AgGaP2Se6, via HSE06 calculation. The band gaps were 

1.83, 1.59, 1.48 and 1.309 eV for monolayer, bilayer, trilayer and bulk, respectively. 

Moreover, by comparing this band gap with the value for MoS2 monolayer, which is 

approximately 1.8 eV, the values can be seen to be similar, and MoS2 has been 

identified as an excellent photocatalyst for water splitting.189,221 
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Figure 20 The band structure of AgGaP2Se6 for monolayer, bilayer, trilayer and bulk 

(a–d, respectively) calculated using the HSE06 functional. 

As outlined in the introduction, 2D materials to be used as efficient 

photocatalysts must have suitable band edge positions. That is, CBM of the 

photocatalyst should be above the reduction potential of water, -4.44 eV, and the VBM 

should be lower than the oxidation potential, -5.67 eV60,62,101,107,212,213,222–226. As shown 

in Figure 21 (a), the CBM of AgGaP2Se6 monolayer is -4.25 eV, which is greater than 

the hydrogen reduction potential (-4.44 eV). The VBM of this monolayer is -6.09 eV, 

which is less than the water oxidation potential (-5.67 eV). In addition, the monolayer 

has the unique characteristic of having its band edge positioned to cover the water 

redox potential. On the other hand, bilayer and trilayer forms have favourable positions 

for the VBM but not for the CBM. However, for bilayer and trilayer forms, the CBM 
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positions are sufficiently lower than the water reduction potential, indicating a strong 

driving force for water reduction. 179,207 

One of the crucial features of a photocatalyst is its capacity to absorb light 

effectively, particularly in the ultraviolet and visible ranges, as photocatalysts must be 

able to efficiently utilise solar light. In Figure 21 (a), it is clear that the optical gaps of 

monolayer, bilayer and trilayer fall in the range of 1.48-1.8 eV which are close to the 

ideal gaps for solar cells (~1.4 eV), indicating their versatile potential for solar 

harvesting. As shown in Figure 21 (d), the light absorption spectra are anisotropic due 

to their structural anisotropy. To evaluate the absorbance of monolayer, bilayer, and 

trilayer forms of AgGaP2Se6 and to demonstrate their absorbances for wavelengths 

from 350 to 750 nm, the HSE method was utilised. As shown in Figure 21 (b), the light 

absorbance region of AgGaP2Se6 for monolayer, bilayer and trilayer ranges from 500, 

570 and 600 nm, respectively. Most encouragingly, we find the light absorption spectra 

of AgGaP2Se6 monolayer, bilayer and trilayer are extended to near-infrared region 

(around 900 nm), suggesting their great potential for applications in solar energy 

conversion such as photocatalytic water splitting or photovoltaic etc. 
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Figure 21 (a) Band edge positions of AgGaP2Se6 monolayer, bilayer and trilayer. (b) 

Light absorption spectra of AgGaP2Se6 monolayer, bilayer and trilayer. 

As a result of illustrating the potential applications of 2D AgGaP2Se6 monolayer, 

bilayer, and trilayer in photocatalytic water splitting, it has been found that 2D 

AgGaP2Se6 can catalyze the redox reaction of water splitting with an excellent visible 

light absorption. The full potential of 2D semiconductors can be boosted when 2D 

materials are combined with other semiconductors189,210. However, the mismatch 

between the lattices of the different materials can cause an external strain that 

subsequently has a significant effect on both the electronic and optical properties of 

the 2D monolayers. Also, it is possible to deliberately introduce strain in order to alter 

the electronic structure of a 2D material209,227. Therefore, we studied the effect of strain 

on the electronic properties of AgGaP2Se6 monolayers. Firstly, we calculated the ideal 

strength of 2D AgGaP2Se6 monolayers by the stress–strain relationship, in which the 

maximum stress corresponds to the instability point. In Error! Reference source not 

found. (a) it can be seen that as the biaxial strain increases, the stress rises at the 

beginning but then suddenly drops (corresponding to the fracture of the structure). 

Clearly, the AgGaP2Se6 monolayers can sustain 15% strain, providing possibilities for 

strain engineering. 

-6.10 

Monolayer 
Bilayer 
Trilayer 
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 Secondly, applying strain can affect both the structure and the band gap due to 

electronic redistribution. We calculated the effect of introducing strains ranging from 

-10% compressive to +10% tensile, using PBE methods, for AgGaP2Se6. In Figure 22 

(b), the VBM and CBM are considered against the applied strain. The VBM and CBM 

of the original monolayer were -6.1 and -4.24 eV, respectively. Under tensile strain, 

both VBM and CBM decreased. In Error! Reference source not found. (c), at strains 

ranging from -2.5 to 10%, the band gap linearly decreased. Band gap at the -2.5% 

compressive strain and +10% tensile strain corresponds to 1.1 and 0.3 eV, respectively.  

 

Figure 22 (a) Stress– - strain cuarve of the AgGaP2Se6 monolayer subjected to 

biaxial strain. (b) Band edges (CBM vs VBM) as a function of biaxial strain for 

AgGaP2Se6 monolayer. Positive and negative strain represents tensile and 

compressive strain respectively. 
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5.5 Conclusion 

Based on the DFT calculations, we propose the AgGaP2Se6 monolayer as a novel 

2D visible-light-driven water-splitting photocatalyst. Fabrication of this monolayer is 

highly feasible because of the small cleavage energy. We demonstrated that 

AgGaP2Se6 monolayer is a promising photocatalyst with a band gap of 1.83 eV. The 

CBM and VBM were -4.24 and -6.1 eV, and these values are within the redox potential 

range of water. Using phonon calculations and AIMD simulations for AgGaP2Se6 

monolayers, we demonstrated their dynamical stability and thermal stability. Under 

visible region irradiation, AgGaP2Se6 monolayer displayed good light absorption 

spectra and band edge positions, indicating its photocatalytic capacity. The exceptional 

properties of AgGaP2Se6 monolayer make them ideal materials for photocatalytic 

water-splitting applications. That is, the excellent light absorption, band alignment and 

stability of AgGaP2Se6 monolayers make them promising candidates for solar 

energy conversion. 
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5.6 Support information  
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Photocatalyst for Water Splitting 

 

 

 

The AgGaP2Se6 bulk and monolayer parameters after using PBE functional 

along with corresponding experimental values where available 

 space group a (Å) b (Å) c (Å) 

Bulk (cal.) P31̅c 6.40  6.40  13.43 

Bulk (exp.) P31̅c 6.37 6.37 13.32 

Monolayer (cal.) P31̅c 6.40 6.40 N/A 
 

 

In order to determine if these materials could be used for water splitting, the 

PBE functional method was used to calculate their band gap. PBE calculation is not 

very accurate, but it is faster than HSE to save time. When the band gap exceeded 3.0 

eV, the calculation was stopped. The figure below illustrates the band gap 

colocations for AgGaP2Se6 via using PBE methods and the band gap are 0.99, 0.97 

and 0.68 for monolayer, bilayer trilayer, respectively.  

 
Figure S  1 The band gap calculation via PBE method for AgGaP2Se6. 
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 In order to determine the accurate electronic structure and band gaps of 

AgGaP2Se6, HSE06 was applied after checking the stability of the material. According 

to HSE06 calculations, Figure S 2 (a-d) illustrates the band gaps of AgGaP2Se6. A 

monolayer band gap was 1.83 eV, a bilayer band gap was 1.59 eV, a trilayer band gap 

was 1.48 eV, and a bulk band gap was 1.309 eV. Furthermore, by comparing this band 

gap to the value for MoS2, which is approximately 1.8 eV, we see that the values are 

very similar, and MoS2 has been identified as a good photocatalyst for water splitting.

 

 

Figure S  2 (a), (d) The band structures on HSE06 level of the bilayer, trilayer, and 

bulk AgGaP2Se6 respectively. For monolayer, bilayer and trilayer, the vacuum level 

is set to zero and the redox potentials pH = 0. 

 

 

 
 As shown in the finger below the AgGaP2Se6 monolayer possesses a low 

cleavage energy of 18.80 meV/Å2. The value of cleavage energy of AgGaP2Se6 is even 

smaller than the value for graphene (21 meV/Å2)206, which has already been 
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synthesised using experimental techniques. Given the low value of cleavage energy, it 

was anticipated that extracting a monolayer of AgGaP2Se6 from its bulk forms will 

incur minimal energy expenses. 

 

 

Figure S  3 Cleavage energy as a function of separation distance, d. Inset is the 

model used to calculate Ecl. 

 
  PHONOPY was used to calculate the dynamical stability of AgGaP2Se6 

monolayers, as well as their phonon spectra. In figure S 5, it can be seen that this 

monolayer is dynamically stable since there is no imaginary frequency. 
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Figure S  4 Phhono spectra of AgGaP2Se6 monolayers. 
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Chapter 6: Two-dimensional Materials 
AlSI, AlSeBr, AlSeI, ScSI, 
ScSeBr, ScSeCl, ScSeI and InSI 
for Photocatalytic Water 
Splitting under Visible Light 

6.1 2D materials  

This study aims to provide a comprehensive overview of selected materials from 

the Computational 2D Materials Database (C2DB). Our goal was to investigate several 

2D materials that had not yet been synthesized or studied before. We investigated 

electronic structural, and optical properties of the selected materials. The monolayers 

that might work as photocatalyst are AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, 

ScSeI and InSI monolayers and the space groups of these materials is Pmmn (no.59). 

Our findings show that of these monolayers possess band gaps of 2.2 to 2.8 eV, and 

their edge positions of conduction band minimum (CBM) and valence maximum 

(VBM) fit the water oxidation and reduction potentials in these materials. Therefore, 

of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI monolayers could be a 

promising photocatalyst for water splitting. This work highlights new and interesting 

2D materials with great potential for hydrogen production through water splitting 

under visible light.  
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6.2 Introduction 

Utilizing sunlight exposure and photocatalysts, water splitting into (H2) and (O2) 

stands out as a viable technique for converting solar energy into chemical energy.  The 

effectiveness of these photocatalysts is intricately linked to the width of the 

semiconductor bandgap, please refer to previous chapters for more details on the 

process and requirements of water splitting. Given the inherent advantages of 2D 

materials, there have been an increasing interest on the potential applications of such 

materials in the context of photocatalytic water splitting179,228.  By analysing the light 

absorption coefficient and energy band of 2D materials, it becomes possible to explore 

promising candidates for photocatalysts in water splitting.  

Despite the wealth of theoretical and computational studies conducted on various 

photocatalytic materials, along with proposed strategies to enhance hydrogen 

evolution efficiency, there remains a critical need for researching novel 2D materials 

in the realm of photocatalytic water splitting for efficient H2 fuel production.  

Furthermore, there has been a recent surge in interest surrounding multi-component 

metal-oxyhalides in many applications such as photocatalysis and electrocatalysis.  

Although research into 2D metal oxyhalides is still relatively new compared to other 

2D materials like graphene or transition metal dichalcogenides. However, their 

potential for diverse applications, including photocatalysis, is driving significant 

attention and investigation in the scientific community. 

Several 2D MXY (M= metal; X= O, S, Se, Te; Y= Br, Cl, F, and I) have been 

recently studied for their unique properties. Others proved the efficacy of lithium 

oxyhalides, and bismuth oxyhalides in electrocatalysis229, photocatalysis230. BiOX 

monolayers (X= Br, Cl and I) are proved to be a potential photocatalysts for water 
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splitting231. GaOI and InOI have predicted to have suitable band gaps and band edge 

for photocatalytic water splitting232.   

Our focus on this chapter is to provide a comprehensive study on materials selected 

from the Computational 2D Materials Database (C2DB). This database is well curated 

and stands out as an exceptional resource for material researchers seeking to explore 

and select suitable materials for certain applications. It provides detailed 

computational and structural information, allowing researchers to efficiently screen 

and evaluate potential candidates for various applications. C2DB contains a large 

number of materials that might be suitable for water splitting. Since it might be 

infeasible and time-consuming to study all these materials, we limited our study to a 

small subset of photocatalysts by considering some criteria for candidate selection. 

First, inspired by previous studies on metal-oxyhalides, we selected ABC materials 

from groups 6 and 7. The band gaps are from 1.6 to 3.0 eV via HSE calculation, and 

these monolayers should not be magnetic. Then, we conducted a computational study 

to confirm the reliability of the selected materials for water splitting. Therefore, this 

study aims to offer an early guideline for further experimental studies on the 

investigated materials. Our findings show that AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 

ScSeCl, ScSeI and InSI monolayers possess band gaps from 2.2 and 2.8 eV. In 

addition, these monolayers have pronounced absorption in the visible light region of 

the solar spectrum. Their suitable band edge positions and light absorption make them 

promising photocatalysts. 
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6.3 Computational details 

All the calculations were based on Density Functional Theory233–235 as 

implemented in the Vienna Ab initio Simulation Package168,169,215. Generalized 

Gradient Approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional was 

utilised to describe the exchange correlation functional173,216. Long range van der 

Waals (vdW) interaction was considered based on Grimme scheme191. The gamma-

centred k-points grids of 6×8×1 were used for that AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 

ScSeCl, ScSeI and InSI, and the plane-wave energy cut-off was set to be 500 eV236. 

Atomic positions and cell shapes were fully relaxed until the maximum force acting 

on atoms and the energy converged to 0.005 eV/Å and 10-6 eV, respectively. A vacuum 

slab of minimum 18 Å was introduced to avoid interaction between neighbouring 

images.  

PBE functional method was used to calculate the band gap for these materials to 

determine if they could be used for water splitting. This calculation was very fast, and 

the band gap could be seen as a result. To save time, the calculation was stopped if the 

band gap was higher than 3.0 eV. The PBE functional can underestimate the 

calculation of band gaps of materials193, so more accurate results were calculated based 

on the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional219,220. One important 

condition to assess the photocatalyst properties of 2D semiconductors is sunlight 

absorption, and for this we used the density functional perturbation (DFPT) method. 

The spectrum in the visible light region is from 350 to 800 nm. The Phonon calculation 

was performed by PHONOPY code based on the finite-displacement method217,218 

with the convergence criteria for force and energy at 0.001 eV/Å and 10-8 eV, 

respectively. Moreover, ab inito molecular dynamics simulations were carried out to 

study the thermal the selected monolayers, performed with a 3×3×1 supercell at 300 
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K. The simulations lasted for a duration of 10 ps in the NVT ensemble controlled by a 

Nose−Hoover thermostat179,198. The standard oxidation and reduction potentials, 

namely, Oଶ/HଶO = −5.67 𝑒𝑉 and Hା/Hଶ = −4.44 𝑒𝑉, were employed. 

6.4 Results and discussion 

Geometry structure. Optimizing the structure of 2D materials is crucial because 

their properties are highly sensitive to their atomic arrangement. By tuning the 

arrangement of atoms, we can enhance specific properties like electronic conductivity, 

mechanical strength, and optical behavior, making them suitable for various 

applications in electronics, optics, energy storage, and more. After selecting the 

materials from 2D database and the criteria that we have mentioned in the above 

section we downloaded the zyx file then we opened it via materials studio for checking 

and setup the correct lattice parameter and space group. Then we optimized the 

structure for these monolayers so we can check if the structures have changed during 

this calculation.  The optimised monolayers for AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 

ScSeCl, ScSeI and InSI monolayers crystals are shown in Figure 19. They have 

trigonal symmetry237 Figure 23 (a) shows the top view and (b and c) shows the sides 

view of these monolayers. 
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Figure 23 (a) top view and (b and c) sides view of the structure of AlSI, AlSeBr, 

AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI monolayers. 

 
We have calculated several ABC materials, and it was found that only eight 

materials could potentially be used for water splitting. However, some of the materials 

that are not suitable for water splitting might be useful for other applications, such as 

solar cells. Table 4 shows the eight materials used and the calculated lattice 

parameters. As shown in table 1the the calculated lattice parameters of AlSI, AlSeBr, 

AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI monolayers data from previous 

theoretical studies are well consistent with these findings238,239. As indicated by the 

results in Table 4, lattice constants calculated for the x-axis (a-axis) are both larger 

than for the y-axis (b-axis). It is interesting to note that with increasing atomic mass, 

the substitution of X atoms has a greater impact on lattice constants and bonds than Y 

atoms, but the substitution of Y atoms has a greater effect on buckling distances. 
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Table 4 Calculated structural parameters of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 
ScSeCl, ScSeI and InSI monolayers. 

 

To investigate the thermodynamic stability of AlSI, AlSeBr, AlSeI, ScSI, 

ScSeBr, ScSeCl, ScSeI and InSI monolayers, we calculated their phonon spectra 

within the framework of PHONOPY and AIMD. The phonon dispersion spectra of 

these monolayers were calculated to examine their dynamical stability.  Phonon 

spectra represent the vibrational modes of a crystalline material as a function of wave 

vector in the Brillouin zone. By examining the generated dispersion plot, we can 

identify whether the material is dynamically stable based on the absence of imaginary 

frequencies. As can be seen in Figure 23, in the entire Brillouin zone, there are no 

imaginary frequencies for the phonon modes this indicates that, these monolayers are 

dynamically stable. In a primitive cell, there are six atoms, which result in 18 phonon 

modes, three of which are acoustic and fifteen of which are optical. After the 

calculations done, we laminated the monolayers that is not stable because of not fit the 

water splitting equipment as shown in the Table 5.  

Lattice 

Parameters 

Materials 

AlSI AlSeI AlSeBr ScSeBr ScSeCl InSI ScSI ScSeI 

a (Å) 4.85 5.31 5.23 5.39 5.38 5.32 5.09 5.37 

b (Å) 3.71 3.79 3.61 3.83 3.67 3.99 3.92 3.98 
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Figure 24 Phonon spectra of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and 

InSI monolayers with no imaginary frequency in any wave vector. 
 

In addition, AIMD simulations prove thermal stability, for the suitable 

materials out of the materials that have been selected as the mentioned criteria on the 

introduction section.  Thermal stability typically refers to the ability of a material to 

maintain its structural and energetic integrity at elevated temperatures. AIMD 

simulations involve modeling the dynamic behavior of atoms and molecules at finite 

temperature and understanding the thermal stability of the system is crucial for various 

applications including water splitting. The performed colourations for AIMD are set 

with a 3×3×1 supercell at 300 K and simulation lasting for 10 ps. The time step of 1 fs 

and NVT ensemble controlled by Nose-Hoover thermostat198 were applied in the 

simulation. As illustrated in Figure 25, for the AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, 

ScSeCl, ScSeI and InSI monolayers with the energy 300 K and by the time are stable. 

And the results are -3.85, -4.95, -3.50, -5.68, -3.95, -5.80, -5.35, and -5.35 eV\atom, 

respectively. Moreover, there were no significant structural destruction, and the total 

energy per atom only fluctuated within a small range (< 0.1 eV) for a period of 10 ps.  
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Figure 25 AIMD simulation at 300 K shows the evolution of total energy per atom. 

The insets are the structures of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and 

InSI monolayers at 0 ps and 10. 

Electronic structures. The band gap is another important calculation that is 

composer for water splitting and there are two methods that we can get the band gap 

BPE and HSE06. For accurate results, HSE06 was applied to determine the accurate 

electronic structure and band gaps of these materials219,220. Figure 26 shows the HSE06 

functional calculation obtained from indirect band gaps of AlSI, AlSeBr, AlSeI, ScSI, 

ScSeBr, ScSeCl, ScSeI and InSI monolayers are 2.56, 2.27, 2.22, 2.8, 2.4, 2.29, 2.38 

and 2.49 eV, respectively. By comparing these values with the band gap of Ag2S  and 

NaTAO3  monolayer, which is approximately 2.83 and 2.25 eV, most of the values are 

quite close to Ag2S and NaTAO3 which have been identified as photocatalysts for 

water splitting240,241. We also investigate other materials (see Table 5), however some 

of these materials that highlighted red colour cannot be used as photocatalytic water 

splitters due to large band gaps (over 3 eV). 
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Figure 26 The band structures on HSE06 level of the AlSI, AlSeBr, AlSeI, ScSI, 

ScSeBr, ScSeCl, ScSeI and InSI monolayers and the rang are between 2.2 to 2.8 eV.  
 

Photocatalytic properties. As described in Chapter 2, for 2D materials to be 

used as efficient photocatalysts, they must have suitable band edge positions. That is, 

the CBM of the photocatalyst should be above the reduction potential of water, -4.44 

eV, and the VBM should be lower than the oxidation potential of water, -5.67 eV60,62,63. 

The VBMs are calculated from the difference between the vacuum potential and Fermi 

level. As shown in Figure 27, the CBMs of the monolayers were above -4.44 eV, which 

is greater than the hydrogen reduction potential. The VBMs of these monolayers were 

not below the water oxidation potential, -5.67 eV. The band edge positions are 

connected to the water redox potentials, which means that these monolayers could 

work as photocatalysts without an external bias voltage59,179,207. The calculated 

positions of VBM and CBM are shown in a schematic diagram in Figure 27 the red 

line indicated the CBM level, and the blue line indicated the VBM level. The VBM 

band edges of these monolayers were located at approximately -7.1 eV, which is 

significantly lower than the oxidation potential of water, whereas the CBM of the 

monolayers was slightly higher than the reduction potential of water. Therefore, we 

are approved that AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI 

monolayers are suitable for water splitting. There are some monolayers that are 
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laminated after checking the band position because the CBM or VBM does not fit with 

the requirement mentioned and shown in Table 5 highlighted with red colour. 

 

Figure 27 Shows band positions of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, 

ScSeI and InSI monolayers compared to the redox potential of water splitting. 
 

Table 5 The selected materials from 2D database (D2CB) and the highlighted with 

red colour are not fit with requirements of water splitting. 
Materials HSE band gap eV CBM VBM 

BrInS 2.80 3.46 -4.44 -7.24 
AsClTe 1.57 3.09 -4.53 -6.10 
BrGaS 2.34 3.25 -4.67 -7.02 
BrSSc 3.24 3.16 -4.14 -7.39 
ClGaS 2.31 3.27 -4.64 -6.96 
ClHfN 3.32 3.29 -3.53 -6.86 
ClInO 4.11 3.78 -4.56 -8.67 
ClInS 2.79 3.53 -4.48 -7.28 
ClSSc 3.12 3.15 -4.20 -7.33 
ClScSe 2.29 2.96 -4.25 -6.55 
AsClSe 2.26 3.32 -4.93 -7.19 
BrSbSe 1.81 3.82 -5.13 -6.94 
AlBrS 3.17 3.46 -3.57 -6.74 
AlClS 3.24 3.50 -3.2 -6.45 
AlClSe 2.10 3.23 -3.53 -5.64 

AlIS 2.56 4.05 -4.08 -6.64 
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Materials HSE band gap eV CBM VBM 
AlISe 2.22 3.73 -3.96 -6.19 

BrGaO 4.04 3.47 -3.50 -7.55 
BrHfN 3.27 3.32 -3.57 -6.85 
BrInO 3.60 3.76 -4.38 -7.99 
BrNZr 3.70 4.32 -3.02 -6.72 
AlBrSe 2.27 3.20 -3.68 -5.95 
AsClTe 1.57 3.09 -4.53 -6.10 
HfIN 2.71 4.03 -3.63 -6.16 
IInS 2.49 3.93 -4.41 -6.90 
ISSc 2.80 3.70 -4.02 -6.82 
IScSe 2.38 3.52 -4.10 -6.48 

AsClSe 2.26 3.32 -4.93 -7.20 
BrSbSe 1.81 3.82 -5.13 -6.94 

 

 

Optical absorption. Another important property to assess for a photocatalyst 

is its ability to absorb sunlight. High response to a broad range of solar light is highly 

desirable to generating more electron-hole pairs for the full utilization of the solar 

energy. Using the dielectric function with the HSE06 hybrid functional, the absorption 

coefficient was calculated from the complex dielectric constants and Energy 

conversion can be more efficient when there is high response to solar light. A spectrum 

of visible light (approximately 350 - 800 nm). Figure 28 shows that light absorption 

occurs predominantly in the ultraviolet (UV) range, with a small contribution from the 

visible range. These monolayers have significant absorption peaks in the ultraviolet 

range, as well as in the x- and y-directions. Usually, solar blind deep-UV detectors 

operate under severe conditions, which allows these monolayers to be used in UV 

optoelectronic devices in solar blinds. Moreover, the light absorption of AlSI, AlSeBr, 

AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI monolayers were 500, 420, 430, 550, 

420, 510, 510, and 440 nm, as shown in Figure 28. These materials exhibit a highly 
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favorable phonon spectra that is closely resembles those of synthesized and 

experimentally investigated materials such as the CdS nanorod/ZnS nanoparticle 

composite242. 

It is worth mentioning that there are some of some of the materials having large 

band gap (over than 3 eV) which indicate that large band gap can have poor light 

absorption, as can be seen in Table 5. 

 

Figure 28 Calculated light absorption of these monolayers in direction. Ppurple and 

yellow areas represent the ultraviolet and visible regions of sunlight. 
 

6.5 Conclusion 

In this research, we calculated electronic structure, band edge positions, 

phonon spectra, and light absorption for wide range of not synthesized materials. After 

calculating their phonon spectra, we found that there is no imaginary frequency in 

AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and InSI monolayers. This finding 

indicates some of these monolayers are dynamically stable while, for the remainder of 

these monolayers that have small imaginary frequency, we might solve this by 

increasing the supercell. In addition, we calculated the light absorption, and we found 
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that these monolayers have good light absorption with proximately 420 and 680 nm. 

Moreover, the band gaps of AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, ScSeI and 

InSI monolayers are between 2.2 and 2.8 eV which is an excellent position for water 

splitting. The CBMs and the VBMs have exceptional fit for water oxidation and 

reduction potentials. Based on our findings, these materials have excellent band gap 

position, and some of these monolayers are dynamically stable and have good light 

absorption. These 2D materials are suitable photocatalysts for photoelectrochemical 

water splitting. Therefore, they could be promising photocatalysts for water splitting. 

Our work not only enriches the family of 2D materials but also highlights new 

candidates for the development of high efficiency photocatalysts in the near future.  
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Chapter 7: Conclusions and Future work 

7.1 Conclusion 

In conclusion, the production of hydrogen through photocatalytic water 

splitting shows great promise in addressing the environmental and energy challenges 

of the twenty-first century. The use of two-dimensional materials with excellent visible 

light absorption and suitable band alignment is crucial for efficient photostatic water 

splitting. Through computational studies using DFT, this thesis has contributed to the 

exploration of previously unexplored 2D materials and provides insights into their 

structural, electronic and optical properties, as well as the edge positions of the CBM 

and VBM. Further research in this field is essential to realise the full potential of water 

splitting for sustainable energy production. 

We have theoretically demonstrated, by DFT calculations, that MgAl2S4 

monolayer should be included as a new member of the family of 2D photocatalysts. 

The small cleavage and formation energies show high feasibility for fabrication of this 

monolayer. The dynamical and thermal stabilities are demonstrated by the phonon 

calculations and AIMD simulations. The band edge positions, and light absorption 

spectra show the photocatalytic capacity of pristine MgAl2S4 monolayer upon UV 

irradiation. A moderate tensile strain could be applied to overcome the poor light 

absorption in the visible range and improve its oxidation ability. Furthermore, based 

on 2D MgAl2S4, we designed direct Z-scheme heterostructures possessing high redox 

abilities and high visible light absorbance. This work not only proposes a potential 2D 

material for photocatalytic water splitting but also highlights the important role of 

structural engineering in the design of highly efficient photocatalysts. 
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The AgGaP2Se6 monolayer was also proposed as a novel 2D photocatalyst. 

Fabrication of this monolayer is highly feasible because of the small cleavage and 

formation energies. Using phonon calculations and AIMD simulations, we 

demonstrated the dynamical and thermal stabilities. Under UV irradiation, pristine 

AgGaP2Se6 monolayers displayed good light absorption spectra and band edge 

positions, indicating their photocatalytic capacity. To improve its oxidation ability and 

visible light absorption, a moderate tensile strain could be applied. A direct Z-scheme 

heterostructure based on 2D AgGaP2Se6 was designed, exhibiting high redox ability 

and high light absorption. This work illustrates the importance of structural 

engineering in the design of high efficiency photocatalysts and presents a potential 2D 

material for photocatalytic water splitting. 

A comprehensive overview of selected materials from the Computational 2D 

Materials Database (C2DB) is presented in this study. We investigated several 2D 

materials that had not been synthesized or studied before. The selected materials were 

analyzed for their electronic and structural properties, as well as their optical 

properties. Among the studied materials, AlSI, AlSeBr, AlSeI, ScSI, ScSeBr, ScSeCl, 

ScSeI and InSI appeared to be new candidates for efficient water splitting. After 

calculating their phonon spectra, we found that there was negligible or no imaginary 

frequency in these monolayers, which indicates these monolayers are dynamically 

stable. In addition, these monolayers showed good light absorption, at approximately 

420 and 580 nm. Moreover, the band gaps of the monolayers were between 2.2 to 2.8 

eV, representing excellent compatibility with the requirements for water splitting. The 

CBMs and VBMs showed exceptional fit for the water oxidation and reduction 

potentials. Based on these findings, these 2D materials are suitable photocatalysts for 
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water splitting. This work adds to the family of 2D materials and highlights new 

promising and efficient photocatalysts for development in the near future.  

7.2 Future work 

In order to achieve sustainable energy production and to preserve the 

environment, photocatalytic water splitting must be studied. We are striving to combat 

climate change and the depletion of finite energy resources by finding efficient and 

renewable ways to produce hydrogen, a clean and versatile fuel. Hydrogen fuel can be 

generated without harming the environment, through photocatalytic water splitting, 

which harnesses the power of sunlight to split water into hydrogen and oxygen. It is 

possible to unlock the potential of clean energy solutions by delving into this field, as 

well as reduce our dependence on fossil fuels and pave the way for a greener, more 

sustainable future. This section provides specific limitations and future directions 

for the work presented in this thesis.  

In Chapter 4, it was identified that the MgAl2S4 monolayer has the potential to 

be used as a photocatalytic water-splitting agent. There is also the possibility for this 

monolayer to be used in other applications. In addition, it may be possible to find other 

materials for designing heterostructures, which can be investigated and compared to 

previous studies. 

Chapter 5 of this thesis showed that AgGaP2Se6 monolayer is an excellent 

material for the splitting of water, as can be seen from the results. In spite of this, future 

work is planned to investigate two further aspects of this approach. The first of these 

plans to use a bilayer and insert hydrogen or semiconductor elements between the two 

layers in an attempt to improve the CBM to further satisfy the conditions for water 
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splitting. It is also possible to investigate this material for other applications, such as 

hydrogen cells or solar cells.  

Chapter 6 examined over large number of materials for the purpose of 

discovering new 2D materials that have not yet been synthesised. As can be seen in 

the following Table 6, there are 16 materials that cannot be used as photocatalytic 

water-splitting materials due to failing to meet one of the conditions necessary for 

photocatalytic water splitting. As can be seen for these materials, they have an 

excellent band gap, which makes them very suitable for other applications. As a result, 

the further research to expand the scope of Chapter 6 is intended to determine whether 

these materials can be used as solar cells.  

Moreover, it can be very beneficial to collaborate with experimental researchers 

in QUT or other universities to transform our theoretical predictions into tangible 

outcomes. Some of the materials investigated in this thesis have good potential of 

producing efficient photocatalysts, therefore, there is a reasonably suitable scope for 

future experimental work in the area of photocatalytic water splitting.  

Table 6 List of some materials investigated in Chapter 6 that can be used for other 
applications in future. 

M Materials Space 
Group 

Band Gap HSE06 

1 AgBrS 

P1 

2.27 

2 CuBrS 1.85 

3 CuISe 1.66 

4 AgClSe 2.07 

5 BrInS 

Pmmn 

2.80 

6 BrGaS 2.34 
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7 ClGaS 2.31 

8 ClInS 2.79 

9 AsClTe 

P3m1 

1.57 

10 AsClSe 2.26 

11 BrSbSe 1.81 

12 BiIO 

bilayer 
14 BiFO 

15 BiBrO 

16 BiClO 
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