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Abstract 
 

Advances in materials science and technology are critical to the development of different 

sophisticated processes. It is imperative to recognize the significance of affordable, 

sustainable, and eco-friendly energy alternatives. Significant scientific and technological 

interest has consistently been shown in the use of hydrogen-based technologies towards 

the provision of clean, green energy in the energy mix. The formation of heterostructures 

combining MoS2, WS2, and ReS2 is a promising strategy in developing 2D 

semiconductor-based photo-catalysts for water splitting. This specific Research paper 

involves theoretical simulations to predict and optimize the properties of MoS2, WS2, and 

ReS2 heterostructures. This approach helps in understanding the fundamental 

mechanisms at play and designing more effective photo-catalytic systems. Monolayers 

and heterostructure combining MoS2, WS2, and ReS2 is constructed and investigated in 

this study using Density functional study as implemented in quantum ESPRESSO and 

CASTEP. ReS2 -WS2 hetero structure is type II hetero junction which has greater energy 

level than that of WS2 monolayer. It is also demonstrated appropriate CBM position 

located within -2.650 to -4.010eV range according to the band alignment, highlighting 

another class of suitable materials for hydrogen evolution reaction. In similar manner, 

hetero structure ReS2-MoS2 has greater energy level than MoS2 monolayer. The band 

alignment is shows us appropriate CBM position located within  -3.054 to -4.350 eV 

range, this denote this hetero structure is suitable for hydrogen production. The power 

conversion efficiency of MoS2, WS2 and MoS2 –WS2 heterostructure is computed, and 

the results exhibit high efficiency with values of 18.7%, 17.0% and 21.4%, respectively 

making these materials promising for photovoltaic solar cell. 

 

Keywords: DFT, band alignment, band gap, power conversion efficiency, photo-

voltaic, photo-catalyst, water splitting 
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Chapter 1: Introduction 

1.1 Background and Motivation 

 

The development of sustainable energy infrastructure is a new field that is being studied 

to control the world's energy consumption in light of population growth, sharing of 

renewable energy sources, and per-capita energy consumption. To reach the 2030 energy 

objectives, the infrastructure and energy technologies that are in place now must be 

reinforced. This area of materials science and engineering is crucial and expanding 

quickly that improved functional materials for energy-related devices. [1] However, the 

deployment of these intermittent renewable energy sources has been limited by the 

difficulties associated with energy storage and integration into the present power system. 

Hydrogen is an energy vector which possessing a high energy density and  potential 

which is carbon neutral that can be stored by water splitting techniques including 

electrochemical and photo-electrochemical processes. Hydrogen can be used as a 

sustainable energy source, similar to wind and solar power. [2-4]  

One of the biggest challenges facing humankind is providing cheap, clean energy to a 

growing global population. [5] By 2040, the world's energy consumption is expected to 

have increased from 17 TW in 2010 to 27 TW. The world's energy supply is still 

dominated by fossil fuels, but growing worries about how human-caused carbon dioxide 

is affecting the environment make renewable energy sources like solar and wind more 

appealing. [6-9] However, the vast majority of the earth's energy resources come from 

non-renewable sources including nuclear energy, oil, coal, and natural gas, and their 

supplies are finite. When these fossil fuels are used, they produce energy through burning, 

but at the same time, a number of serious environmental issues such water pollution, 

greenhouse gas emissions, global warming, and the formation of an ozone hole arise. As 

a result, many scientists, policy makers, and organizations are motivated to look for fresh, 

sustainable sources of alternative energy. [10]  

One alternative energy source can be by splitting water and producing hydrogen. 

However, significant development in technology is required before water splitting can be 

widely used in an economically viable manner. The creation of very active, stable 

electro-catalysts made of elements that are readily available on Earth is one essential 

need. [11] Because of its promise in a wide range of technological applications, the 

application and usage of 2D materials is a topic that is consistently receiving substantial 

research interest. [12–21]  

Our globe receives a tremendous amount of energy from the sun every day, and this 

source has garnered significant interest as a potential substitute for fossil fuels in order to 

reduce greenhouse gas emissions and supply energy for present and future human needs. 

A more attractive strategy would be to use photo-catalytic processes to synthesize 

transportable and storable chemical fuels. These processes use solar energy to create 
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molecular bonds, which are then stored as energy through a thermodynamic "uphill 

reaction" [22] 

Numerous photocatalysts have been created for solar energy conversion and 

environmental protection since Fujishima and Honda discovered the photocatalytic 

splitting of water on TiO2 electrodes in 1972. [23] The process of photocatalysis is 

mediated by semiconductors.  Semiconductors, which consist of an empty conduction 

band (CB) and a full valence band (VB), are able to absorb light and use it for chemical 

processes. Examples of these semiconductors are TiO2, [24], CdS, [25], and BiVO4, [26], 

among others. [27]  

 

Light irradiation can lead to the formation and separation of electron-hole pairs. The 

photogenerated electrons and holes can be employed as reductants or oxidants to achieve 

water reduction or pollutant degradation, respectively. [28] The poor activity of 

semiconductor photocatalysts is caused by the unstable and readily recombined 

photogenerated electrons and holes in the excited states.  [29] 

A viable method for producing H2 from solar energy that is inexpensive, clean, and 

ecologically acceptable is photocatalytic water splitting. The photocatalytic water 

splitting procedure has three essential stages: the extraction of solar light, the separation 

and transfer of charges, and the catalytic reactions for the evolution of H2 and O2. 

 

In 1972, Honda and Fujishima discovered the photoelectrochemical (PEC) water-splitting 

on a titania electrode. Since then, photocatalysts have become a viable method for 

converting solar energy into clean, carbon-neutral H2 fuel in a low-cost and ecologically 

beneficial manner. [30] 

 

 

A good catalyst can assist minimize the energy needed for the uphill reaction of water 

splitting, which takes 237 kJ/mol to occur. Reduction and oxidation processes take place 

at the catalyst's surface during the water splitting process. In general, water splitting is the 

process of dividing water into hydrogen and oxygen in a 2:1 ratio with the aid of suitable 

photocatalysts. Water splitting by photocatalysis has a well-established mechanism. [31] 

An energy-appropriate photon is absorbed to start the reaction, excitining electrons from 

the valence band maximum (VBM) to the conduction band minimum (CBM). The 

generated electron-hole pairs go to the photocatalyst's surface when they have the right 

potentials—the valence band maximum (VBM) being more positive than the water 

oxidation potential and the conduction band minimum (CBM) being more negative than 

the H+/H2 redox potential. Electrons at the surface active sites convert water to hydrogen, 

whereas holes oxidize water to produce oxygen. [32] 

 

Scientists directed their attention to two-dimensional (2D) stacked materials after 

learning about graphene. The layered crystal structure of 2D materials is characterized by 

layers that are held together by weak van der Waals (vdW) force and strong covalent in-

plane bonding. [33] The development of this technology has enabled research on the 

creation, manufacturing, and use of two-dimensional materials. Although several 

heterostructures are anticipated to be feasible choices for producing high-performance 

solar materials, their efficiency is still below the target level. Research into different 2D 
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hetero-structure materials is therefore essential to better understand their characteristics 

and discover more effective materials that can yield remarkable effects across the 

interface. [34]   

Advances in materials science and technology are critical to the development of different 

sophisticated processes. It is imperative to recognize the significance of affordable, 

sustainable, and eco-friendly energy alternatives. Significant scientific and technological 

interest has consistently been shown in the use of hydrogen-based technologies towards 

the provision of clean, green energy in the energy mix. [35]   

 

                      Figure 1  . Periodic table with highlighted elements for typical ultrathin 2D materials [36]  

It is generally known that the TMDs showed layered compounds with the common 

chemical formula MX2, where X is a chalcogen atom (S, Se, and Te) and M is a 

transition metal from group IV/V/VI (Ti, Zr, Hf, V, Nb, Ta, Mo, and W). [37] Three 

atomic layers make up each TMD monolayer, with the M layer positioned between two 

chalcogen layers. 

 

In their discussion of the latest developments and potential applications of ultrathin 2D 

semiconductor-based photo-catalysts for water splitting, Xiaoyong Yang et al. emphasize 

the importance of stable, affordable, and earth-abundant 2D semiconductor-based photo-

catalysts. It also emphasizes the significance of creating precise theoretical models and 

comprehending charge transfer mechanisms. This thorough review discusses the state-of-

the-art in 2D semiconductor-based photo-catalysts today and emphasizes the 

opportunities and difficulties in this quickly developing sector. [38] 
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1.2 Problem Statement 

 

The fabrication and characterization of TDMs heterostructures for photo-catalytic 

applications provide a number of difficulties for researchers. These consist of 

repeatability, scalability, interface quality, and layer uniformity and control. For practical 

applications, reproducibility is essential since minor adjustments to the synthesis 

conditions might result in notable changes in the characteristics of the heterostructures. 

To enhance these processes and increase the usefulness of TDMs heterostructures in 

photo-catalytic water splitting and other energy-related applications, a multidisciplinary 

strategy involving materials science, chemistry, and engineering is required. 

 

The formation of heterostructures combining MoS2, WS2, and ReS2 is a promising 

strategy in developing 2D semiconductor-based photo-catalysts for water splitting. These 

structures leverage the unique properties of each material to enhance photo-catalytic 

performance, particularly in terms of light absorption, charge separation, and catalytic 

activity. 

 

 Key aspects of these heterostructures include enhanced light absorption, improved 

charge separation and transfer, synergistic effects, multiple active sites for hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER), enhanced stability and 

durability, and advanced fabrication techniques like layer-by-layer assembly. 

 

This specific Research paper involves theoretical simulations to predict and optimize the 

properties of MoS2, WS2, and ReS2 monolayer and their heterostructures. This approach 

helps in understanding the fundamental mechanisms at play and designing more effective 

photo-catalytic systems. 

 

 In summary, the formation of heterostructures combining MoS2, WS2, and ReS2 is a 

promising area of research in the field of photo-catalysis, offering potential 

improvements in light absorption, charge dynamics, and catalytic activity, which are 

essential for efficient Hydrogen evolution reaction. The combination of these materials 

may lead to enhanced stability under operational conditions, with less degradation than 

individual components. 
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1.3 Research Objectives 

General Objective 

 

To investigate 2D hexagonal transition metal dichalcogenide monolayer and their 

heterostructures of MoS2-WS2, ReS2-WS2 and ReS2-MoS2 as a candidate material for 

photocatalytic water splitting and photovoltaic applications. 

Specific Objectives 

- 

 To optimize electronic properties of MoS2, WS2and ReS2 monolayers  

 To analyze the band structureand  density of states of MoS2-WS2, ReS2-WS2, 

and ReS2-MoS2 heterostructures. 

 To cvaluate the band edge values relative to water redox potential for hydrogen 

evolution reaction feasibility. 

 To determine the  power conversion efficiency for photovoltaic applications. 

1.4 Thesis Structure 
 

An over view of the related literature on two dimensional materials and TMDS, with 

Photo –catalytic water splitting and photovoltaic solar cells is presented in chapter 2. The 

key points of Theoretical background and computational methods considering Density 

Functional theory and Simulation parameter is covered in Chapter 3. Research objective, 

Background and motivation were described in Chapter 1. In Chapter 4 result and 

discussion covered that shows the construction of hetero-structure. Electronics properties 

of monolayers and hetero-structures including band structure, Density of state and Band 

edge alignment presented and Power conversion efficiency and photo catalytic water 

splitting covered. The comparative analysis and Challenges including recommended 

future work is discussed and Finally, summary of finding and recommendation of the 

thesis be presented in Chapter 5. 
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Chapter 2: Literature Review 
 

2.1 Two-Dimensional Materials and TMDs 

Dean CR and colleagues [39] have made significant advances in the realm of 2D 

materials. They published in 2010 the first 2D heterostructure (graphene/h-BN) to be 

atomically thin. 2D heterostructures made out of several MX2 layers that are atomically 

thin have drawn a lot of interest very fast.[40] [41] Because van der Waals interactions 

between MX2 layers, in which M represents the transition metal from group IV/V/VI (Ti, 

Zr, Hf, V, Nb, Ta, Mo and W), and X shows a chalcogen atom (S, Se, and Te) prevent 

dangling bonds from forming on the basal plane, the layers can form a variety of vertical 

or lateral heterostructures. Negative differential resistance (NDR) and interlayer 

excitons—properties that are unique to heterostructures built on MX2 layers and absent 

from individual MX2 layers—have been demonstrated.  [42] [43] Furthermore, the 

hetero-structures of semiconducting MX2 layers provide up fascinating opportunities for 

creating new and useful devices including p-n diodes and tunneling field effect 

transistors. MX2 hetero-structures provide a fresh avenue for investigating novel devices 

and physics. [44] [45]  

 

The application of 2D nanomaterials for photocatalytic hydrogen generation is discussed 

by Priyanka Ganguly et al., who also highlight current advancements in this field. [46] 

The production of 2D nanomaterials and their potential for applications involving 

surfaces are also covered. By offering a sizable surface area for catalytic activity, 

improving charge carrier movement, and lowering recombination routes, two-

dimensional nanomaterials aid in the hydrogen evolution reaction. They are ideal for 

surface-related applications because of their strong in-plane chemical bonding and weak 

van der Waals interactions. 

Furthermore, 2D nanomaterials—like nanosheets—offer the benefit of a shorter travel 

distance for incoming photon flux, which boosts efficiency even under low light 

conditions. Moreover, the development of p-n nano-heterojunctions on the semiconductor 

surface highlights the significance of surface chemistry in the construction of 

heterojunctions, which can improve the hydrogen evolution reaction's overall efficiency. 

Because of their increased durability against photocorrosion, delayed recombination 

pathways, and increased efficiency in producing hydrogen, novel heterojunctions made of 

2D nanomaterials and their composites have great potential for applications in the future.  

The MX2 heterostructures are intriguing for a variety of applications, especially in the 

fields of electronics and photovoltaics, due to their numerous noteworthy electronic 

features. The following are specifics about their electrical characteristics: [47] 
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A. Band Structure:  Direct Band Gaps: Direct band gaps are essential for effective 

optical absorption and are present in the majority of MXO/MoX2 heterostructures. 

When photons are absorbed, direct band gaps enable electrons to go directly from 

the valence band to the conduction band, increasing the efficiency of devices such 

as solar cells.  

B. Band Gap Quantities: These heterostructures' band gaps are usually between 1.0 

and 2.0 electron volts (eV), which is perfect for absorbing most of the sun 

spectrum. There are few exceptions, though, such as the distorted HfSeO/MoSe2, 

which may be helpful for applications needing lower energy photon absorption 

because of its reduced band gap of 0.525 eV. 

C. Charge Carrier Mobility: High charge carrier mobility is anticipated in the 

heterostructures, which is advantageous for applications involving electrical 

devices. High mobility makes sure that charge carriers can pass through the 

material rapidly, which lowers energy loss and speeds up the device's reaction 

time.  

D. Interface characteristics and stability: Chemical Stability: Chemical stability is 

important for long-term device applications, and these materials are typically 

stable. Device longevity and maintenance needs are impacted by stability. 

Interface Electronic characteristics: These heterostructures can have distinct 

electronic characteristics at the interfaces connecting the various layers. These 

may include band alignment or the creation of interface states, which may have an 

impact on the material's overall electrical behavior. 

 

E. Versatility in Applications: These heterostructures have a wide range of 

applications because of their adjustable electronic characteristics. They can be 

used in sensors, transistors, and other electrical or optoelectronic devices in 

addition to photovoltaics. 

F. Optical capabilities: These materials are appropriate for light-emitting diodes 

(LEDs) and laser diodes when effective light emission is required since the 

straight band gaps also indicate significant optical absorption capabilities. 

 
 

Two-dimensional transition metal dichalcogenides (TMDs) are a newly identified family 

of 2D materials with properties that make them appealing for applications in 

nanoelectronics, nanophotonics, and nanosensing. [48] 

The TMDs are two-dimensional semiconductor materials with special mechanical, 

optical, and electrical characteristics. Thus, for the purposes of next-generation 

semiconductor devices, the materials can make up for the metallic substance graphene 

and the insulator hexagonal boron nitride (hBN). This section introduces a number of 

TMD development techniques. While the fundamental principles of manufacturing 

techniques are transferable to other van der Waals materials, TMDs require a distinct 

strategy because of their distinct components and growth processes. [49] Although 

graphene's many fascinating properties have made it very well-known, the search for 
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two-dimensional semiconducting materials has been fueled by graphene's absence of an 

electronic band gap, or a material with a zero-band gap. 

TMDs have band gap energies between one and two electron volts. [50-53]. TMDs with a 

monolayer sub nanometer thickness can absorb 5 to 10 percent of incoming light, just 

like a strong light interaction material.[54-56] These TMD characteristics make the 

materials suitable for a wide range of uses, including energy harvesting, electrical, 

optical, sensor, and catalytic applications. [57] 

The layered structure of two-dimensional transition chalcogenides (TMDCs), which is 

composed of two chalcogen planes and a hexagonal transition metal plane, gives TMDCs 

special electronic transport capabilities. These materials differ greatly from their bulk 

counterparts in terms of their characteristics, displaying a wide range of electrical flairs 

and chemical activity. [58]  

Molybdenum disulfide  

 

Molybdenum sulphide is a prominent scalable non-precious metal catalyst for hydrogen 

production, and its use may be essential given the need to lower the cost of these 

technologies in order to compete with fossil fuels. [59]  MoS2, a two-dimensional sheet of 

S-Mo-S interlayers placed vertically, has become an unparalleled class of nonprecious 

HER catalysts with exceptional catalytic activity and outstanding stability in acidic 

solutions . Due to their excellent potential as a low-cost substitute for the expensive and 

rare noble metal Pt, as well as the fact that they have hydrogen binding energy 

comparable to Pt, molybdenum sulfide nanoparticles (NPs) have drawn a lot of attention 

for hydrogen evolution reaction electrocatalysts (HER). [60] 

 

MoS2 can be used as a lubricant because of its numerous intriguing features. [61] 

Although Rapoport, L et.al study will concentrate on MoS2 as a HER catalyst, 2D 

transistor and hydro-desulfurization catalyst, [61] Fascinatingly, first research on the 

electrochemistry of bulk MoS2 crystals by Tributsch investigations have demonstrated 

that nanostructuring MoS2 materials may markedly increase HER activity, reviving 

interest in this material. [63] 

 

MoS2 is often found in two polymorphs: 1T-MoS2, which is the metallic and metastable 

phase with MoS6 octahedra, and 2H-MoS2, which is the thermodynamically stable and 

semiconductive phase with edge-sharing MoS6 trigonal prisms. 1T-MoS2 nanosheets 

exhibit exceptional HER activity in addition to a high electron transport rate.  

 

Compared to other structures, MoS2 has a higher propensity to create sheet-like 

nanocrystals due to its distinct layered crystal structure. The impact of MoS2 phase 

change on hydrogen evolution performance was initially investigated by Jin and 

colleagues. They showed that the 1T-MoS2 was formed directly on graphite and 

chemically exfoliated from semiconducting 2H-MoS2 nanostructures by lithium 

intercalation.[64] 
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In comparison to lithium (butyllithium-treated) intercalated 1 T MoS2 nanosheets, the 

graphite electrode adorned with 2 H MoS2 nanosheets performed worse in terms of HER. 

cording to this study, the higher electrical conductivity of the 1 T phase compared to the 

2 H phase is what causes the increased HER activity rather than the edge sites becoming 

stronger. The edge site is catalytically active and may provide an easier path for electrons 

to hop than the atoms in the basal plane, according to the conventional theory of MoS2. 

[65]  

 

When using MoS2 as an effective HER catalyst, there are often two limitations that need 

to be taken care of. To enhance the density of the active sites, stacked MoS2 layers should 

first be exfoliated. Secondly, the weak electrical connections to the active sites should be 

strengthened, Therefore, increasing the quantity of these active sites in MoS2-based 

electro catalysts is essential to observing a greater activity for HER.[66] 

 

Therefore, because nano-sized MoS2 has more exposed sulfur edges than the more inert 

bulk forms, a higher catalytic activity must be seen from it in HER electro catalysis. 

Although more edge sites can improve the HER activity of MoS2-based electro-catalysts, 

the function of HER is significantly impacted by this poor inherent electrical conductivity.  

 [67].  

 

Numerous strategies have been put forth to improve the conductivity of MoS2-based 

electro-catalysts. MoS2 is a multilayer transition metal dichalcogenide with strong in-

plane bonding within and mild van der Waals forces between the layers. Easy exfoliation 

into thin layers, which are active for photo-catalytic water splitting, is made possible by 

this structure. It has been demonstrated that MoS2's appropriate band gap and effective 

charge carrier dynamics allow for strong photo-catalytic activity. In conjunction with 

other photo-catalysts, it can function as a co-catalyst to enhance hydrogen evolution 

processes.The recombination of photo-generated charge carriers and the comparatively 

limited absorption of visible light are the key problems with MoS2. Improving the 

efficiency of charge separation and visible light absorption are important research areas. 

The total HER performance is also influenced by the amount of MoS2 layers participating 

in the catalytic process, even though porous shaped electrodes offer controllability over 

the edge site. [68] 

Tungsten disulfide  

As a result, hydrogen evolution  has received a lot of attention lately. This method has 

excellent catalytic performance requires adjusted characteristics and a regulated structure. 

Numerous WS2 nanostructures were created on this line with the necessary adjustments. 

WS2 nanosheets that have been chemically exfoliated under tension are one important 

method. [69]  

A large concentration of strained 1T-phase metallic areas may be seen in the exfoliated 

WS2 nanosheets. When WS2 nanosheets are under tension, they are catalytically active; 

when they are in compression, they are not. Additionally, strain and variations in the 1 T 
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phase have an impact on the electrical characteristics of the nanosheets, which is crucial 

for the nanosheets' catalytic function. Because of this, the as-exfoliated WS2 with 1 T 

phase exhibits catalytic activity that is greater than that of the 2 H phase (annealed at 300 

°C) and is similar to Pt nanoparticles. By using an electrochemical method, heteroatom-

doped WS2 yielded MWSx sheets (M 5 Ni, Co). The M-S-W clusters in this system 

improved the catalytic activity of WS2 nanosheets in hydrogen evolution processes by 

occupying the MS centers. [70]  

Like MoS2, WS2 is layered and exhibits weak interlayer van der Waals interactions and 

high in-plane bonding. This makes it possible to produce thin layers that are 

advantageous for applications involving photo-catalysis. Photo-catalytic water splitting, 

especially in hydrogen evolution, has demonstrated the promise of WS2. It may be 

adjusted to have a better band gap for absorption of light. Optimizing WS2's electrical 

characteristics to improve charge carrier separation and transmission is one of its 

challenges. Furthermore, much like MoS2, increasing visible light absorption is still a 

major challenge. Because of their ability to improve charge separation and decrease 

recombination, these combinations may result in increased photo-catalytic performance. 

 

Rhenium disulfide 

 

ReX2 monolayers, which were synthesized lately, are in the family of TMDC 

semiconductors that do not have a ground-state structure that is either 1H or 1T phase. 

[71] Layered group VII transition metal dichalcogenides, such as rhenium disulfide and 

diselenide (ReX2), have distinct anisotropic optical characteristics that persist from bulk 

to monolayer. [72] [73]  

Y. C. Cheng et al. investigated the structures, and the calculated electronic properties 

agree quite well with the experimental results. A 2x2x1 super-cell of ReX2 with 48 

atoms—16 rhenium and 32 X atoms—was utilized for the doped structures. A 4x4x1 

MonkhorstPack 39 grid is used to sample the Brillouin zone for the calculations of total 

energy. The optical properties, density of states, and electrical band structures were 

established using a more accurate 8×8×1 Monkhorst-Pack grid. With a kinetic energy 

cutoff of 1350 eV, sufficiently converged total energies for the ReX2 super-cell were 

calculated.  

 [74] [75]  

 

According to D. Çakir et al., the Re-d and X-p states make up the bulk of the conduction 

and valence band edges of ReX2 structures. The Re-s and X-s states are thus not 

displayed due to their negligible contributions to the bonding and anti-bonding states. 

According to prior experimental studies, at the G high symmetry point, ReS2 and ReSe2 

exhibit semiconductivity with a direct band gap (conduction band minimum and valence 

band maximum are at the same point) of 1.61 eV23 and 1.31 eV20, respectively.  
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2.2 Photocatalytic Water Splitting 

 

Nowadays, renewable resources account for the majority of hydrogen production. coal, 

natural gas, and oil[37] While hydrogen has the potential to be a renewable fuel with no 

emissions, it is currently mostly produced by thermal steam reforming natural gas [76-

79]. Although water splitting can produce hydrogen, the high cost of rare earth minerals 

and precious metal catalysts currently in use makes large-scale application difficult [80-

83]. 

Photocatalytic systems are a crucial tactic for addressing the world's energy need since 

they enable the production of chemical and electrical energy from sunlight using solar 

photovoltaics. [84] In order to do this, semiconductor materials with an acceptable band 

gap must be designed in order to absorb visible light and produce free electrons. [85] 

The search for the ideal catalyst for H2 evolution was started back in 1958. According to 

Parsons et al., the creation of heat (H2) on the catalyst surface is directly related to the 

catalytic development.[85] Furthermore, Norskov and associates developed the capacity 

to forecast binding energies using computational chemistry, which aided in 

comprehending the efficiency of H2 synthesis. [87] 

 

Since 1972, photocatalytic materials have been shown to have the ability to produce 

hydrogen. [88-90]From then on, a wide range of semiconductor materials have been 

investigated to assess the extent to which they may produce hydrogen. [91] Finding 

materials with the ideal band structure is a necessary first step in this search for materials 

that support charge separation and maintain structural stability over time while also 

resisting photocorrosion. [92] 

 

Hydrogen (H2) has a high specific enthalpy and is a clean, carbon-free fuel. Until recently, 

natural gas accounted for around 95% of the world's supply of hydrogen fuel. Methane 

and steam are reacted with fossil fuels to generate hydrogen and carbon dioxide (CO2). 

Thus, rather than being a form of renewable energy, the process of producing hydrogen 

from methane is a kind of fossil fuel product. Creating a successful H2-preparation 

strategy without ever using fossil fuels is a crucial step in using the production of 

hydrogen. The following reaction equation describes how hydrogen may be produced 

using photocatalytic materials, and it has been shown since 1972. 

2H2O         2H2 + O2,  

 

DE0 = 1.23 eV, DG0 = +237.2 kJ mol-1                                              equ    (1) 

A thermodynamic "uphill reaction" of solar energy with a significant shift of DG0 = 1.23 

eV (237.13 kJ mol-1) per photon powers this photocatalytic activity. According to 

Equation (2), the photocatalytic materials in this case need four electron generations to 

withstand this water reaction. 
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2H2O        4H+ + 4e- + O2,                                                                 equ     (2) 

NHE, pH = 0, vs. DE0 = 237.13 kJ mol-1 

 

4H+ + 4e-         2H2,                                                                           equ       (3) 

NHE, pH = 0, vs. DE0 = 0 kJ mol-1 

 

In order to create novel architectural materials with superior photocatalytic activity, 

material scientists make every effort. [93–95]. [96] 

The material's morphological dimension is just as important as its chemical composition 

and structure. When a photocatalytic surface is irradiated with energy more than or equal 

to its band gap, electron-hole pairs are created. [97] These photogenerated charge carriers 

produced inside the nanostructure are required to react with the water molecules that are 

already present on the surface. Along the way to the surface, the charge carriers 

recombine or get trapped at defect locations. The importance of the energy and time 

needed by two-dimensional nanomaterials (NMs) for the water splitting process was 

explained in detail by Ida et al. 

 

Teoh and colleagues identified the bare minimum requirements for a functional 

photocatalytic system from a critical point of view. [98] These are as follows: (1) the 

capacity to offer enhanced mobility for charge transfer; (2) the integration of a 

straightforward synthetic procedure with a productive reaction mechanism; and (3) the 

significance of photons for demonstrating the nanoarchitectures to access the photoactive 

sites. [99]  

 

The mechanics of 2D and 3D materials functioning as photocatalysts to split water have 

been the subject of several published studies. In semiconductors, the absorbed photon 

must have a greater energy (hn) than the semiconductor's matching band gap in order to 

excite the electrons from the full valence band (VB) position of the semiconductor 

photocatalyst to the empty conduction band (CB position). Then, the following formula is 

used to make the excited pair of electrons and holes (e−− h+): 

 

Photon activation : Semiconductor + hn          e− + h+,                  equ       (4) 

Oxygen adsorption : (O2)ads + e−         O2•−,                               equ        (5) 

Water ionization : H2O         OH− + H+,                                       equ       (6) 

Superoxide protonation : O2•− + H+         HOO•.                          equ       (7) 

In order to catalyze H2O into H2 (H+/H2) and oxidize H2O into O2 (O2/H2O) in a 

 pH = 0 reactant solution at a normal hydrogen electrode (NHE), a single semiconductor 

photo catalyst's band gap must meet the requirements, as illustrated in Figure 2a, for 

reduction reaction potential of 0 eV and oxidation reaction potential of +1.23 eV. 
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Figure 2. Energy schematic diagram based on (a) one-step water splitting (b) Z-scheme system 

One-step water splitting is the name given to this process. As an alternative, two or more 

semiconductors can be connected to a suitable water redox shuttle mediator to create a 

hybrid semiconductor. In detail, two distinct semiconductors in hybrid materials may 

undergo H+/H2 reduction and O2/H2O oxidation in order to cause the photon-induced e--

h+ couples to break apart and cause general water splitting. We refer to this approach as 

the Z-scheme system . [100] 
 

Optimizing the HER's rate requires the employment of a catalyst with the proper surface 

properties. Numerous material groups, such as nickel alloys, metal oxides, metal 

phosphides, metal sulfides, and precious metals like platinum, have been investigated as 

active HER catalysts.  

 

Even though transition metal dichalcogenides have lately drawn interest as a potentially 

useful class of materials for electro catalysis, precious metals still outperform them in 

terms of durability and activity.  

The utilization of photocatalytic water splitting in solar-to-hydrogen conversion is a 

viable approach for achieving sustainable hydrogen generation. Highly active, reasonably 

priced, and naturally occurring materials are needed as photocatalysts in the 

photocatalytic process. Molybdenum disulfide (MoS2) is a presentative layer-structured 

transition metal dichalcogenide that is gaining a lot of attention because of its special 

electro and optical characteristics.  

 

The only source of energy that can provide enough energy is the sun [101]. However, 

solar energy is intermittent and needs to be stored effectively . One of the more appealing 

techniques for storing solar energy is the splitting of water driven by sunlight to create 

hydrogen. [102] 
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2.3 Photovoltaic Solar Cells 

 

Although graphene has been used for several purposes in solar systems, its low 

absorption coefficient and metallic behavior due to the lack of a band gap make it 

difficult to utilize as the absorber layer. As Ultrathin 2D TMDs are more abundant and 

have more varied electrical characteristics than graphene, which makes them appealing 

for a range of solar cell device applications. [103 ] Recent developments in ultrathin two-

dimensional nanomaterials have led Chaoliang Tan et al. to study 2D TMDs as counter 

electrodes in DSSCs and QDSCs, as well as as charge transport layers in organic solar 

cells and light absorber layers. [104]  

It has been anticipated that a 0.9 nm thick MoS2/graphene bilayer solar cell might attain a 

PCE of up to 1%. While the efficiency is extremely low, the power density (up to 2.5 

MW/kg) is around 1-3 orders of magnitude greater than the conventional GaAs and Si 

solar cells with larger active layers (>1 μm).  Shanmugam et al. discovered that the 

graphene thickness affected the photovoltaic performance of this solar cell.  

In Shanmugam's study, light-absorbing layers were successfully added to glass substrates 

coated with ITO using CVD-grown MoS2 and WS2 nanosheets. Following the deposition 

of top metal contacts with suitable work functions, a Schottky barrier junction is 

produced. The PCE of solar cell devices using the ITO/MoS2/Au and ITO/WS2/Au 

combinations was 1.8% and 1.7%, respectively.  

Different from graphene, the intrinsic semiconducting behaviors of some TMDs make 

them possible to be used as photoactive layers in solar cell devices. Theoretical 

calculations indicate that 2D TMDs can absorb up to 5-10% of incident sunlight in a 

thickness of less than 1 nm, which is comparable to the light absorption property of 50 

nm-thick Si.The excellent absorption properties of monolayer TMDs are highly 

desirable to fabricate ultrathin photovoltaic devices by using 2D TMDs as building 

blocks. To be a prerequisite, ultrafast charge transfer was observed in the atomically thin 

MoS2/WS2 heterostructure, and photovoltaic power generation was demonstrated in the 

monolayer WSe2-based p-n junction, although the conversion efficiency is low. [105] 

 

2.4 Previous Research on heterostructures 

 

Similar two-dimensional (2D) sheet-like designs have been demonstrated for 

semiconductors with significant active surface area and electrical mobility in comparison 

to their bulk form since the discovery of graphene. [106]. Transition metal 

dichalcogenides (TMDs) in two-dimensional nanomaterials are receiving a lot of interest 

in this context.  The standard chemical formula for TMDs, which are atomically thin 

semiconductors, is MX2 (where M is an atom of a transition metal, like Mo, W, Ta, or 

Nb, and X is an atom of a chalcogen, like S, Se, or Te). The MX bond is covalent, and 

this is referred to as MX2 in a single unit. Multiple TMD layers stacked on top of one 
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another provide a bulk TMD material in cross section, with weak Van der Waals (vdW) 

forces holding the layers together. For the first time, it was shown by Nørskov and 

colleagues that the MoS2 edge's ΔGH value is thermoneutral and serves as the active site 

for the hydrogen evolution process (HER).  [107] 

The 2D heterostructure known as transition metal dichalcogenides (TMDs) has special 

structural and physical properties. With their multilayer structure, visible-wavelength 

band gaps, high carrier mobility, high on/off current ratio, and valley-spintronic 

characteristics, these heterostructures are appropriate for a range of electrical and 

spintronic applications. TMDs are categorized according to their structural arrangements 

and chemical makeup as insulators, semiconductors, semimetals, and superconductors. 

[108]  

 

The electrical and optical characteristics of layered MX2 (TMDs) are encouraging, 

increasing their potential for use in optoelectronic and electronic applications. These 

characteristics make transition metal dichalcogenide-based 2D heterostructures an 

attractive platform for investigating fundamental physics and creating advanced electrical 

and optoelectronic devices. Monolayers of TMDCs, such as WS2 and MoS2, have direct 

semiconducting band gaps in the visible spectrum, contrasting with their bulk phase's 

indirect band gaps.  [109] 

This important investigation has led to substantial advancements in 2D TMDs research 

focused on increasing the density of active edge sites and has provided critical proof that 

the MoS2 active sites are localized at the edge planes. This research was followed by an 

investigation by Jaramillo et al. [110] on how MoS2 structures imitate their active sites in 

a manner similar to that of natural catalysts like the enzymes hydrogenase and 

nitrogenase. This work also shown a linear link between the edge length of MoS2 and its 

electrochemical HER activity.  

 

 

TMDs may be found in a variety of polymorphs of 2 H, 1 T, and 3 R in the matching 

rhombohedral, trigonal, and hexagonal forms. In contrast, the 2 H and 3 R phases are 

semiconducting. By restacking, the resultant monolayer 1T-MoS2 tends to create more 

stable 2H-MoS2, which is thermodynamically metastable.  As a result, a multiphase of the 

2 H type typically contains the 1 T phase. TMDs that are often seen crystallize in the 2 H 

or 1 T phases, where the chalcogen atom and transition metal have trigonal, prismatic, or 

octahedral bonding arrangements. The transition metal's nonbonding d orbitals in 2H-

phase TMDs break into three degenerate states: dxz, yz (e0), d2 x 2 y2, and d2 z (a1). In 

contrast, degenerate d2.z; x2; 2; y2 (eg); and dxz,yz,xy (t2g) orbitals are formed by 1T-

phase TMDs. [111] 

Similar to graphite, 2D TMDs are made up of monolayers that are joined by Van der 

Waals attraction. Because of their ultrathin structure (~0.6–0.7 nm) and high surface-

area-to-mass ratio, 2D TMDs are ideal for loading a wide range of biomolecules. In bulk 

TMDs, the gap is indirect, but in the monolayer state, it is direct. Transistors may be 
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made from MoSe, MoS, WSe, WS, and MoTe monolayers as they have direct band gaps 

and electron mobilities that are similar to silicon's. The electrical structure of 

semiconducting TMDs, such as WS, WSe, and MoS, shifts from an indirect to a direct 

band gap when they are thinned to a single layer. The emerging technologies in the 

electrical and optoelectronic domains have garnered attention following the finding of a 

direct band gap. TMDs may be manipulated to create materials with various magnetic 

characteristics, such as ferromagnets, antiferromagnets, or paramagnets, as well as 

semiconductors, metals, or superconductors.  [112]  

Due to their superior charge/discharge capabilities, stability, extended life, and very high 

surface Li diffusivities, TMD-based (MX2) electrodes have emerged as viable 

alternatives.[113] [114] According to a study by Jiang et al., the best heterostructure for 

Li atom storage is one composed of alternating graphene and MoS2, as this combination 

not only increases MoS2's electrical conductivity (particularly in the c-direction) but also 

prevents aggregation and promotes the restacking of MoS2 nanosheets.  [115]   

P. Liu et al. discuss about the synthesis, characteristics, and uses of 2D heterostructures 

made of transition metal dichalcogenides. Their distinct structural and physical 

characteristics are highlighted, along with their possible uses in valley-spintronics and 

nano-optoelectronics. Their focus lies in creating atomically thin heterostructures with 

distinct layers of MX2, which offer a fresh avenue for investigating fundamental physics 

and developing novel devices.[116]   

 

Interesting and novel physicochemical features for vertical and in-plane G6-TMD 

heterostructures are predicted by first-principles computations. Currently a hot research 

issue, heterostructuring has opened up a new path in the realm of 2D materials for 

creating artificial materials with specific optical and electrical characteristics. Different 

heterostructures are used in the case of G6-TMDs, such as in-plane MoS2-WS2, vertical 

MoS2/WS2, MoS2/WSe2, WS2/MoS2, MoS2/grapheme and MoS2/hBN heterostructures. 

Heterostructures MoS2–MoSe2, WSe2–MoS and MoSe2–WSe2  have all been synthesized. 

[117] 

 

The discussion was then expanded by Cavallo's group to include materials at the MoS2-

WSe2 monolayer's interfacial area that had comparatively few defects. They replicated 

the measured band gaps of WSe2 and MoS2 monolayers to verify their calculations. [118] 
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Figure 3. VBM and CBM energy alignment of the pure MoS2 and WSe2 monolayers  as well as 

for their LHJs with representative types of defects using vacuum as a reference. The range of the 

calculated MoS2-WSe2 band gaps is indicated. Reprinted with permission from ref 118. Copyright 

2017, American Chemical Society. 

The higher CBM energy level of the WSe2 monolayer compared to the MoS2 monolayer 

led to a type II heterojunction. The CBM energy levels of the projected LHJs were found 

to be between the pure MoS2 and WSe2 monolayers. The CBM energy levels for sharp 

and faulty heterojunctions varied somewhat (0.1–0.2 eV), but this difference did not 

substantially alter the overall pattern with CBM offsets in the 0.55-0.64 eV range.  

 

The energy band alignments of the pure monolayers before and after contact indicate that 

the MoS2-WSe2 LHJ is a prominent p-n junction, as reported in previous studies. 

Although both MoS2 and WSe2 monolayers showed suitable CBM energy levels for HER 

with relative values of 0.3 and 1.17 eV higher than the H+/H2 potential, respectively, 

LHJs also showed appropriate CBM energy positions within a 0.53–0.62 eV range higher 

than the H+/H2 potential, highlighting another class of suitable materials for HER.  [119] 
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Chapter 3: Computational Methodoogies 

3.1 Density Functional Theory (DFT) 
 

Density functional theory (DFT) is one of the most widely used and adaptable techniques 

in the study of solid-state inorganic materials for determining the energies and structural 

composition. An approximate, accurate, and cost-effective solution to a Schrödinger 

equation may be found via DFT. The electronic charge density is a homogeneous 

quantity that is linked to all of the interactions according to density-functional theory 

(DFT). [120] The early developments of modern DFT were greatly aided by the 

Hohenberg-Kohn theorems[121] and the work of Kohn and Sham[122].  

 

Quantum ESPERESSO and CASTEP were utilized to investigate 2D hexagonal transition 

metal dichalcogenide heterostructures as potential materials for hydrogen evolution 

processes using density functional theory. The Generalized Gradient Approximation 

(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional and the local density 

approximation (LDA) for the studied triclinic transition metal dichalcogenide were used 

to explain the exchange correlation functional. The Quantum ESPRESSO and CASTEP 

module implemented spin polarized density functional theory with van der Waals (vdW) 

computation. [123]  

 

The Perdew-Burke-Ernzerhof (PBE) approach was used to correct the exchange-

correlation (XC) functional, norm-conserving pseudopotential and the van der Waals 

(vdW) semi-empirical dispersion correction, as implemented in the Quantem ESPRESSO. 

 [124] [125] 

 
HOHENBERG-KOHN THEOREMS 

By employing the electronic density as a critical parameter rather than the wave function, 

the Hohenberg-Kohn theorems, which are the cornerstone of density functional theory, 

provide a fundamental framework for resolving complex many-body problems [126]. The 

Born-Oppenheimer equation is challenging to solve because the electrons and nuclei that 

comprise materials constitute a strongly interacting many-body system that is currently 

unsolvable. Density functional theory may be used to get an approximation to the ground 

state of a many-body system. 

  

"The ground state of any interacting many particle system with a given fixed inter-

particle interaction is a unique functional of the electron density n(r)," according to the 

first Hohenberg–Kohn theorem. (Kohn and Hochenberg, 1964). This suggests that the 

ground state wave function may be expressed as a unique functional of the ground state 

electron density, i.e., ψ0 = ψ[no], by inverting Eq. (). As seen in Eq. (8), this will allow 

one to express the ground state energy E as a functional of the ground state density.  



19 
 

 

 

E [ψ[no]] = {ψ [no] | Ť + ύ + Ŭ| ψ[no]}                equ 8 

 

This feature, together with a related variational theorem, has led to the development of 

useful empirical representations of the density functional, which enable accurate 

electronic energy estimate even in complex chemical systems. Previously, it was thought 

that these functionals depended only on the local density. The empirical functionals were 

thought to rely on the kinetic energy density, the occupied orbitals, the gradient of the 

densities (in the generalized gradient approximation, or GGA), and ultimately the 

unoccupied orbitals over time.  

 [126] 

 

 

KOHN-SHAM EQUATIONS 

According to Kohn and Sham's theorem, an analogous non-interacting electron system 

with the same external potential has a ground state density that is identical to the original 

interacting system's. First, a set of hypothetical non-interacting electrons is used to solve 

the Kohn-Sham equations. The way these electrons are used guarantees that their density 

is precisely the same as the density of the actual system.  

 

The Hohenberg-Kohn theorem's functional may be helpfully expressed in terms of the 

single-electron wave function, ψi [n(r)]. The functional given in Equation (9) may now be 

expressed as  

E [ψi[n(r)]] = Eknown[n(r)] + Exc [n(r)]     equ 9 

DFT utilizes a combination of the Hohen berg-Kohn theorems and the Kohn-Sham 

equation to solve the Schrödinger equation for a given system. 

           EXCHANGE-CORRELATION FUNCTIONAL 

Due to the enormous amount of processing power needed to achieve a precise value of 

the correlation energy, correlation in particular has historically proven to be challenging 

to compute. The exchange and correlation potentials, however, are solely functional of 

the local density in the Kohn-Sham equations. Because of this, calculating these energy is 

manageable. Finding an accurate approximation of this amount is essential to the 

correctness of the entire DFT approach. The LDA or GGA, which may be considered an 

extension of the LDA, are now used to create most functional approximations for the 

exchange-correlation functional. 
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3.2 Computational Tools 

 

Quantum ESPRESSO is an integrated suite of open-source computer codes for 

electronic-structure calculations and materials modeling at the nanoscale. It is based on 

the density-functional theory (DFT), plane waves, and pseudopotentials. It is one of the 

Materials Studio offers DFT codes for conducting material simulations. The Quantum 

Espresso package is a distribution of related programs that can be expanded. Two main 

tools for DFT electronic structure calculations, PWscf (Plane Wave self-consistent field), 

and CP (Car-Parrinello Molecular Dynamics) are complemented by numerous packages 

for particular applications as well as plug-ins. for a given system is a science in itself.  

Functions like the electron density or wave function must be expanded in a basis set in 

order for a computer to simulate materials. According to Bloch's theorem, plane waves 

serve as the basis for Quantum Espresso. It is a Fourier series expansion of functions for 

the Gamma point. An energy cutoff (ecutwfc, ecutrho) can be used to achieve a finite 

number of expansion coefficients, which are necessary for computing. Without 

significantly altering the outcome, pseudo potentials are employed to smooth the 

Coulomb potential by atomic nuclei, resulting in fewer plane waves. Several pseudo 

potentials (PAW, ultrasoft, and norm-conserving) can be used with Quantum Espresso. 

Selecting a system's pseudo potential is a science unto itself.  

Materials Studio is a comprehensive software suite developed by BIOVIA, used for 

materials modeling and simulation. It is widely used in computational materials science 

and chemistry for modeling, simulating, and visualizing the properties and behavior of 

materials at the atomic and molecular level. It is used by researchers, scientists, and 

engineers to develop new materials, optimize existing ones, and gain insights into the 

fundamental properties of various substances. Material Studio implements quantum 

mechanical methods, such as Density Functional Theory and Hartree-Fork, to calculate 

electronic structures, optical properties and other quantum level characteristics.  

Materials Studio provides a range of tools to build and visualize complex hetero-structure 

models, allowing for precise control over atomic arrangement and layer composition. It 

also analyzes the interface between different layers in the hetero structure. Constructing a 

super cell in Material Studio involves creating an enlarged periodic structure based on a 

unit cell. Adjusting lattice mismatch in Material Studio typically involves modifying the 

lattice parameters of one or more materials to create a compatible interface, which is 

necessary when studying hetero structures. Creating a super cell can help match the 

lattice parameters more effectively by adjusting the replication factors to make the lattice 

parameters of the materials more compatible. After the lattice parameter adjusted the 

supper cell will build by aligning the materials appropriately and combine them in to a 

single model.  

First-principles calculations were carried out on the monolayer of MoS2, WS2, ReS2 and 

for hetero-structures MoS2-WS2, ReS2-WS2 and ReS2-MoS2 using DFT with a plane-

wave basis along with Projector Augmented Wave (PAW) pseudo potentials (PP)[127]. 
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These calculations were performed through the implementation of Quantum-ESPRESSO 

and CASTEP codes [128][129]. The geometry optimization calculations were performed 

using the GGA-PBE method, which incorporates a van der Waals correction through the 

gramme-D2 method [130].  

All DFT calculations of the monolayers MoS2, WS2, ReS2 and for heterostructures MoS2-

WS2, ReS2-WS2 and ReS2-MoS2 have been performed using PBE ultrasoft pseudo-

potentials for core interaction under the framework of Quantum-ESPRESSO. In this work 

first, we decide the appropriate values of the K-point, cutoff energy (wfc), charge density 

(ecutrho), and lattice parameter. Self-consistent calculations (convergence test) were 

performed by adjusting the system card parameters to obtain a converged minimum total 

energy. For geometric optimization, the ‗relax‘ calculation is performed to optimize the 

atomic position of the monolayer and heterostructure.  The geometric Structures are 

relaxed until forces are below 1 meVÅ-1. 

The most stable hetero-structures employing 2D semiconductors require minimum lattice 

mismatch (usually less than 5%). Heterostructures are essential for the formation of 

vdWHs because of their well-suited structural character. Multilayer vdWH, in which 

individual covalently linked layers are held together by weekly vdWH forces without 

dangling bonds, is a promising method of merging several 2D materials to attain 

desirable features for many TMDs. By aiming to harness the above-mentioned properties 

of the heterostructure we have constructed heterostructures such as ReS2-WS2 

The lattice mismatch calculation was performed using the formula: A to B equ 10 

Lattice mismatch (%) =   Lattice parameter (A) - Lattice parameter (B) x 100 

                                                               Lattice parameter (A) 

A super cell (SC) is an artificial mathematical construction obtained by stacking a 

primitive cell (PC) along one or more spatial directions. The PC building block of the SC 

has to be understood only as lattice (basis vectors and atomic positions) and not as crystal 

structure (lattice vectors and atomic basis). In this context, the SC has long been used in 

those electronic structure calculation methods that rely on periodic boundary 

conditions. [131-133] Since the concept of the SC in terms of site occupancy is arbitrary, 

this method affords a flexible description of absence of order. 

One can usually see the SC as a stacking along all or some of the three spatial directions 

of the PC of a Bravais lattice. The PC lattice vectors āi (i = 1,2,3) make up the building 

unit for the SC vectors Āi. Here and in the following we denote by small (capital) 

symbols quantities referring to the PC (SC). In matrix notation, the two sets of basis 

vectors are related by Ā= M · ā, or [134] 

(
  
  
  

)  = (
         
         
         

) . (
  
  
  

) , mij ε ℤ ,                     equ 11 
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where the only condition imposed on the transformation matrix M is to be invertible 

(nonsingular). In the most general case, M does not need to be diagonal, that is, the SC 

and PC unit vectors do not need to be collinear. The elements of M are integers (mij ∈ Z), 

which corresponds to the case of a SC commensurate [135] to the PC, the only one 

considered here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Chapter 4: Result and Discussion  

4.1 Construction of Hetero-structures 

4.1.1 Convergence Test for Monolayer TMDs 

 

Convergence testing is a technique for improving simulations to use computational 

resources efficiently and produce useful findings. It is a mathematical technique used to 

determine whether a sequence or series approaches a specific value as it progresses or if 

it is diverges, meaning it does not approach any meaningful limit. It helps us to determine 

whether a series number is reaching a stable and well-defined result or if it is fluctuating 

or heading towards infinity. In this study, we performed various SCF calculations for the 

k-points grid, kinetic energy cutoff, charge density cutoff, and lattice parameter 

optimization to determine the fundamental parameters to obtain the optimum energy. 

 

Table 1 : converged value of monolayer MoS2, WS2 and ReS2 

 

 Monolayer 

 MoS2 WS2 ReS2 

k-point 12x12x1 12x12x1 13x13x1 

Cutoff 

energy 

90Ry 120 Ry 120 Ry 

Ecutrho 270 Ry 1080Ry 1080 Ry 

                                

        MoS2                                                WS2                                                 ReS2 

Figure 4  Converged value of monolayer MoS2, WS2 and ReS 
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The K-Point Optimization 

 

In order to do calculations for real-space unit cells with a large number of atoms, early 

computational efforts concentrated on an inexpensive choice of k-points for Brillouin 

zone sampling [135]. However, a better collection of specific k-points should be 

employed for accurate calculations. To get more precise findings, more grid points can be 

acquired, but this comes at a high computational cost. Total energy was calculated using 

SCF utilizing a variety of k-point grids, from 1×1×1 to 16×16×1. As seen in Figure 5, the 

total energy fluctuates based on the shift in k-points and converges. 

 

We could start with the values of 7x7x1 to determine the appropriate basis set size 

because the total energy and k mesh values converged linearly from that point on. For 

MoS2, WS2, and ReS2 monolayers, the ideal set of k-point values was chosen with a 

notably modest total energy change, taking into consideration the constraints of 

computational resources. 
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Figure 5: Energy Vs. K-point of (a) MoS2 and (b) WS2 (c) ReS2 monolayers computed 

using PBE 

 

Basis Set Size 

 

The two important cutoff energy-related flags, Ecut (wfc) and Ecut (rho), can be found in 

the SYSTEM card name list if the Quantum ESPRESSO module's scripting is general. 

Ecut (Wfc) indicates cutoffs for wave function kinetic energy, while Ecut (rho) indicates 

cutoffs for charge density. The number of plane waves that Ecut specifies can be used to 

compute the DFT. The number of plane waves must be changed to strike the right 

balance between the maximum kinetic energy cutoff and the number of plane waves. It is 

crucial to maintain Ecut(rho) as a multiple factor of Ecut(wfc) during computation. 

 

First, we can modify it while keeping Ecut(rho) at the same factor time as Ecut (wfc). 

Once the proper value for Ecut (wfc) has been determined, the same situation may be 

replayed for Ecutrho.  

 

According to the figure, convergence is attained with increasing total energy and Ecut 

(Wfc). 
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Figure 6 :Total Energy Vs. Ecut of (a) MoS2 and (b) WS2 (c) ReS2 monolayers computed using PBE 

 

 

Figure 7: Total Energy vs. Ecutrho of (a) WS2 (b) ReS2 monolayers computed using PBE 

Lattice Constant Optimization 

 

Following optimization of the crystal lattice constant of monolayers, 2D heterostructures 

of MoS2-WS2, ReS2-WS2, and ReS2-MoS2 have been built. Consequently, monolayers of 

MoS2, WS2, and ReS2 are crucial for designing TMD heterostructures. By offering a 

lattice constant that, when lattice constant optimization is performed, yields the least 

amount of energy beyond the expected value when computing the total energy of MoS2, 

WS2, and ReS2.  
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Following each round of the computations, we obtained new total energy and lattice 

constants. Until we got the lowest overall energy, the iteration went on. To provide a 

stable atomic location for the subsequent computation, the crystal structure must be 

relaxed after gating the minimal total energy and optimizing the lattice constant. 

 

Figures (a, b, and c) show the optimized/calculated lattice parameters of the MoS2, WS2, 

and ReS2 monolayers in the ranges of 3.192 Å, 3.184 Å, and 2.917 Å, respectively. As a 

result, this figure represents the lowest monolayer total energy.  

The optimized lattice parameters of MoS2, WS2, and ReS2 are shown in the table along 

with comparisons to those of prior investigations. 
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Figure 8: Total energy Vs. lattice parameter of the (a) MoS2, (b) WS2 and (c) ReS2 

monolayers computed using PBE 

 

4.1.2  Using Materials Studio 

 

The synthesis of heterostructures, including tungsten disulfide (WS2), molybdenum 

disulfide (MoS2), and rhenium disulfide (ReS2), is a crucial technique in the development 

of 2D semiconductor-based water splitting photo catalysts. These heterostructures 

enhance light absorption, charge separation, and catalytic activity by utilizing the unique 

properties of each material. The heterostructures have several key features, including 

enhanced light absorption due to the broadened absorption spectrum, better charge 

separation and transfer through Type-II hetero-junctions, and synergistic effects due to 

increased catalytic sites, electrical conductivity, and mechanical stability. They also offer 

multiple active sites for catalysis processes, such as oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER). [136] 

 

Moreover, the combination of these substances improves the photo catalyst's stability 

compared to their constituent parts. Research in photo catalysis combines theoretical 

models with experimental synthesis and characterization to anticipate and optimize the 

features of these heterostructures. This approach enhances the efficiency of 

photocatalytic devices and helps understand the underlying processes at work. The 

development of heterostructures combining MoS2, WS2, and ReS2 is an interesting topic 

in photocatalysis, as it allows for enhancements in light absorption, charge dynamics, and 

catalytic activity, which are essential for effective solar-driven water splitting. 
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Table  2 : Lattice Parameters and Lattice Mismatches of Monolayers Calculated 

 

MX2 lattice constant   

a(Å ) 

Calculated mismatch value (%) 

MoS2  3.192  

WS2 3.184 

ReS2 2.917 

MoS2 Vs  WS2  0.25 

ReS2 Vs WS2  8.37 

ReS2 Vs  MoS2  8.6 

 

Table (2) demonstrates that the MoS2 and WS2 layers are fully coherent and that the 

lattice misfit of the optimized lattice parameters of the two monolayers is less than 5%. 

Because of the tiny MoS2/WS2 lattice mismatch (0.25%), hetero-structures may be 

designed with respect to vdW interactions, and experimental fabrication of the structures 

is possible. Using MoS2 and WS2 monolayers, novel 2D hetero-structures were created 

based on first-principles calculations.  

 

The two monolayers, MoS2-ReS2 and ReS2-WS2, have optimal lattice parameters with 

lattice mismatches of above 5%, whereas MoS2/ReS2 and WS2/ReS2 had lattice 

mismatches of 8.6% and 8.37%, respectively. 

Therefore, it requires to build optimized super cells and construct the heterostructure 

using the super cells to make the lattice mismatch less   than 5%. 

                            

                         MoS2 super-cell                                                        WS2 super-cell                          



31 
 

  

             ReS2 super-cell 

                                      Figure 9 : Super cell of MoS2 , WS2 & ReS2 

 

After constructing the supercells, we found out that, the lattice parameter for super cell 

MoS2, WS2 and ReS2 is 8.44587 Å, 8.42466 Å and   8.75309 Å and the lattice mismatch 

of super cell ReS2 with WS2 and ReS2 with MoS2 are below 5%. So for the rest of this 

research we can use those super cell for the formation of hetero structure. 

 

Table  3 : Lattice Parameters and Lattice Mismatches of Super Cell Calculated 

 

Supper cell  lattice constant 

   

a(Å ) 

  

Calculated mismatch  

 

value (%) 

MoS2  8.44587  

WS2 8.42466 

ReS2 8.75309 

MoS2 Vs WS2  0.25 

ReS2 Vs WS2  3.7 

ReS2 Vs MoS2  3.5 
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(a) MoS2-WS2                                          (b) ReS2-WS2 

                                          

                                                             (c) ReS2-MoS2 

Figure  10: (a) Hetero structure formed from monolayer MoS2 and WS2and (b)and (c) 

heterostructure formed from super cell MoS2, WS2 and ReS2  

 

4.1.3 Structural Optimization 

 

Structural optimization in DFT calculation is finding the structure that minimizes the total 

energy of the crystal. Indeed, you could make a few calculations with different values for 

this z-coordinate, and search for the value that minimizes the energy. More complex 

crystals will easily have 5, 10 or more such degrees of freedom, which will make such an 

explicit calculation procedure rapidly too expensive. There are two types of structural 

optimization in QE,(1)relax: where only the atomic positions are allowed to vary, and (2) 

vc-relax: which allows to vary both the atomic position and lattice constants. 

When the materials are ready to search for the optimal values of a , b and c lattice 

parameters. One way to do this, is to do DFT calculations for all possible values of a b 

and c, and find out which value gives the lowest total energy (ideally, for every single 
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choice of a, b and c, the z-value has to be optimized too) . An alternative (and faster) way 

is to use an automatic optimization procedure within QE that searches for the set of lattice 

parameters, unit cell angles and internal positions that makes the stress tensor zero (which 

corresponds automatically to a minimal total energy).[137] 

The "relax" computation is used for geometric optimization in order to maximize the 

atomic positions of the hetero-structure MoS2-WS2, ReS2-WS2, and ReS2-MoS2 as well 

as the monolayer MoS2, WS2, and ReS2. We relax the geometric structures until the 

forces are less than 1 meVÅ-1. 

4.2 Electronic Properties 

4.2.1 Band Structure 

Band structure of monolayer TDMs 

 

Transition metal dichalcogenides (TMDs) are composed of three layers; top and bottom 

layers of chalcogen atoms and middle layer of transition metal atoms. The bandgap of 

TMDs (WS2, MoS2, WSe2, and MoSe2) changes from indirect to direct bandgap when the 

materials are thinning from bulk to monolayer [138]   

Figure 11 show the band structure plot from this specific research of hexagonal 

monolayer TMDs of  MoS2, WS2 and ReS2. The band gap energy of MoS2 is 1.6804 ev 

with the higher occupied level  of -2.0449 ev and lower unoccupied level of -0.3645ev.  
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                                                                          (b) 

 

(c) 

 

Figure 11: Band-structure (a)MoS2, (b) WS2 and (c) ReS2 monolayers computed 

using PBE 

 

Similar to MoS2, WS2 has a layered structure and electrical characteristics. When it 

changes smaller from bulk to monolayer, its electronic band gap transitions from an 

indirect (1.4 eV) to a direct (2 eV) transition.  From above figure (b)  the band gap of 
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WS2 hexagonal monolayer is 1.8061 ev with the higher occupied level of  -1.7971 ev and 

lower unoccupied level of 0.0090 ev.  

Sefaattin Tongay et.al shows a comparison of the structure of a single layer of ReS2 with 

the conventional 1H structure of TMDs such as MoS2. For ReS2, DFT calculations show 

that the hexagonal (H) phase is unstable, whereas the octahedral (T) phase goes through 

the Peierls distortion, resulting in buckled S layers and zigzag Re chains along one of the 

lattice vectors in the plane. [139]  Now ReS2 hexagonal monolayer exhibit metallic 

property without band gap as shown in the figure (c) result from DFT calculation. 

 

Band structure of MoS2-WS2 

 

From recent studies show that MoS2-WS2 heterostructures' band gaps are usually between 

1.0 and 2.0 electron volts (eV), which is perfect for absorbing most of the sun spectrum. 

For this specific study hetero structure MoS2-WS2 is semiconductor materials with direct 

band gab of 1.335eV. 

 

 

Figure 12 : MoS2-WS2 bandstructure 

 

Research shows that light absorption has been enhanced for photocatalytic applications 

by combining MoS2 and WS2 as well as with other semiconductor materials to build 

heterostructures. These methods expand the range of light absorption by boosting surface 

area and active sites, improving charge separation, and raising MoS2's efficiency in solar 

light.  
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Bandstructure of ReS2-WS2 and ReS2-MoS2 

 

The formation of heterostructures combining MoS2 (Molybdenum disulfide), WS2 (Tungsten 

disulfide), and ReS2 (Rhenium disulfide) represents an advanced strategy in the development of 

2D semiconductor-based photocatalysts for water splitting. They can form type-II 

heterojunctions.  
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Figure 13 :  (a) ReS2-WS2 (b) ReS2-MoS2 band structure. 

The above band structure of hetero structure of ReS2-WS2 and ReS2-MoS2 has no band 

gap as we see in figure 13. In these junctions, the conduction band of one material 

overlap with the valence band of another, which facilitates efficient charge transfer. This 

alignment  should helps in separating the electron-hole pairs more effectively to reducing 

recombination and increasing the photo catalytic activity.   

From the DFT calculation we observe that the convergence parameters used for the band 

structure calculation, such as the K-point mesh and energy cutoff could influence the 

result and the band structure calculation is not fully converged, this may miss subtle 

features like a small band gap. Please note that also we have used PBE functionals due to 

computational resource limitation and in future work if hybrid functional is used like 

HSE we might get a small gap for the heterostructures. 

  Due to the bands overlapped and it became difficult to consider a band gap between 

conduction and valence band we obliged to try another phase of the monolayers rather 

than hexagonal phase for extra calculation and to meet this thesis objective. 

Recent studies show that hetero-structure with no band gab are not favorable for water 

splitting   studies, when we come to band edge analysis we consider phase change from 

hexagonal ReS2 to triclinic phase to get semiconductor properties. 

 

Figure 14 :  Triclinic ReS2 band structure. 
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4.2.2 Density of States (DOS) 

 

The DOS, which stands for the energy level of the electrons, photons, or phonons in a 

solid crystal, is a characteristic that is widely utilized in quantum systems in condensed 

matter physics. In a quantum mechanical system, the electronic DOS measures how 

"packed" the electrons are in terms of energy levels. The DOS can range from zero at an 

energy level where the electrons cannot reach the material and occupy no space to a set 

occupancy value at a particular energy level where the electrons can access the material. 

The DOS is directly related to the idea of quantized energy levels, which is defined by 

quantum mechanics. [141] 

 

DOS of Monolayer MoS2 , WS2 and ReS2  

 

To investigate the electronic properties of MoS2, WS2 and ReS2 monolayer systems, the 

density of states (DOSs) of the systems were calculated as shown in Figure 15. below 

 

 

Figure 15:  Density of states (DOSs) of the monolayer MoS2, WS2 and ReS2 of 

monolayer systems. The Fermi energy (Ef) is set at zero and indicated by the vertical 

dotted black line. 
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DOS of Heterostructures  

 

 

Figure 15 : Density of states (DOSs) of the monolayer  (a) MoS2-WS2 (b) ReS2-WS2 (c) 

ReS2-MoS2  heterostructures. The Fermi energy (Ef) is set at zero and indicated by the 

vertical dotted black line. 

The DOS value for plot a and b exhibit the structures are SC, which contradict the band 

structure plot above , this may be due to The DOS is an integrated quantity that sums 

contributions from all k points in the brillouin zone. This means it can show a band gap 

even if the gap is not present at the high-symmetry points visualized in the band structure. 

Band structure typically shows the energy dispersion of the electronic  state in specific 

high-symmetry points of the brilouin zone. 

In a hetero structure there may also be hybridization effect which is the two materials 

could lead to hybridization of electronic states. This can cause modification to the band 

structure at certain   k-points, potentially making it appear as if there is no band gap. 

Meanwhile, the DOS, which is more comprehensive, could still capture the overall gap in 

the system. 

4.3 Band Edge Alignment and Water Splitting Application 

 

Two physical characteristics of semiconductor-based catalysts—the band gap and the 

band position—are crucial to the entire process. The energy of the generated exciton and 

the energy of the absorbed photon are determined by the band gap. In order to accomplish 

photocatalytic water splitting, semiconductors must fulfill the redox potentials of the 

H+/H2 and O2/H2O pairs with a minimum band gap of 1.23 eV. However, a higher band 

gap (>2.0 eV) is generally needed for the over potential associated with these phases in 

order to facilitate a smooth electron transfer process and the subsequent processes in 

hydrogen evolution. Simultaneously, the photocatalyst must possess a band gap that is 

small enough (Eg < 3.0 eV) to enable effective solar energy consumption. [142] 

 

Conversely, the catalyst's redox potential is determined by the band location. In order to 

ensure that the proton reduction can be completed, an ideal conduction-band minimum 

for an effective single-component photocatalyst toward HER needs to be situated at a 

potential that is more negative than the electrochemical potential of HER.[143] [144] 

 

Currently, MoS2  is a class of TMDs with a band gap of 1.96 eV (direct) because of the 
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quantum confinement effect. This results in a MoS2 monolayer with appropriate band 

positions and the capacity to absorb visible light, as Figure 8 [145, 146] illustrates. 

 

Figure 16. Band alignments of some typical 2D transition metal dichalcogenides with 

respect to the water reduction and oxidation potential for photocatalytic water splitting. 

The band alignments data are from references [147] 

Three main phases make up the total photocatalytic water splitting reaction: [148].  

(i) light absorption by a semiconductor to produce electron–hole pairs; (ii) charge 

separation and migration to the semiconductor surface; and (iii) surface reactions for the 

evolution of H2 or O2.  

 

All three of the aforementioned processes' thermodynamic and kinetic balance influence 

the overall efficiency of photocatalytic water splitting. Significant work has been put into 

creating photocatalysts with efficient charge separation and migration (step ii) and wider 

absorption of the solar energy spectrum (step ii) during the last several decades. To 

improve the light absorption of wide-bandgap semiconductors, for example, a number of 

techniques have been used, including bandgap engineering (ion doping and solid solution 

formation), coupling with narrow-bandgap semiconductors, dye sensitization, surface 

plasmonic enhancement, and disorder engineering. [149] 

 

The band edge alignment in heterosttructure materials is also important to evaluate their 

performance for water splitting applications. We have evaluated the band edge alignment 

of the two heterostructures as shown in figure 17. We can see from the plot both of the 

heterostructures have type II (staggered gap ) which is very good for efficient separation 

of the photogenerated holes and electrons. 
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Figure 17 : Staggered gap 

In addition we have plotted the band edge values of the monolayers and the 

heterostructure  of table 4 together with the redox potential of water to evaluate the 

suitability of the structures for water splitting as shown in figure 18.  

Table 4 band edge values 

 Parameter 

cell a 

Parameter 

cell c 

Fermi 

level  

VL Work 

function 

Band 

gap 

ReS2-MoS2 6.43985 6.43985 2.51 1.5 5.306 1.405 

ReS2-WS2 6.43995 6.43995 2.85 1.5 5.325 1.296 

WS2 3.18820 3.18820 4.03 1.46 5.417 2.129 

MoS2 3.18820 3.18820 3.58 2.02 5.597 1.964 
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We can observe that the CBM is higher than reduction potential of water for all the 

systems. This implies the system are a good material for hydrogen evolution reaction. 

However the VBM of the materials is not more negative than the oxidation potential of 

water and this implies the materials are not suitable for oxygen evolution reaction. So 

even if the systems are not suitable for over all water splitting they are very good material 

to produce hydrogen from water which is clean energy carrier. 

 

Figure 18 : Band edge of MoS2 , WS2 , ReS2-MoS2 & ReS2-WS2 

4.4 Power Conversion Efficiency 

4.4.1 Power Conversion Efficiency 

 

Table 4 describes the photovoltaic efficiency of the specified hexagonal 2DTMD der 

Waals heterostructures with varying fill factor and potential loss. To determine the 

photovoltaic conversion efficiency, apply equations 12 through  15.[150],[151] For the 

material 2D TMD the highest power conversion efficiency is 22.06 percent, with a fill 

factor of 0.57 and a potential loss of 0.2 and 0.3.[152] [153] 
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Table 5 :  photovoltaic efficiency 

 

Compound  MoS2 WS2  MoS2-WS2 

For potential loss = 0.3 and fill factor = 0.57 

Band gap  1.6804 1.8061 1.4536 

PCE 17.45090333019244 15.993410953417026 19.73488185261373 

For potential loss = 0.2 and fill factor = 0.57 

Band gap 1.6804 1.8061 1.4536 

PCE 18.71509595110125247 17.055319920511977 21.445066772749357 

 

 

  = 
              

    
                                            equ 12 

            

where Voc (mV) is open circuit voltage, Jsc is short circuit current, FF is the fill factor, 

and Psun is solar power representing the total amount of incident solar radiation 

eVoc = Eg – E loss                                     equ 13 

The band gap is denoted by Eg, the maximum short-circuit current density is denoted by 

Jsc, and Jsc is calculated using the NREL AM1.5 dataset. 

Jsc = e∫
  

 
    

 

  
                                            equ 14 

Psun is computed using the following equation 

P Sun = ∫         
 

 
                                       equ 15 

The fill factors in this heterostructure we use 0.5 and 0.57, so we took this into account. 

For energy loss (Eloss), we use a value of 0.2 and 0.3. 

 The table 4 clearly illustrate that the power conversion efficiency of both the individual 

monolayers and the heterostructure exceeds 15%. This high level of efficiency is a key 

indicator of the potential of these materials in energy-related applications. Specifically, 

the materials investigated in this study demonstrate remarkable promise not only for 

hydrogen production through photocatalytic processes but also for broader green energy 

applications, such as in photovoltaic (solar cell) technologies.  
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Their ability to achieve a significant power conversion efficiency, coupled with an 

appropriate band gap, positions these materials as strong candidates for advancing 

renewable energy solutions. This aligns with the global push toward sustainable and 

environmentally friendly energy sources, further emphasizing the importance of 

continued research and development in this area. The findings of this study underscore 

the versatility and adaptability of these materials, highlighting their potential to contribute 

significantly to the transition to a cleaner energy future. 
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Chapter 5: Conclusion and Future work 

 5.1 Comparative Analysis 

 

Table 6 : Comparative analysis 

 

 Band gap Photo-catalytic 

performance 

ReSearcher‘s 

finding 

MoS2 1.6804 eV Almost for overall 

water splitting 

reaction 

 MoS2 = 1.46 eV 

[156] 

WS2 1.8061 eV For hydrogen 

evolution reaction  

WS2 = 2.0 eV [157] 

ReS2-WS2 1.296 eV For hydrogen 

evolution reaction 

ReS2 = 1.44 eV 

[158] 

ReS2-MoS2 1.405 eV For hydrogen 

evolution reaction 

MoS2-WSe2 =1.5 

eV [159] 

 

This study has investigated the potential of various two-dimensional materials and their 

heterostructures for applications in water splitting and photovoltaics. From the analysis, 

we conclude that MoS2, with a band gap of 1.6804 eV, is nearly ideal for overall water 

splitting applications. On the other hand, WS2, with a slightly larger band gap of 

1.8061eV, is more suitable for hydrogen evolution reactions. 

 

Furthermore,the heterostructures ReS2-WS2 and ReS2-MoS2 exhibit band gaps of 

1.296eV and 1.405eV, respectively. These values with comparing their band edge 

alignment together with redox potential of water indicate their suitability for hydrogen 

evolution reaction as well. In addition to their potential in water-splitting applications, the 

individual monolayers and the heterostructures demonstrate promise for photovoltaic 

applications, with a power conversion efficiency exceeding 15%. 

 

Overall, the findings highlight the versatility and effectiveness of these materials in 

advancing green energy technologies. By leveraging their unique properties, this work 

contributes to the ongoing efforts to develop sustainable and efficient energy solutions, 

underscoring the importance of continued exploration of 2D materials for energy-related 

applications. 
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5.2 Challenges and Future Work 

 

As indicated in the title Investigation of 2D Hexagonal Transition Metal Dichalcogenide 

Heterostructures for Photocatalytic Water Splitting and Photovoltaic Solar Cells Using 

Density Functional Theory, during the DFT calculation it was somehow difficult to get 

bad gap for hexagonal phase of ReS2 monolayer.  

Due to semi metal properties of ReS2 monolayer the heterostructure of ReS2-MoS2 and 

ReS2-WS2 characteristics is affected the band structure which is not stable. So another 

investigation was necessary to study photocatalytic water splitting and photovoltaic solar 

cells after adjusting the phase of ReS2 monolayer from hexagonal to triclinic. 

During the convergence test for heterostructures was challenging due to ambiguous and 

redundunt bad termination especially for relax calculation the super computer need huge 

storage due to lots of iteration done while the calculation is undertaken 

I have suggest to future work more on formation, dynamics and recombination of 

interlayer excitons in ReS2-WS2 and ReS2- MoS2 heterostructures and investigate how 

temperature gradients and doping affect the performance of ReS2 

5.3 Recommendations 
 

I have recommended to investigate  how hetero structure interface affect the carrier life 

time and charge transfer process. 

 I have recommended research on DFT simulation to model the effect of various types of 

strain (uniaxial, biaxial or shear) on the electronic band gap, optical properties and 

phonon modes of hetero structure. 

  Future experimental and theoretical work directions will be on investigation the photo 

catalytic activity of ReS2-WS2 and ReS2-MoS2 hetero structure under different 

wavelength of light and studying the electrochemical properties of the hetero structure for 

energy storage application. 
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