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Abstract 
Through doping, defect engineering, and facet engineering, this study explores methods to improve 

the catalytic performance of copper sulfide (CuS) for the electrochemical reduction of carbon 

dioxide (CO2) into C2+ products. We examine the impact of different changes on the electronic 

structure and catalytic activity of CuS using density functional theory (DFT) simulations. To 

maximize active sites for CO2 adsorption and conversion, facet engineering, zinc (Zn) doping and 

creating Cu vacancies in the CuS structure are being investigated. As per the study, certain 

configurations on the CuS(110) surface, like the End-on and Side-on orientations, show 

significantly lower adsorption energies, suggesting more advantageous reaction pathways for CO2 

reduction. The results demonstrate that Zn-doped CuS(110) surface both one Cu replaced by one 

Zn and one S replaced by one Zn and Cu vacancy sites on CuS(110) surface End-on for the surface 

physio  and Side-on for the Surface physio orientations, show significantly lower adsorption 

energies, suggesting more advantageous reaction pathways for CO2 reduction and  change the 

CO2RR performance of Cu-based catalysts and enhance catalytic activity by simplifying CO2 

activation and improving selectivity for C2+ products. So from this result End-on for the surface 

physio and Side-on for the Surface physio orientations or active site is preferable for carbon 

dioxide reduction reaction.  Additionally, it is shown that facet engineering is important in 

determining the reactivity of CuS, with some facets outperforming others. This work provides 

crucial insights into the design of efficient CuS-based catalysts for CO2 conversion, highlighting 

the potential for structural changes to result in enhanced catalytic efficiency and selectivity in 

sustainable energy applications.
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 CHAPTER ONE 

 1. Introduction 
 

                 1.1. Background of The Study  
 

Carbon dioxide (CO2) levels in the atmosphere are rising due to industrial processes and the 

burning of fossil fuels, which poses a serious threat to the stability of the global climate. Since 

CO2 is a powerful greenhouse gas that contributes to climate change and global warming, it is 

essential to implement immediate and workable solutions[1][2][3]. Currently, gigatons of carbon 

are released into the atmosphere annually from the combustion of fossil fuels. Consequently, From 

1850 to 1975, human activities have increased the amount of atmospheric CO2 from 290 ppm to 

more than 330 ppm, and as of 2018, more than 407 ppm [4]. Converting CO2 into useful chemical 

feedstocks and fuels, especially C2+ products like ethylene, ethanol, and other hydrocarbons, is a 

promising strategy to address this environmental issue. This not only lowers CO2 levels in the 

atmosphere but also offers a sustainable way to produce necessary chemicals[5][6] . 

 

Thermochemical, photochemical, and electrochemical technologies, among others, are intriguing 

for converting CO2 into industrial chemicals and fuels. Among these methods, electrochemical 

reduction of CO2 (ERC) reaction is a potential technology for turning waste CO2 into fuels and 

feedstock is seen as an attractive strategy that is safe and inexpensive as it is a process that can 

contribute to the mitigation of climate change [7]. Electrochemical reduction is a promising 

method for converting CO2 into value-added products such as formic acid (HCOOH), carbon 

monoxide (CO), acetic acid (CH3COOH), ethylene (C2H4), ethane (C2H6), ethanol (C2H5OH), and 

other hydrocarbons, while also improving the energy crisis and lowering global carbon emissions. 

With the advantages of being driven by renewable electricity, good controllability, mild reaction 

conditions, and high energy density of the delivered products, CO2RR has increased widespread 

interest for CO2 conversion [8]. 

 

Out of all the different catalytic systems that have been studied for reducing CO2, copper-based 

catalysts, particularly CuS, have become the preferred choice. This is because Copper sulfide 

(CuS) really shines when compared to other copper catalysts like metallic copper (Cu) and copper 
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oxide (CuO), especially when it comes to using electricity to turn carbon dioxide (CO2) into useful 

products. CuS's big advantage is its special talent for making bigger hydrocarbon molecules, 

particularly C2+ ones like ethylene and ethanol, which are worth more money. On the flip side, Cu 

usually just makes smaller C1 products like methane and formic acid, and CuO isn't as good at the 

whole reduction process. The electrically adjustable properties, affordable price, and wide 

availability of CuS catalysts make them particularly attractive[9]. While there is much promise for 

CuS, it typically fails to convert CO2 into something beneficial in practical applications. Low 

selectivity, which means it doesn't always pick the product we want, insufficient activity, which 

means it doesn't always pick the product we want, and stability issues, which means it can break 

down over time while being used, are caused by its propensity to struggle with these three main 

issues. For large-scale CO2 conversion, CuS is challenging due to these problems[10][11]. 

 

Researchers have adopted cutting-edge methods centered on modifying the catalyst's makeup and 

characteristics to augment the catalytic efficacy of CuS. In recent years, three prominent 

approaches—facet engineering, defect engineering, and doping—have drawn heightened interest. 

Each method provides a distinct pathway to elevating the potency and efficiency of CuS catalysts 

in CO2 transformation[12]. 

 

Doping is the deliberate addition of foreign atoms to the CuS structure. This modification may 

significantly alter the electronic properties of the catalyst, potentially improving the reaction 

kinetics and selectivity of the C2+ product. Researchers can meticulously choose dopants to 

precisely adjust the electronic properties of CuS. CuS doped with zinc (Zn) has shown promise in 

enhancing its conductivity and catalytic activity. Specifically, this approach can modify the band 

structure, potentially improving charge carrier density and conductivity, which are crucial for 

electrochemical reactions [13]. Because of Zn is ecofriendly, cost effective, corrosion resistance 

catalytically reactive with Copper [14]. 

 

Defect engineering is a smart strategy to enhance the effectiveness of CuS catalysts. This method 

deliberately introduces structural flaws, such as vacancies, into the catalyst's structure. Although 

these imperfections might seem unwanted, they are actually quite advantageous. These 

strategically created defects serve as powerful catalytic active sites. Through the incorporation of 
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these calculated flaws, we're able to enhance the way reactants and intermediates bind, effectively 

guiding the reactions more smoothly towards the desired outcomes. Consequently, this boosts the 

catalyst's overall effectiveness. The presence of defects within a catalyst can actually modify its 

electronic makeup in a manner that enhances its performance. Studies have found that researchers 

can significantly improve both the selectivity and effectiveness of CuS catalysts used for CO2 

reduction by carefully controlling the types and amounts of defects present[15]. 

 

In contrast, facet engineering is about reshaping the crystal form of CuS to reveal specific crystal 

facets that possess unique catalytic attributes. The electronic structures and atomic arrangements 

of various facets can differ, which can affect the catalyst's reactivity and selectivity. By fine-tuning 

how they grow and make these materials, researchers can zero in on high-energy facets that are 

better at reducing CO2. This isn't just a boost for catalytic performance; it also gives us a better 

understanding of the fundamental steps involved in turning CO2 into something useful[16]. 

 

Using something called DFT calculations, this study takes a systematic look at how adding 

dopants, creating defects, and changing the facet orientation of CuS impacts its ability to catalyze 

the production of C2+ products from CO2. The findings from this research could pave the way for 

more sustainable and powerful catalysts for CO2 conversion, ultimately helping us reach the big 

goals of carbon neutrality and using renewable resources. 

 

                 1.2. Statement of the problem and limitation 
 

 The increasing amount of carbon dioxide (CO2) in our air is causing serious environmental 

problems. Because of this, we really need to find better ways to use catalysts to turn CO2 into 

useful products like ethylene and ethanol [6]. Copper sulfide (CuS) has shown promise as a catalyst 

for this job because it has great electrical properties and is a good catalyst. CuS, though, often has 

trouble being a truly great catalyst. It can be a little selective about what it reacts with, might be 

slow in getting the job done, and could fall apart or become less effective over time. To boost CuS's 

performance, we need to get imaginative. We can try things like adding other elements to it, 

deliberately creating tiny imperfections in its structure, or fine-tuning which parts of its surface are 

most active. These fresh approaches are essential for boosting CuS's ability to convert CO2 into 
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valuable C2+ products[9]. Fundamentally, these methods aim to enhance the performance of 

catalysts, significantly boosting their capacity to convert CO2 into valuable C2+ products. This 

improvement is achieved through adjustments to the catalysts' fundamental constituents, 

optimization of the electrical current, and modification of their intrinsic electronic configuration. 

The aim is to make the entire process run smoother and be more selective. 

 

However, even with all these possible benefits, there are certainly some obstacles to overcome. 

Getting the doping levels precisely right and adding the correct number of defects is a delicate 

operation. Overdoing the doping or introducing too many defects can actually backfire, making 

the catalyst less stable and less effective. Also, coming up with ways to make catalysts with the 

shapes and mixes of ingredients you want can be pretty complicated. Scaling up these methods for 

widespread industrial application might be quite a challenge. To make matters more complicated, 

it's difficult to predict the interactions between various dopants and defects, potentially resulting 

in inconsistent catalyst performance. Furthermore, the long-term stability of engineered CuS 

catalysts under realistic reaction conditions remains a concern, as they may undergo structural 

changes or deactivation over time. Lastly, the mechanistic understanding of how these 

modifications influence the reaction pathways for CO2 conversion to C2+ products is still 

incomplete, necessitating further research to fully elucidate the underlying processes.   

  

     1.3. Research gap 

 

Current research on using CuS as a catalyst for CO2 reduction tends to zero in on its inherent 

characteristics and overall effectiveness. However, it often misses opportunities to boost 

performance by making targeted changes, like adding Zn, creating vacancy defects, or fine-tuning 

specific crystal facets. Although a few studies have looked at these tweaks individually, we're still 

missing a complete picture of how they interact and work together to supercharge CuS's ability to 

produce C2+ products. 

 

On top of that, it's not entirely clear from existing research how exactly adding zinc (Zn) changes 

the electronic structure and reactivity of copper sulfide (CuS). We really need some in-depth 

theoretical studies using density functional theory (DFT) to figure out how zinc impacts the surface 
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properties, the way charge is transferred, and how it affects the energies involved when CO2 and 

other molecules during the reaction interact with the catalyst. 

 

Plus, we haven't fully explored the role of vacancy defects in making more active sites for these 

catalytic reactions, nor how these defects affect the stability and selectivity of CuS to produce the 

desired products. We're also lacking a good understanding of how these vacancy defects alter the 

electronic states and potentially open up new avenues for the reaction to occur.  

 

Finally, it's worth noting that facet engineering is still a relatively unexplored area, especially when 

it comes to using CuS for CO2 electroreduction. Different crystal facets might exhibit different 

levels of reactivity and selectivity, and using DFT calculations to understand these differences 

could offer crucial insights that help us optimize CuS for better performance. 

 

 1.4. Research questions 
 

1. What are the optimal computational parameters (lattice constant, energy cutoff, charge 

density cutoff, and k-point grid) for accurately modeling the properties of CuS using 

Quantum Espresso software? 

2. How do the geometric configurations and adsorption energies of bulk CuS, defect 

structures, and pristine slab CuS (110) influence their suitability as functional materials for 

carbon dioxide reduction? 

3. What are the electronic properties of CuS as determined by band structure calculations, 

and how do these properties relate to its performance in catalyzing carbon dioxide 

reduction? 

4. How does the adsorption energy of CO2 vary across different active sites on CuS, and what 

implications do these variations have for the material's effectiveness in CO2 capture and 

conversion? 

5. What role do defects in the CuS structure play in modifying its electronic properties and 

catalytic performance for carbon dioxide reduction? 
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1.5. Objectives 
 

1.5.1. General objectives 
 

This study aims to enhance the catalytic efficiency of CuS for CO2 electrochemical reduction in to 

C2+ products by investigating the effects of doping, defect formation, and facet engineering using 

Density functional theory (DFT) 

 

1.5.2. Specific objectives  

  
 To determine the optimal computational parameters (lattice constant, Energy cutoff, charge 

density cutoff, and k-point grid) for accurate DFT modeling of CuS. 

  To analyze the effect of Zn doping and Cu vacancies on CuS structure and electronic 

properties to enhance CO2 adsorption and conversion. 

 To compute the band structure and density of state (DOS) of CuS to evaluate its conductivity 

and catalytic efficiency. 

 To compare adsorption energy of CO2 at different active sites on pristine and modified CuS 

(110) surfaces and identify the most active catalytic sites   

 To provide theoretical insights into how doping, defects, and facet engineering influence 

CO2 conversion efficiency for future experimental validation.  

 

                     1.6. Significance of the study 
 

Improving the catalytic performance of copper sulfide (CuS) towards the production of valuable 

C2+ products, addresses critical environmental challenges associated with CO2 emissions. The 

innovative approaches of doping, defect engineering, and facet engineering promote the 

development of more sustainable materials. This study is particularly significant as it aligns with 

global efforts to mitigate climate change by transforming CO2, a greenhouse gas, into useful 

chemicals. Incorporating advanced computational techniques, such as Density Functional Theory 

(DFT), to explore the electronic and structural properties of CuS will enhance the understanding 

of the fundamental mechanisms underlying CO2 reduction.  



7 

 

1.7. Scope of the study 
 

The scope of this research focuses on enhancing the catalytic performance of copper sulfide (CuS) 

for the conversion of carbon dioxide (CO2) into valuable C2+ products through advanced 

engineering techniques. The study aims to optimize critical parameters such as lattice constant, 

energy cutoff, charge density cutoff, and k-point grid to ensure accurate computational modeling. 

It will investigate the optimized geometry and adsorption energy of bulk CuS, as well as the 

composition and structural characteristics of defect-engineered and pristine slab CuS (110) 

structures, identifying suitable functional materials for CO2 reduction. Additionally, the research 

will involve performing band structure calculations to understand the electronic properties of CuS, 

which are essential for its catalytic activity. Furthermore, the study will calculate the adsorption 

energy of CO2 at various active sites using Quantum Espresso software, providing insights into 

the interaction between CO2 and the engineered CuS surfaces. By addressing these objectives, the 

research aims to contribute to the development of more efficient catalysts for CO2 conversion, 

ultimately supporting efforts to mitigate greenhouse gas emissions and promote sustainable 

chemical processes. The work is fully computational and no experimental work is conducted. 
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CHAPTER TWO 
 

2. Literature Review 
 

                2.1.Role of DFT in Catalysis Research 

 

Density Functional Theory (DFT) is a quantum mechanical modeling method widely used to 

investigate the electronic structure of materials. In the context of catalysis, DFT provides insights 

into the reaction mechanisms, adsorption energies, and electronic properties of catalysts. By 

employing DFT, researchers can predict how modifications to the structure of CuS—such as 

doping, defect engineering, and facet optimization—affect its catalytic performance. Theoretical 

models have been utilized to identify catalysts with higher electro-catalytic activity and selectivity.  

 

2.2. Electrochemical Reactions 
 

Electrochemical reactions occur when electrons move to or from a molecule, atom, or ion at the 

boundary where an electronic conductor (an electrode, which is where electrons enter or leave) 

meets an ionic conductor (where ions flow). These reactions involve two main types of half-cell 

reactions: oxidation and reduction. Reduction specifically refers to the transfer of electrons from 

the electrode to the molecule, atom, or ion. A cathodic side reaction is hydrogen generation by 

Reduction: H+2 + 2e- H2 ……………………………………………………………2.1 

2H2O  O2 +4H++4e- ....………………………………………………………………2.2 

In the language of chemistry, adding electrons to a substance is called reduction. Reaction [2.1] is 

known as a cathodic reaction, and reaction [2.2] is known as an anodic reaction. When reduction 

takes place at an electrode, we call it a cathode, and the opposite electrode is called an anode [17]. 

 

2.3. Fundamentals of Electrochemical CO2 Reduction 
 

At its core, electrochemical CO2 reduction is about grasping how we can turn carbon dioxide (CO2) 

into useful stuff using electricity. This approach is a big deal in fighting climate change because it 

transforms CO2, a major greenhouse gas, into chemicals and fuels we can actually use [18]. This 

change takes place at the cathode of an electrochemical cell, where dissolved CO2 picks up 
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electrons [17]. Choosing the right catalyst is really crucial to get this process to work effectively 

and get the results you want, and metals like copper (Cu), silver (Ag), gold (Au), plus a variety of 

transition metal compounds, are commonly used for this job [19]. The entire process of converting 

CO2 into something valuable involves a few stages: first, CO2 latches onto the catalyst's surface, 

then it gets activated by gaining electrons, forms some intermediate products, and finally, these 

intermediate products release to give us the final, useful products. The choice of electrolyte, such 

as aqueous solutions or ionic liquids, and reaction conditions, including temperature, pressure, and 

applied potential, significantly influence the efficiency and selectivity of CO2 reduction [20].   CO2 

reduction for vital fuels and chemicals is an appealing, safe, and cost-effective solution. CO2 can 

be converted into fuels using a variety of methods, including electrochemical, thermochemical, 

and photochemical. Among these techniques to reduce CO2 emissions from the usage of fossil 

fuels, the electrochemical conversion of CO2 into fuel products is being considered an appealing 

technology to reduce reliance on fossil fuels [21]. 

 

ERC is an interesting approach to convert CO2 because of the following benefits: (1) Water serves 

as the proton source; (2) there is high equilibrium conversion at ambient temperature and pressure; 

and (3) the process is reasonably simple and environmentally friendly. These advantages are 

increasing attention and rapidly developing in the use of electro catalysts for CO2 reduction to 

diverse carbon compounds [22]. 

 

Catalysts products 

Solid oxide fuel cells 

Platinum CO 

Nickel CO, methane CO 

Palladium  CO 

Copper CO 

Metallic electrodes in aqueous solution  

Copper Hydrocarbons, CO, formate, alcohols,  

Platinum  CO, methanol  
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Others (Pb, Oxide-derived Au) CO, formate 

Molecular electrocatalysts  

Copper complexes oxalate 

Palladium complexes CO, formic acid 

Nickel complexes CO, oxalate, formic acid, formaldehyde 

Cobalt complexes CO, formic acid, alcohols 

 

Table 1 The electrochemical reduction products of CO2 over various catalysts. 

 

2.4. Mechanism of electrochemical reduction of CO2 

 

CO2 has the highest thermodynamic stability due to its strong C-O double bond, which has a 

bonding energy of 750 kJ mol-1.  The bond strength of C-C is 336 kJ mol−1, C-O is 327 kJ mol−1, 

and C-H is 411 kJ mol−1.  CO2 reduction by electro catalytic method is a thermodynamically 

uphill reaction that requires a significant amount of energy to break the C=O bond.  To make 

matters even more challenging, CO2 reduction can occur by a variety of chemical routes, 

transferring 2, 4, 6, 8, 12, or even more electrons and creating a range of products such as carbon 

monoxide (CO), formic acid (HCOOH), methane (CH4), ethylene (C2H4), and others. Its multistep 

electrochemical reduction is far more difficult than water splitting.  Any chemical conversion of 

CO2 to fuel requires a considerable amount of energy, proper reaction conditions, and active 

catalysts.  Chemical reaction conversions, on the other hand, are driven by differences in Gibbs 

free energy between the reactants and products of a chemical reaction under specified conditions.  

The enthalpy term is a good starting point for assessing the thermodynamic stability and viability 

of any CO2 conversion[23][24][25]. Electro catalytic carbon dioxide follows several chemical 

paths to yield distinct compounds.   
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Figure 1 Possible reaction pathways for the electro-reduction of CO2 [26]. 

                 

                  2.5. Catalyst Engineering 
 

Catalysts are critical components of catalytic reactions that influence reaction rate and selectivity.  

Studies have shown that catalytic modification of Cu-based catalysts can significantly enhance 

their inherent activity and selectivity toward the C2+ products of CO2RR[27][28]. Catalyst 

engineering, for example, can control the electrical structure of catalysts, govern their tiny 

microstructures, produce a large number of active sites, and modulate the binding strength of 

critical intermediates. Consequently, the activity and selectivity of Cu-based catalysts toward high-

value C2+ products can be adjusted [29]. Catalyst engineering for Cu-based catalysts that convert 

CO2 to C2+ products, including composition, morphology, crystal phase, facet, defect, strain, 

surface and interface, and underlying mechanisms [16]. 

 

2.5.1. Composition 
 

Composition management is a typical technique for influencing the catalytic performance of Cu-

based catalysts by varying the element species, element ratio, and chemical state of Cu.  Typically, 

composition control of Cu-based catalysts is classified into two categories based on the type of 

component [30]. One method is to mix Cu with other metal components to create Cu-based 
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bimetallic/multimetallic catalysts[31].  Another method is to add nonmetal elements to Cu to 

produce Cu-based compound catalysts.  Recent studies have shown that composition management 

of Cu-based catalysts can accelerate the synthesis of C2+ products of CO2RR, which is related to 

several effects such as synergistic impact, alloying effect, tandem effect, chemical state effect, and 

microstructure effect[32].   

  

2.5.1.1. Metal Elements 
 

When copper (Cu) is combined with other metals, the performance of copper-based catalysts in 

the carbon dioxide reduction reaction (CO2RR) can be greatly enhanced. This improvement is 

attributed to the interplay of ligand effects, electronic effects, and geometric effects between the 

different metals [33][34][35]. So far, several metals known for their inherent CO2RR catalytic 

activity, such as gold (Au), silver (Ag), palladium (Pd), gallium (Ga), tin (Sn), lead (Pb), bismuth 

(Bi), and zinc (Zn), have emerged as promising candidates. For instance, Jaramillo et al. explored 

the CO2RR performance of a series of CuAg thin films with adjustable compositions, spanning 

from copper-rich to silver-rich compositions [19]. The CuAg catalysts with different silver 

concentrations exhibited distinct product selectivities compared to those of pure copper and pure 

silver. 

2.5.1.2. Non-Metal Elements 
 

On top of using metal parts, throwing in some nonmetal ingredients like boron, nitrogen, oxygen, 

selenium, and halogens with the copper can boost how well copper-based catalysts work at turning 

CO2 into valuable C2+ products. When copper gets together with these nonmetal ingredients, they 

make copper compounds.  Copper compounds in high spin states are very effective in converting 

CO2 into C2+ products such as ethylene (C2H4) and ethanol (C2H5OH) via electroreduction.  For 

example, copper(I) compounds combined with boron, nitrogen, selenium, or halogens can boost 

ethylene production during CO2 electroreduction [36][37][38][39]. 
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2.5.2. Facet 
 

The varying structures of metal nanomaterials can reveal facets with diverse orientations. This, in 

turn, influences the regular pattern of atomic arrangement, the strength of metal bonds, and the 

energies associated with adsorption and binding of intermediates. Consequently, these factors 

significantly impact the catalytic performance in ECR processes [40][41][42][43].  

 

Copper's special talent for turning carbon dioxide into hydrocarbons and alcohols mainly comes 

from its ability to bind carbon monoxide in specific ways and stabilize key reaction. Because of 

this, we can fine-tune what products copper makes by changing which of its crystal surfaces are 

exposed. For example, the (111) surface of copper is great for making methane, while the (100) 

surface is better for making ethylene. On the other hand, the (110) surface encourages the 

production of ethanol, acetate, and acetaldehyde [44][45][46][47].  

 

Research has shown that the different reaction pathways and intermediates on the (111) and (100) 

crystal facets play a crucial role in determining the ultimate selectivity of ECR [48]. On Cu (111) 

facets, *CO intermediates tend to form *CHO or *COH intermediates, which can then be further 

reduced to CH3OH or CH4, respectively [49][50][51] . Meanwhile, Cu(100) facets facilitate the 

dimerization of *CO, leading to the formation of either C2H4 or C2H5OH after subsequent proton 

and electron transfer [52][39][53][54]. So, it's really important to have a lot of *CO absorbed on 

the surface to selectively make ethylene. Just lately, De Gregorio and colleagues [55]. Made copper 

nanocrystals (Cu NCs) in different shapes. These were used to selectively turn CO2 into ethylene 

and methane, with high efficiency and production rates, all in a gas-fed flow cell.  
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2.5.3. Definition and Classification of Defects 

The term “defect” was first defined by Tate v. Latham and Son in 1897 as a lack or absence of 

something essential to completeness. In current scientific terminology, however, defects are 

distortions of periodic structure in full crystals.  For crystalline materials, defects can be classified 

depending on their position into bulk defects and surface defects. Surface defects, including point 

defects, line defects, and plane defects, have been widely exploited in electrocatalysts to modulate 

electronic structure and surface/interface properties. Point defects, which exhibit deviation from 

the normal crystallographic arrangement in the nodes or adjacent regions, are quite effective and 

most commonly used in electrocatalytic process. Depending on their origin, point defects can be 

categorized as doped defects and intrinsic defects. Doped defects occur when a heteroatom/particle 

replaces a normal atom/particle or occupies a gap position in the normal node. An intrinsic defect 

is a vacancy in the lattice node or an extra particle (gap particle) in a gap that should be vacant. 

Generally, the classification of defects is becoming increasingly diversiform and complicated as 

knowledge of the field expands [56]. 

 

Figure 2 Some of the basic concepts in defective electro catalysts for ORR, HOR, and SMOR. i) 

Heteroatom doping, ii) intrinsic defects, iii) defective PGM catalysts, and iv) defective supports 

[56]. 
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2.5.4. Morphology 
 

The morphology of Cu catalysts, including their size and shape, significantly impacts their 

catalytic performance. Nanostructured Cu, such as nanoparticles or nanowires, can provide a 

higher surface area and more active sites for CO2 reduction. Tailoring the morphology can also 

influence the distribution of active sites that favor the formation of C2+ products over CO or 

methane [9][57]. 

 

 2.5.5. Crystal Phase 

 

The crystal phase of Cu can affect its catalytic properties. Different phases, such as Cu(I) and 

Cu(II), exhibit distinct reactivity towards CO2. Engineering the crystal phase through controlled 

synthesis methods can enhance the catalyst's performance by stabilizing specific active sites that 

are more favorable for C2+ product formation [58]. 

 

 2.5.6. Strain 

 

Strain engineering involves applying mechanical stress to the catalyst, which can alter its 

electronic structure and reactivity. Strained Cu surfaces may exhibit enhanced catalytic activity 

due to changes in bond lengths and angles, which can stabilize reaction intermediates and promote 

the desired reaction pathways [80].   

 

2.5.7. Surface and Interface Engineering 
 

The surface and interface characteristics of Cu-based catalysts are critical for their performance. 

Modifying the surface chemistry, such as by functionalizing with specific ligands or creating 

heterostructures with other materials, can enhance the interaction between the catalyst and CO2. 

This can lead to improved selectivity and activity for C2+ products [59]. 

 

 



16 

 

2.6. Structural Properties of Crystal Covellite (CuS) 

 

Covellite (CuS) is a bulk material that's part of the layered chalcogenide family. Its crystal structure 

falls under the P63/mmc (No. 194) space group, forming a hexagonal unit cell at room temperature. 

This unit cell contains 12 atoms, with lattice parameters a=3.796 and c=16.382, leading to a 

calculated density of 4.66g/cm³ [60]. Covellite has a layered structure made up of alternating CuS3 

units (arranged in triangular planes) and CuS4 units (arranged in tetrahedra), connected by S-S 

bonds, which are significant in the chemistry of sulfides. Covellite (CuS) is a naturally occurring 

green-black copper sulfide mineral that mainly forms after supergene enrichment processes in 

copper ore deposits. However, it can also be artificially synthesized through methods like solution 

growth or solid-state vapor reactions [61][62][63]. 

Covellite is a mineral with distinct layers of metal, held together by fairly strong bonds between 

the sulfur atoms. Imagine its structure like thin plates linked by these S-S bonds. On its own, it's 

not very stable, but with the right support, it can achieve stability and resembles a graphene-like 

arrangement. Because of its interesting light and electronic properties, CuS has garnered 

significant interest, especially for use as a catalyst [64][65][66]. 

 

 

Figure 3  Illustrates the structural features of a covellite (CuS) hexagonal unit cell, highlighting 

the connections between copper (Cu) and sulfur (S) atoms, as well as sulfur-sulfur (S-S) bonds.  

The copper atoms are shown in two different geometrical arrangements: tetrahedral (labeled as 2) 

and trigonal planar (labeled as 1). The visualization is presented in two styles: a) ball-and-stick 

model, and b) polyhedral representation. In both models, blue spheres represent copper atoms, 

while yellow spheres represent sulfur atoms [65][66] 
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 In Figure 3, the sulfur atoms are arranged trigonally around the copper atom labeled Cu(1), while 

those surrounding Cu(2) form a tetrahedral shape. These two configurations are frequently 

observed in sulfide compounds. Because of their unique electronic, structural, and bonding 

characteristics, the trigonal planar and tetrahedral arrangements of copper atoms associated with 

the two distinct sulfur atom binding sites in covellite have been extensively studied. Notably, the 

copper atom within CuS exhibits lower toxicity compared to atoms like lead, cadmium, and arsenic 

found in other semiconductor materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 compares calculated and experimental data for CuS, covering lattice parameters, bond 

lengths, bond angles, and cell volume [67] [68].Let's take a look at how well our calculations on 

chemical bonding and structural properties match up with real-world experimental data, as shown 

in Table 2. When we use the GGA level of theory for analysis, we find that the lengths of the 

Cu(2)-S(1) and S(2)-S(2) bonds are slightly overestimated. Specifically, they're off by less than 

0.043 Å and 0.042 Å, respectively, when compared to the actual experimental values. 

 

 
 

lattice parameter, bond 

angle 

Exp. 

 

GGA 

a=b (Å) 3.7938,3.76  3.826 

C (Å) 16.341 16.596 

Cu(1)-S(1)  (Å) x3 2.190s 2.208 

Cu(2)-S(1) (Å) 2.331 2.374 

Cu(2)-S(2) (Å) x3 2.305 2.322 

S(2)-S(2)  (Å) 2.071 2.113 

S(1)-Cu(2) -S(2) 108.16  

V0 (Å3) 202.5,199.9  208.13 
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2.7. Use of copper sulfide for electrochemical reduction of carbon dioxide 
 

Copper sulfide compounds have a long history as catalysts in electrochemical reactions, especially 

in reducing CO2. The way sulfur atoms bond can differ greatly. For instance, sulfur, with its low 

electronegativity, readily forms ionic compounds with metals and can also bond with itself to 

create chain-like polysulfide ions like Sn2-. Due to sulfur's diverse bonding capabilities, sulfide 

structures are both varied and complex, making sulfur an attractive option for modifying 

electrocatalysts. Copper sulfide compounds, depending on the sulfur content, how it's combined, 

and the other elements present, display a range of phases, shapes, and crystal structures. They're 

used extensively in fields like catalysis, optoelectronics, solar cells, sensors, biomedicine, and 

more. In the context of electrocatalytic CO2 reduction reactions (CO2RR), sulfur atoms can 

effectively dampen the hydrogen evolution reaction (HER) and also alter how strongly CO2 

reduction intermediates are absorbed and released. For that reason, copper sulfide compounds have 

promising prospects for improving catalytic activity and product selectivity [9]. 
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CHAPTER THREE      

   

3. Computational Methodology 

 

 We use a software package called QUANTUM ESPRESSO to run electronic structure 

calculations with a method called DFT. For the electronic exchange-correlation energy, we use 

approximations known as Perdew-Burke-Ernzerhof and generalized-gradient. Our simulations 

start with the basic repeating unit of a crystal, and the data for this unit is saved in a file format 

called cif. This cif format is designed to be easily understood by both people and computers for 

describing crystal structures. To make this data usable for our simulations, we employ a tool called 

Cif2cell to transform the crystal data from cif format into the specific input format needed by 

QUANTUM ESPRESSO. This software, QUANTUM ESPRESSO, has its own way of reading 

crystal structure data, so we convert the cif file into a format it can understand. The last step is to 

create the input file that we'll use in our calculations down the line. It's worth noting that 

QUANTUM ESPRESSO is open-source software, meaning its use is governed by the GNU 

General Public License, and it includes not just DFT methods but also associated codes. Quantum 

ESPRESSO (QE) uses the PWscf module to handle self-consistent calculations, a crucial step for 

the rest of the system to work correctly. We ran these calculations on a 64-bit Linux operating 

system. All our calculations for bulk CUS were done using Quantum ESPRESSO. This involved 

looking at convergence for various parameters such as the K-mesh, lattice constant, Ecutwfc, 

Ecutrho, and the band structure. 

 

3.1. Density Functional Theory (DFT) 

 

Density Functional Theory, or DFT, is a widely used computational method in fields like 

condensed matter physics, chemistry, and even biology. It's used to investigate the electronic 

structure of systems with many electrons, and it does this by focusing on electron density. The 

name "density functional theory" comes from the fact that it analyzes many-body systems through 

electron density functions instead of wave functions. A key advantage is that by using electron 

density instead of wave functions, the complex, multi-dimensional problem of many-electron 
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systems simplifies to a more manageable three-dimensional one, significantly easing the 

computational workload. 

 

3.2. Pseudopotentials 

 

Compared to those lively valence electrons, an atom's core electrons often play a smaller role. 

Because core electrons have really fast, short-range oscillations, they often force us to use super 

high energy cutoffs in plane wave calculations when we're modeling how atoms interact. To get 

around this bottleneck, we can use what's called pseudopotentials to approximate an atom's core 

electrons in a system. These essentially assign a kind of "effective density" to the electrons within 

a certain radius, beyond which we don't worry about them. This trick lets us use a much lower 

energy cutoff, and it also shrinks our system by letting us focus only on the valence electrons. 

Density Functional Theory (DFT) methods can employ various types of pseudopotentials, with the 

three most popular being ultrasoft pseudopotentials (US-PP)[69], the projected augmented wave 

(PAW) method, and norm-conserving pseudopotentials (NC-PP) [70]. 

 

 

 

 

 

 

 

 

 

   The red curves show us the behavior of the pseudopotential, while the blue ones represent the 

coulomb potential. Interestingly, once we pass a certain point called the cut off radius (rc), both 

types of wavefunctions align perfectly with each other [92].        

Figure 4 How the coulomb potential wavefunction stacks up against the pseudopotential wavefunction.  
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                          3.3. Software Package 
 

3.3.1. Quantum ESPRESSO Software Package 

 

The computations outlined in this thesis were carried out using the open-source software known 

as Quantum-ESPRESSO (QE). QE offers a comprehensive collection of computer codes 

specifically designed for electronic structure calculations and materials modeling. These codes 

utilize density functional theory (DFT), a plane-wave basis set, and pseudopotentials to accurately 

depict the interactions between electrons and ions [71]. ESPRESSO is a free, open-source software 

bundle designed for research in electronic structure, simulation, and optimization. It's distributed 

under the GNU General Public License, often referred to as the GPL [72]. Quantum Espresso (QE) 

uses a clever method to do its calculations. It solves the Kohn-Sham equations repeatedly, fine-

tuning the results each time, and also uses efficient ways to mix the charge density. This allows it 

to figure out the forces acting on atoms and the stresses within a unit cell. The total energy is 

adjusted until it's as low as possible, based on where the atoms are located inside the unit cell. 

This software package comes with a program called PWscf, which is used for calculating total 

energy. PWscf uses both Norm-Conserving Pseudopotentials (NC-PP) and Ultrasoft 

Pseudopotentials (US-PP) within Density Functional Theory (DFT). When doing DFT 

calculations, it's important to pay attention to two things to make sure your results are accurate. 

First, you have to consider the energy cutoffs, which basically set a limit on how much the wave 

functions can be expanded. Second, you need to think about the number of k-points. This tells you 

how well your discrete grid represents the continuous integral [73]. 

 

3.3.2. Visualization for Electronic and Structural Analysis –VESTA 

 

VESTA, which stands for Visualization for Electronic and Structural Analysis, is a powerful tool 

used for visualizing both three-dimensional crystal structures and volumetric data, all within a 

user-friendly interface that features multiple windows and tabs. When it comes to representing 

crystal structures, VESTA offers a variety of models including ball-and-stick, space-filling, 

polyhedral, wireframe, dot-surface, and thermal-ellipsoid. The software also allows users to extract 
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a wealth of crystal-chemical information from site data, such as fractional coordinates, 

occupancies, and oxidation states. With its support for multiple windows, each containing multiple 

tabs for different graphics pages, users can easily switch between different visualizations with a 

simple click of the mouse. All the information needed to recreate the visual representation of each 

page is stored in a compact text file, called a "*.vesta" file, using the VESTA format. This method 

is incredibly adaptable, allowing us to handle massive quantities of objects like atoms, bonds, 

coordination polyhedra, and polygons on isosurfaces, provided there's sufficient memory 

available. These objects can be swiftly rotated, resized, and moved around in three dimensions[74]. 

The software package used to build and visualize the copper sulfide surface plane in this study is 

called VESTA. 

 

3.3.3.MATERIALS STUDIO 
 

Materials Studio (MS) was used for constructing molecular models, conducting classical 

simulations, and executing quantum mechanical calculations. The MS package offers a variety of 

modeling methods, which is evident from the wide range of articles published. The user interface, 

designed for the Windows operating system (unlike, say, UNIX or Linux), made the software 

accessible to a larger audience (especially back then), particularly within the research and 

development divisions of major chemical firms [75].This software allows us to figure out the 

lattice parameters and electronic structure of a material by employing quantum mechanical 

methods. We'll use this software to study how CO2 molecules adsorb onto the surface of a CuS 

plane. The CuS surface in question was generated from an optimized bulk CuS structure, a process 

carried out using Material Studio. 

 

3.3.4. XCrySDen 
 

XCrySDen is a software tool used to visualize crystalline and molecular structures. Its name, an 

acronym for Crystalline Structures and Densities, includes an "X" because it operates within the 

X Window system. This program allows users to view isosurfaces and contours, which can be 

overlaid on crystal structures and freely rotated or altered. Furthermore, it offers analytical tools 

for studying properties in reciprocal space, including interactively choosing k-paths within the 
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Brillouin zone for band-structure diagrams and visualizing Fermi surfaces. As an additional 

feature, XCrySDen provides a graphical user interface for visualizing data from Quantum 

ESPRESSO. XCrySDen is a program designed for visualizing molecular and crystalline structures, 

though its primary function is for analyzing properties. It operates on most UNIX systems, 

requiring no specific hardware or software. Significant attention has been dedicated to enabling 

the appropriate display of 3D isosurfaces and 2D contours, which can be overlaid on the crystalline 

structure and interactively rotated and manipulated [76]. 

 

3.4.The PWscf method 

 

The Kohn-Sham equations are pretty tricky to solve because they're highly nonlinear. That means 

we have to tackle them using an iterative method. PWscf does just that - it iteratively solves these 

equations until it reaches a self-consistent solution. This involves repeatedly diagonalizing 

matrices at each step within the framework of the plane wave pseudopotential approach. Here's 

how the self-consistent calculation works: it starts with an initial guess for the electron wave 

functions. Using these, it calculates the corresponding effective Kohn-Sham potential, which we 

call VKS. Then, it solves the Kohn-Sham equation again using this new potential, which gives us 

updated wave functions. This back-and-forth process continues until the charge density stops 

changing significantly. At this point, we've achieved self-consistency, meaning the wave functions 

and the effective potential are in agreement. In essence, the wave functions we obtain are the same 

as those we'd get by solving the Schrödinger equation with that particular potential. The PWscf 

method includes both norm-conserving and ultrasoft pseudopotentials. 

 

3.4.1. Input File for a Simple PWscf Calculation 

 

 The PWscf input file consists of several NAMELISTS and INPUT_CARDS. NAMELISTS 

enable you to specify the value of an input variable only when necessary, while automatically 

assigning default values to most variables that don't require explicit specification. They are read 

in a predetermined order but can be disregarded if they're not relevant. In PWscf, you must include 

three NAMELISTS. The first is &CONTROL, which includes the input variable that governs the 

calculation's flow and determines the amount of input/output displayed on the disk and screen. The 
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&SYSTEM namelist defines the characteristics of the system being studied. The third required 

NAMELIST is &ELECTRONS, which encompasses the input variables that manage the 

algorithms used to achieve a self-consistent solution of the Kohn-Sham equations for the electrons.  

On the flip side, INPUT_CARDS come into play when you need to supply essential data that 

would be a real drag to input repeatedly using the `variable_name = variable_value` format found 

in NAMELISTS. There are three INPUT_CARDS that are absolutely essential. The 

ATOMIC_SPECIES card is where you list the name, mass, and pseudopotential for every type of 

atom in your system. Then, you've got ATOMIC_POSITIONS, which details the type and exact 

location of each atom within the unit cell. Finally, K_POINTS is the last required INPUT_CARD, 

and it handles the integration of the Brillouin zone. 

 

                    3.5. Adsorption Energy 

 

   Adsorption is all about molecules sticking to a surface, and a key part of this is how much energy 

is involved in the process, which we call adsorption energy. This energy is a big deal because it 

tells us how stable the adsorption is. 

 

Think of adsorption energy as the energy difference between what you start with (reactants) and 

what you end up with (products). If the energy is negative, it means the products are more stable, 

and the molecule wants to stick to the surface – it's like a natural fit. This is also an exothermic 

process, meaning it releases heat. The more negative the energy, and the higher the adsorption, the 

more favored (and stable) the structure or adsorption site is. On the flip side, a positive energy 

suggests that the molecule doesn't really want to stick to the surface [77]. 

 

SpeciesSurfaceSpeciesSurfaceads EEEE    …………………………………… 22 

Where the term "E Surface+species" refers to the overall calculated electronic energy of the surface 

combined with the particular species within the system when it's in equilibrium. "ESurface" is the 

total electronic energy of just the slab (meaning a clean surface), and "ESpecies" stands for the 

total electronic energy of the species alone (as if it were a free molecule). 
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CHAPTER FOUR 

 

4.Results and Discussions 

 

  4.1. Convergence tests of bulk  CuS  

  
To optimize the geometry, you'll want to run the "relax" calculation in your input file. The bulk 

CuS we're dealing with has a hexagonal structure, specifically with `ibrav = 4`. Before diving into 

the full calculations, it's crucial to do a convergence test; this ensures our results are numerically 

reliable. We absolutely need to choose an exchange-correlation functional, and for this entire 

study, we're using the PBE exchange-correlation functional. The pseudo-potential files for the bulk 

CuS were sourced from the cifcell database. These files also gave us the recommended minimum 

cutoffs for both wave functions and charge density. When it comes to choosing the K-mesh for the 

geometry optimization, we tested a range of grids, starting from 1x1x1 all the way up to 11x11x11. 

We performed various convergence tests, looking at the K-mesh, the kinetic energy cutoff for wave 

functions, and the cutoff for charge density. Ultimately, we found a set of criteria that gave us 

converged results, meaning we reached the minimum total energy. 

 

  This chapter is all about diving into the best structure for bulk copper sulfide, looking at how well 

our analysis converges, and finding the ideal setup for a pure CuS (110) surface. We also explore 

what happens when we add zinc to CuS, create a copper defect in CuS, and figure out the energy 

it takes for things to stick to these materials.   

 

                4.2.  optimization of bulk CuS 

 

4.2.1. Analysis of Kinetic energy cutoff, charge density cutoff and K-points grid 
 

To figure out the best settings for our calculations on CuS materials, we ran some convergence 

tests. These tests helped us find the ideal cutoff energy, charge density cutoff, and K-points. We 

wanted to see how these parameters affected the total energy calculations and find the lowest 

energy possible. The results of these tests are shown in Figure 11. We also performed tests to find 
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the right kinetic energy cutoff (ecutwfc) and charge density cutoff. These are important because 

they affect how accurately we can describe the system using a plane wave basis and self-consistent 

field (scf) calculations for the total electronic energies. Getting these values right helps us get a 

true picture of what the CuS material is like. The kinetic energy and charge density cutoffs are 

theoretical parameters that control the accuracy of our description and are related to the 

pseudopotential used for the initial optimized structure. To perform this calculation, which 

involves various convergence tests, we used a plane wave basis set with a cut-off energy of 60 Ry 

for the Kohn-Sham wave functions. The charge density cut-off was set to 450 Ry, and a k-point 

grid of 4x4x4 was employed. For the variable unit cell relaxation (vc_relax) calculations aimed at 

optimizing the geometry of the bulk structure, the convergence threshold for the self-consistent 

field energy was set to 10^-8 Ry. We utilized the PBE exchange-correlation functional, ultrasoft 

pseudopotentials, and the Monkhorst-Pack method for Brillouin zone sampling [78], using a 4x4x4 

k-point grid for the bulk and a 3x3x1 grid for the slab to account for the vacuum introduced. This 

chosen set of parameters was consistently used across all calculations for both the bulk and slab 

(surface) models. The specific choice of k-points was made because it represents the minimal 

convergence point on the curve, ensuring a good balance between computational efficiency and 

the accuracy of the results. We visualized the structures using the XCrySDen and VESTA software 

packages.  
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4.2.1.1. Convergence test for k-point grids 
 

To test the convergence of K-points, we ran SCF calculations with K-points ranging from 1x1x1 

to 11x11x11. We then plotted the total energy against the K-points, and the results are presented in 

Figure 7.  

 

Figure 7 indicates a convergence test for k-point grids, commonly used in computational materials 

science and quantum chemistry to sample the Brillouin zone for electronic structure calculations. 

The x-axis represents the "K point," while the y-axis displays energy values in Rydbergs (Ry), 

allowing for an examination of how energy varies with different k-point densities. Various 

configurations, such as "111000," "222000," and "333000," indicate different sampling schemes, 

with the plotted data showing a rapid convergence toward a stable energy value as k-point density 

increases. The sharp initial drop in energy suggests that adequate k-point sampling is critical for 

accurate calculations. The "444000" emphasizes its significance as a point where the energy 

stabilizes, indicating that further increases in k-point density yield diminishing returns.  

 

 

 

Figure 5 Convergence test for optimized bulk CuS. Total energy vs K points by using PBE 
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4.2.1.2. Convergence test for cutoff of wave function (ecutwfc) 

 

We checked the convergence of the kinetic energy cutoff by adjusting the cutoff energy. The 

resulting plot of total energy versus kinetic energy cutoff can be seen in Figure 8. Figure 8 

describes the relationship between "Ecutwfc," referring to a cutoff energy for wave functions in 

quantum mechanics, and corresponding energy values. The x-axis represents "Ecutwfc," while the 

y-axis shows energy levels, with specific points labeled as "ec20," "ec40," "ec60," and so on. The 

plotted points indicate how energy varies with different cutoff values, with "ec60"   suggesting its 

significance as a critical or optimal value within the dataset. The line connecting the points reveals 

trends in energy sensitivity to changes in "Ecutwfc," and the"ec60" indicate a minimum energy 

configuration or an important feature.  

 

 

Figure 6 Convergence test for optimized bulk CuS. Total    energy vs Kinetic energy cutoff by 

using PBE   
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4.2.1.3. Convergence test for cutoff charge density 

To figure out the right charge density, we tried out different factors, ranging from 2 all the way to 

10. Once we had that narrowed down, we used a kinetic energy cutoff value that settled at 60 Ry. 

We then took this 60 Ry value and multiplied it by each of those different factors to get a range of 

charge densities. Mathematically, that looks like this: Ecutrho = factor * 60 Ry. Finally, we charted 

the total energy against these varying charge densities (Ecutrho), and you can see the results in 

Figure 9. 

 

Figure 9 presents a convergence test for cutoff charge density, a crucial aspect in computational 

materials science and quantum chemistry. The x-axis indicates "Ecutrho," representing the cutoff 

for charge density, while the y-axis displays energy values in Rydbergs (Ry). Various cutoff 

values, ranging from "100" to "600," are plotted against their corresponding energy values, 

revealing minor fluctuations that suggest energy stabilizes as the cutoff density increases. Notably, 

the point "450," with an energy value of approximately -1676.50776, emphasizes its significance 

as a critical point where energy reaches stability, indicating that further increases in charge density 

yield minimal changes in energy.  

 

Figure 7 Convergence test for optimized bulk CuS. Total energy vs charge density cut-off energy 

by using PBE 
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4.2.1.4. Geometry optimization  

 

To ensure our calculations for the lattice parameter were accurate, we used a convergence test. We set 

our parameters to commonly accepted values: a K-point grid of 4x4x4, a kinetic energy cutoff of 60 Ry, 

and a charge density cutoff of 450 Ry. Then, we tested a range of lattice constants, going up from 

3.76786663 angstroms to 3.91786663 angstroms in one direction, and down from 3.76786663 angstroms 

to 3.67786663 angstroms in the other, with each step being 0.01 angstroms apart. We plotted the total 

energy against these lattice constants, and the results are displayed in Figure 10. 

 

 Figure 10 illustrates a graph pertaining to geometry optimization in computational materials science, 

where the x-axis likely represents atomic positions or a geometric parameter, and the y-axis displays 

energy values in Rydbergs (Ry). Various geometric configurations are plotted, showcasing fluctuations 

in energy as the optimization process explores different arrangements. Generally, the energy decreases 

as the geometric parameter progresses, indicating that the system is moving toward a more stable 

configuration.   the point "3.80786663," with an energy value of approximately -1676.510677, marks it 

as a significant point where the energy is minimum, suggesting a successful optimization.  

 

Figure 8 Convergence test for optimized bulk CuS.total energy vs parameter (a) by using PBE 
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Bulk CuS has a hexagonal unit cell structure. By starting with the initial crystal structure 

parameters of \( a = 3.80786663 \) Å and \( c = 16.48526376 \) Å, full geometry optimization 

calculations were carried out. These calculations characterized the cell parameters and the 

interatomic bond distances and angles, showing good agreement with experimental values (a = 

3.8073 Å and c = 16.523 Å) [61]. We use this more laid-back framework to build models of CuS 

(110) surfaces. 

 

 

 

 

 

 

 

(a) side view ( b ) top view . 1 and 2 represent Cu in tetrahedral and triangular position. Blue and 

yellow spheres are copper and sulfur atoms, respectively 

Table 3: DFT optimized bulk CuS crystal structure parameters and comparison with experimental 

parameters 

 

The calculated results presented in Table 3, including the lattice parameters a, b, c, and volume 

(v), show a strong agreement between our work and previous studies [80] [62] [74]. This structure 

is crucial for calculating the surface structure. In the surface calculations, we have taken into 

account parameters of bulk CuS, such as the cutoff energy and charge density cutoff. 

Covell

ite 
Space group 

Lattice 

parameter (Á) 
Experimental This work 

CuS (P63/mmc)[79] a=b 

c 

V 

c/a 

3.796[79], 3.7938[66], 3.8073[61] 

16.382[79],16.341[66],16.523[61] 

204.4[79] ,202.5[66] 

4.316[79],  

a=3.80786663 Å , 

c=16.48526376 Å  

v=239.033781 

Å^3 

c/a=4.329265 

Figure 9. Optimized Covellite hexagonal unit cell (CuS).  
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               4.3. Band structure Calculations 

 

4.3.1. Band structure Calculations Copper sulfide 
 

The band structure of copper sulfide (CuS) is a critical aspect of its electronic properties, 

significantly influencing its behavior as a semiconductor and its catalytic performance in reactions 

such as the electrochemical reduction of carbon dioxide (CO2). CuS typically exhibits a narrow 

band gap, which can vary depending on its structural form (e.g., chalcopyrite, covellite) and the 

presence of defects or dopants. The valence band is primarily composed of sulfur (S) 3p orbitals, 

while the conduction band is largely derived from copper (Cu) 3d orbitals, leading to unique 

electronic properties that affect charge carrier mobility. Doping CuS with elements such as zinc 

(Zn) can modify its band structure by introducing new energy levels within the band gap, 

enhancing conductivity and catalytic activity by facilitating charge transfer processes. 

Additionally, defect engineering, through the introduction of vacancies or other defects, can 

significantly alter the band structure by creating localized states that influence recombination rates 

and overall catalytic efficiency. The band structure can also vary with different crystal facets of 

CuS, as facet engineering can lead to variations in surface electronic states, impacting the 

adsorption of reactants and activation energy for catalytic reactions. Computational methods such 

as density functional theory (DFT) are often employed to analyze the band structure of CuS, 

providing insights into its electronic properties and predicting how modifications will influence its 

performance in applications like CO2 reduction. Overall, understanding and manipulating the band 

structure of CuS is essential for optimizing its use in sustainable energy applications. The band 

structure is a good way to visualize the wave vector-dependence of the energy states, the band-

gap, and the possible electronic transitions. 
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Figure 10  Band structure and density of state of CuS.   GGA calculations   The points Γ, M, and 

K are in the central plane (kz = 0) and A, L, and H are in the basal plane 

 

Figure 12 shows the electronic band structure of  CuS, showing the relationship between energy 

(E) and wave vector (k) across various high symmetry points in the Brillouin zone. The x-axis 

represents the wave vector, with high symmetry points such as Γ, M, K, L, and A indicating 

specific directions in the crystal lattice. The y-axis shows energy levels (E) relative to the Fermi 

energy (E_F), typically set at zero for reference. In this band structure, the bands can be categorized 

into valence bands and conduction bands. The presence of a gap between the highest filled band 

and the lowest empty band suggests that the material may exhibit semiconductor or insulator 

behavior, depending on the size of this band gap. A larger gap generally indicates insulating 

properties, while a smaller gap may suggest semiconducting characteristics and if there is no gap 

may suggest metallic characteristic. But this band structure shows there is no band gap have seen 

between valence bands and conduction bands so this material shows a metallic characteristic.    The 

complexity of the band structure, illustrated by the multiple bands, indicates intricate electronic 

interactions within the material. These interactions can significantly affect its electrical, optical, 

and thermal properties. Analyzing the band structure is essential for understanding the material's 

behavior under various conditions, such as temperature and doping levels. 
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4.3.2. Band structure Calculations of Zn doped Copper sulfide 
 

Band structure calculations of Zinc (Zn)-doped Copper Sulfide (CuS) are crucial for understanding 

the electronic properties and potential catalytic performance of this semiconductor material. When 

Zn is introduced into the CuS lattice, it typically substitutes for Cu, affecting the charge carrier 

dynamics by either acting as a donor or an acceptor. This doping can alter the positioning of the 

conduction and valence bands, consequently modifying the band gap, which is vital for optimizing 

catalytic properties. CuS usually possesses a narrow band gap, making it suitable for photocatalytic 

applications; therefore, assessing how Zn doping influences this gap through band structure 

analysis is essential. Furthermore, the introduction of vacancy defects in conjunction with Zn 

doping can lead to localized states within the band gap, which can trap charge carriers, improve 

charge separation, and enhance catalytic activity. Band structure calculations help elucidate the 

nature of these defect states and their influence on the electronic density of states. Additionally, 

facet engineering can expose different crystallographic facets, each with unique electronic 

characteristics, and understanding their band structures is critical for optimizing catalytic 

performance. Computational methods such as density functional theory (DFT), often utilizing tools 

like VASP or Quantum ESPRESSO, are employed to provide insights into these electronic 

modifications. Ultimately, these calculations offer valuable information on the electronic 

properties of Zn-doped CuS, linking them to enhanced catalytic activity for applications such as 

CO2 reduction and other energy conversion technologies. 
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Figure 11 Band structure and density of state of Zn doped CuS.   GGA calculations   The points Γ, 

M, and K are in the central plane (kz = 0) and A, L, and H are in the basal plane 

Figure 11 illustrates the electronic band structure of zinc-doped copper sulfide (Zn-doped CuS), 

presenting energy (E) on the vertical axis and momentum (k) along high-symmetry points in the 

Brillouin zone on the horizontal axis. The lines in the graph represent the allowed energy levels 

for electrons, with the labeled points (T, M, K, A, L, H) corresponding to specific locations in the 

Brillouin zone. The separation of the bands into occupied (valence) and unoccupied (conduction) 

states indicates the material's electronic behavior, helping to determine whether it acts as a 

conductor, semiconductor, or insulator. The energy difference between the top of the valence band 

and the bottom of the conduction band reveals the band gap, which can be direct or indirect. 

Doping with Zn can significantly alter the electronic properties of CuS by introducing new energy 

levels or modifying existing ones, thereby impacting conductivity and other characteristics. 

Understanding this band structure is essential for applications in electronics and optoelectronics, 

especially in developing materials for devices such as solar cells and LEDs. 
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4.4. Calculation Optimized of Pristine CuS (110) Surface 
 

To figure out the ideal structure of a surface, we start with some key details from the material's 

bulk form. We need the lattice parameter, an energy cutoff set at 60 Ry, a charge density cutoff 

energy of 450 Ry, and the atomic coordinates. Then, we use software like Material Studio and 

VESTA to essentially slice the surface off the optimized bulk along the (110) plane. The resulting 

slab of CuS (110) has 4 layers of atoms and a total of 60 atoms (30 copper and 30 sulfur). To make 

sure there's no interference, we leave a 15 Å gap of empty space perpendicular to the surface.

  

                          a                                                                                                     b 

Figure 12 The computational models of pristine CuS (110) surface optimized structure. (a)along a 

axis and (b) along c axis 
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4.5. Optimized of Pristine CuS (110) Surface adsorbed carbon dioxide with 

several active site 

                          

      a                                                          b                                  c                                d 

                                        

         e                                                 f                                            g                                              h                                                              

                      

        i                                         j                            k                                             l 

Figure 13 Geometry optimization plot of CO2 adsorbed on the CuS (110) surface  

(a) CO2 parallel bonded on Copper and (b) CO2 vertical bonded on copper (c)  CO2 parallel physo 

for CU (d) CO2 vertical physo for Cu and  (e) CO2 parallel bonded on S (f) CO2 vertical bonded 

on S (g) CO2 parallel physo for S (h) CO2 vertical physo for S (i) CO2 horizontal for edge (j) CO2 

parallel for surface (k) CO2 vertical for edge (l) CO2 vertical for surface 
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Active site EComplex (Ry) 

CuS110 surface  

Esurface(CuS11

0) (Ry)  

Species 

energy(CO2)(Ry) 

Adsorption 

energy(Ry) 

Adsorption 

energy(ev) 

Vertical 

Chemo at Cu 

-7211.71918789 -7109.98765236  -101.71722302 -0.01431251 -0.2 

Parallel 

Chemo at Cu 

-7211.73392037 -7109.98765236  -101.71722302 -0.02904499 -0.4 

Vertical for 

surface physo 

-7211.76180694 -7109.98765236  -101.71722302 -0.05693156 -0.775 

Parallel for 

surface physo 

-7211.76180833 -7109.98765236  -101.71722302 -0.05693295 -0.775 

 Vertical for 

edge  

-7211.76077938 -7109.98765236  -101.71722302 -0.055904 -0.76 

 Horizontal 

for edge 

-7211.70114266 -7109.98765236  -101.71722302 0.00373272 0.05 

Vertical physo 

for Cu 

-7211.66290848 -7109.98765236  -101.71722302 0.0419669 0.57 

 Parallel 

physo for Cu 

-7211.75872293 -7109.98765236  -101.71722302 -0.05384755 -0.73 

Vertical 

chemo at S  

-7211.44002170 -7109.98765236  -101.71722302 0.26485368 3.6 

Parallel 

chemo at S 

-7211.59748585 -7109.98765236  -101.71722302 0.10738953 1.5 

Vertical physo 

for S 

-7211.74761595 -7109.98765236  -101.71722302 -0.04274057 -0.58 
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 Parallel 

physo for S 

-7211.75770759 -7109.98765236  -101.71722302 -0.05283221 -0.72 

Table 4 Complex (CuS (110) + adsorbate), slab CuS (110) Species energy (CO2) and adsorption 

energy obtained from the DFT calculation (using MS software package) 

 

Figure 14  optimized pristine CuS(110) Adsorption energy vs Active site 

Figure 14 illustrates the optimized adsorption energies of various configurations on the pristine 

CuS (110) surface, with the x-axis representing different adsorption sites and the y-axis indicating 

the adsorption energy in electronvolts (eV). Especially, configurations such as "End on for surface 

physo" and "Side on for surface physio" are both exhibiting significant adsorption energies of -

0.775 eV, indicating their importance in the surface-adsorbate interaction.  
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4.5.1. Zinc doped Pristine CuS (110) Surface   

  To tweak the binding energy of *H species, researchers have found that blending copper with 

other metals, like zinc or gold, can alter the binding states of *CO species, ultimately boosting the 

production of C2+ products [81].   Yeo and colleagues found that adding zinc dopants as a co-

catalyst to copper can shift the selectivity of CO2 reduction towards producing C2H5OH [82].  Zinc-

doped pristine copper sulfide (CuS) on the (110) surface is gaining attention in materials science 

and catalysis, particularly for its potential in electrochemical CO2 reduction. Doping CuS with zinc 

modifies its electronic and structural properties, which can enhance its catalytic performance. The 

introduction of zinc alters the electronic band structure, improving conductivity and facilitating 

electron transfer during CO2 reduction. Additionally, zinc doping creates new active sites, 

increasing surface reactivity and potentially leading to more efficient conversion of CO2 into 

valuable products. The (110) surface, with its unique atomic arrangement, influences how CO2 

interacts with the catalyst, affecting reaction efficiency.  

4.5.1.1. Zinc doped Pristine CuS (110) Surface one Cu replaced by one Zn  

 Zinc-doped pristine copper sulfide (CuS) on the (110) surface, where one copper atom is replaced 

by one zinc atom, presents a significant modification that can enhance the material's properties and 

catalytic performance, particularly in electrochemical CO2 reduction. This substitution alters the 

local electronic environment and structural characteristics of the CuS lattice, potentially improving 

its effectiveness in various applications. The replacement of copper with zinc, which has a smaller 

ionic radius, may lead to changes in bond lengths and angles, creating strain in the lattice that 

affects surface reactivity and the adsorption energies of reactants like CO2. Additionally, the 

introduction of zinc modifies the electronic band structure, enhancing conductivity and facilitating 

electron transfer during reactions. This doping can create new active sites, increasing the material's 

catalytic activity and selectivity for specific products during CO2 reduction. 

 

Figure 15 Zinc doped Pristine CuS (110) Surface Cu replaced by Zn    
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4.5.1.2. Zinc doped Pristine CuS (110) Surface one S replaced by one Zn 

 Zinc-doped pristine copper sulfide (CuS) on the (110) surface, where one sulfur atom is replaced 

by one zinc atom, introduces significant modifications that can enhance the material's structural, 

electronic, and catalytic properties. This substitution alters the local environment of the CuS 

lattice, potentially improving its performance in applications such as photocatalysis and 

electrochemical reactions, including CO2 reduction. The replacement of sulfur with zinc can lead 

to changes in bond lengths and angles, creating distortions in the lattice that may affect the 

material's stability and reactivity. Additionally, zinc's different electron configuration compared to 

sulfur can modify the electronic band structure, enhancing conductivity and facilitating charge 

transfer during reactions. This doping can create new active sites, improving the adsorption of 

reactants like CO2 and promoting more efficient catalytic pathways.  

 

 

Figure 16 (a) Zinc doped Pristine CuS (110) Surface  S replaced by Zn 
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4.5.1.3. Zn doped Pristine CuS (110) Surface Cu replaced by Zn adsorbed 

carbon dioxide with several active site 

                            

                   a                                              b                                                         c                                             d 

                   

     e                                         f                                                                     g                                                  h 

       

                  i                                     j                                   k                                       l 

 

m                                           n                                     o                                       p 

Figure 17 Geometry optimization plot of CO2 adsorbed on Zinc doped Pristine CuS (110) Surface 

Cu replaced by Zn   

(a) CO2 parallel bonded on Copper and (b) CO2 vertical bonded on copper (c)  CO2 parallel physo 

for Cu (d) CO2 vertical physo for Cu  (e) CO2 parallel bonded on S (f) CO2 vertical bonded on S 

(g) CO2 parallel physo for S (h) CO2 vertical physo for S (i) CO2 parallel bonded on Zinc and (j) 

CO2 vertical bonded on Zinc (k)  CO2 parallel physo for Zinc (l) CO2 vertical physo for Zinc (m) 

CO2 horizontal for edge (n) CO2 parallel for surface (o) CO2 vertical for edge (p) CO2 vertical 

for surface 
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Active site EComplex (Ry) 

After 1Cu 

replaced by 1Zn 

Esurface(CuS11

0) (Ry) after 

1Cureplaced by 

1Zn 

Species 

energy(CO2)(R

y) 

Adsorption 

energy(Ry) 

Adsorptio

n 

energy(ev

) 

Vertical 

Chemo at Cu 

-7460.18916774 -7358.54054176  -101.71722302 0.06859704 0.9 

Parallel 

Chemo at Cu 

-7460.22760037 -7358.54054176  -101.71722302 0.0301441 0.4 

Vertical for 

surface physo 

-7460.31163829 -7358.54054176 -101.71722302 -0.05387351 -0.7 

Parallel for 

surface physo 

-7460.31179484 -7358.54054176 -101.71722302 -0.05403006 -0.73 

 Vertical for 

edge  

-7460.31090720 -7358.54054176 -101.71722302 -0.05314242 -0.72 

 Horizontal 

for edge 

-7460.29774685 -7358.54054176 -101.71722302 -0.03998207 -0.54 

Vertical physo 

for Cu 

-7460.30723424 -7358.54054176 -101.71722302 -0.04946946 -0.67 

 Parallel 

physo for Cu 

-7460.29878380 -7358.54054176 -101.71722302 -0.04101902 -0.56 

Vertical 

chemo at S  

-7460.01625462 -7358.54054176 -101.71722302 0.24151016 3.3 

Parallel 

chemo at S 

-7459.99590208 -7358.54054176 -101.71722302 0.2618627 3.56 

Vertical physo 

for S 

-7460.24057612 -7358.54054176 -101.71722302 0.01718866 0.23 

 Parallel 

physo for S 

-7460.30852332 -7358.54054176 -101.71722302 -0.05075854 -0.69 

Vertical 

chemo at Zn 

-7460.19672817 -7358.54054176 -101.71722302 0.06103661 0.83 

Parallel 

chemo at Zn 

-7460.11668955 -7358.54054176 -101.71722302 0.14107523 1.9 

Vertical physo 

for Zn 

-7460.26805641 -7358.54054176 -101.71722302 -0.01029163 -0.14 
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Parallel 

physo for Zn 

-7460.29852893 -7358.54054176 -101.71722302 -0.04076415 -0.55 

Table 5 Zn dopedCuS110 one Cu replaced by one Zn Complex (CuS (110) + adsorbate), slab 

CuS (110) Species energy(CO2) and adsorption energy obtained from the DFT calculation 

(using MS software package) 

 

Figure 18 optimized Zn doped one Cu replaced by one Zn pristine CuS(110) Adsorption energy 

vs one Cu by one Zn CuS(110) surface Active site 

figure 18 illustrates the adsorption energies of various configurations for a zinc-doped pristine CuS 

(110) surface, where one copper atom is replaced by zinc. The x-axis represents different 

adsorption sites, while the y-axis indicates the adsorption energy in electronvolts (eV). Notably, 

configurations such as "End on for surface physio", vertical for edge and "Side on for Surface 

physo" are , with the former exhibiting a favorable adsorption energy of -0.7ev, -0.72ev and -0.73 

eV respectively,  signing a strong interaction between the adsorbate and the surface.   
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4.5.1.4. Zn doped Pristine CuS (110) Surface S replaced by Zn adsorbed carbon 

dioxide with several active site 

 

            a                                                     b                                           c                                      d 

 

                 e                                          f                                               g                                            h                                            

 

             i                                                    j                                     k                                                   l 

                            

            m                                       n                                           o                                p 

Figure 19 Geometry optimization plot of CO2 adsorbed on Zinc doped Pristine CuS (110) Surface 

S replaced by Zn  

(a) CO2 parallel bonded on Copper and (b) CO2 vertical bonded on copper (c)  CO2 parallel physo 

for Cu (d) CO2 vertical physo for Cu  (e) CO2 parallel bonded on S (f) CO2 vertical bonded on S 

(g) CO2 parallel physo for S (h) CO2 vertical physo for S (i) CO2 parallel bonded on Zinc and (j) 

CO2 vertical bonded on Zinc (k)  CO2 parallel physo for Zinc (l) CO2 vertical physo for Zinc (m) 

CO2 horizontal for edge (n) CO2 parallel for surface (o) CO2 vertical for edge (p) CO2 vertical 

for surface 
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Active site EComplex (Ry) 

After 1S 

replaced by 1Zn 

Esurface(CuS11

0) (Ry) after 

1Sreplaced by 

1Zn 

Species 

energy(CO2)(e

v) 

Adsorption 

energy(Ry) 

Adsorptio

n 

energy(ev) 

Vertical 

Chemo at Cu 

-7649.05263925 -7547.46412343 -101.71722302 0.1287072 1.7 

Parallel 

Chemo at Cu 

-7649.21165736 -7547.46412343 -101.71722302 -0.03031091 -0.4 

Vertical for 

surface physo 

-7649.23303214 -7547.46412343 -101.71722302 -0.05168569 -0.7 

Parallel for 

surface physo 

-7649.23520149 -7547.46412343 -101.71722302 -0.05385504 -0.7 

 Vertical for 

edge  

-7649.23442800 -7547.46412343 -101.71722302 -0.05308155 -0.7 

 Horizontal 

for edge 

-7649.23358610 -7547.46412343 -101.71722302 -0.05223965 -0.7 

Vertical physo 

for Cu 

-7649.22611076 -7547.46412343 -101.71722302 -0.04476431 -0.6 

 Parallel 

physo for Cu 

-7649.19958319 -7547.46412343 -101.71722302 -0.01823674 -0.24 

Vertical 

chemo at S  

-7649.04979369 -7547.46412343 -101.71722302 0.13155276 1.8 

Parallel 

chemo at S 

-7648.91227106 -7547.46412343 -101.71722302 0.26907539 3.7 

Vertical physo 

for S 

-7649.22752273 -7547.46412343 -101.71722302 -0.04617628 -0.63 

 Parallel 

physo for S 

-7649.18099231 -7547.46412343 -101.71722302 0.00035414 0.0048 
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Vertical 

chemo at Zn 

-7649.13240581 -7547.46412343 -101.71722302 0.04894064 0.66 

Parallel 

chemo at Zn 

-7649.11817249 -7547.46412343 -101.71722302 0.06317396 0.86 

Vertical physo 

for Zn 

-7649.19956062 -7547.46412343 -101.71722302 -0.01821417 -0.25 

Parallel 

physo for Zn 

-7649.22397647 -7547.46412343 -101.71722302 -0.04263002 -0.58 

Table 6 Zn doped CUS110 one S replaced by one ZnComplex (CuS (110) + adsorbate), slab CuS 

(110) Species energy (CO2) and adsorption energy obtained from the DFT calculation (using MS 

software package) 

 

Figure 20 optimized Zn doped one S replaced by one Zn pristine CuS(110) Adsorption energy vs 

one S by one Zn  CuS(110) surface Active site 

Figure 20 discusses the adsorption energy of a zinc-doped pristine CuS (110) surface, focusing on 

scenarios where a sulfur (S) atom is replaced by zinc (Zn). It reveals significant fluctuations in 

adsorption energy (in eV), indicating that different configurations of the system possess varying 

stabilities. The analysis highlights various active sites, particularly the one where sulfur is replaced 

by zinc, suggesting that this substitution alters the surface's chemical properties and reactivity. The 
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graph distinguishes between chemisorption and physisorption interactions, emphasizing the 

structural aspects of the CuS (110) surface.   

4.5.2. Cu vacancy Pristine CuS (110) Surface  

The pristine copper sulfide (CuS) (110) surface exhibits unique structural and electronic properties 

that can be significantly influenced by the presence of copper (Cu) vacancies. These vacancies, 

which occur when a copper atom is missing from the lattice, can lead to local distortions in the 

crystal structure, altering bond lengths and angles and potentially affecting the overall stability and 

mechanical properties of the material. Electronically, copper vacancies create localized states in 

the band structure, acting as electron traps that enhance conductivity and facilitate charge carrier 

mobility. This modification can increase the material's reactivity, making it particularly beneficial 

for catalytic applications, such as CO2 reduction, where vacancies can serve as active sites for 

chemical reactions, improving the adsorption of reactants and stabilizing reaction intermediates. 

However, while these vacancies can enhance catalytic performance, they may also impact the 

stability of the CuS (110) surface, increasing susceptibility to degradation under operational 

conditions.  

 

Figure 21 CU-V (V- vacancy ) Pristine CuS (110) Surface   
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4.5.2.1. Cu vacancy Pristine CuS (110) Surface adsorbed carbon dioxide with 

several active site 

 

    

           a                                      b                                         c                                     d 

    

              e                                                    f                                             g                                          h 

    

     i                                                     j                                         k                              l 

Figure 22 Geometry optimization plot of CO2 adsorbed on one Cu – V Pristine CuS (110) Surface   

(a) CO2 parallel bonded on Copper and (b) CO2 vertical bonded on copper (c)  CO2 parallel physo 

for Cu (d) CO2 vertical physo for Cu  (e) CO2 parallel bonded on S (f) CO2 vertical bonded on S 

(g) CO2 parallel physo for S (h) CO2 vertical physo for S (i) CO2 horizontal for edge (j) CO2 

parallel for surface (k) CO2 vertical for edge (l) CO2 vertical for surface 
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Active site EComplex (Ry) 

1Cu defect 

CuS110 surface  

Esurface(CuS110

) (Ry) 1Cu defect 

CuS110 surface  

Species 

energy(CO2) 

(Ry) 

Adsorption 

energy(Ry) 

Adsorptio

n 

energy(ev) 

Vertical 

Chemo at Cu 

-6998.63610539 -6896.99091893 -101.71722302 0.07203656 0.98 

Parallel 

Chemo at Cu 

-6998.75447370 -6896.99091893 -101.71722302 -0.04633175 -0.63 

Vertical for 

surface physo 

-6998.76207902 -6896.99091893 -101.71722302 -0.05393707 -0.73 

Parallel for 

surface physo 

-6998.76213564 -6896.99091893 -101.71722302 -0.05399369 -0.73 

 Vertical for 

edge  

-6998.76108520 -6896.99091893 -101.71722302 -0.05294325 -0.72 

 Horizontal 

for edge 

-6998.67656404 -6896.99091893 -101.71722302 0.03157791 0.43 

Vertical physo 

for Cu 

-6998.69771721 -6896.99091893 -101.71722302 0.01042474 0.14 

 Parallel 

physo for Cu 

-6998.70158890 -6896.99091893 -101.71722302 0.00655305 0.09 

Vertical 

chemo at S  

-6998.56830741 -6896.99091893 -101.71722302 0.13983454 1.9 

Parallel 

chemo at S 

-6998.67656404 -6896.99091893 -101.71722302 0.03157791 0.43 

Vertical physo 

for S 

-6998.71875367 -6896.99091893 -101.71722302 -0.01061172 0.14 
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 Parallel 

physo for S 

-6998.67656404 -6896.99091893 -101.71722302 0.03157791 0.43 

Table 7 one Cu defect Complex (CuS (110) + adsorbate), slab CuS (110) Species energy(CO2) 

and adsorption energy obtained from the DFT calculation (using MS software package) 

  

Figure 23 Cu-V (V- vacancy ) Pristine CuS (110) Surface. Adsorption energy vs Cu vacancy 

CuS(110)surface active site 

Figure 23 explores the adsorption energy of a Cu-V (vacancy) pristine CuS (110) surface, 

highlighting the impact of a copper (Cu) vacancy on adsorption characteristics. The graph 

illustrates variations in adsorption energy (in eV) for different configurations, indicating that the 

presence of a vacancy significantly influences the stability of the surface. Key observations include 

the distinction between chemisorption and physisorption interactions, with several configurations 

listed, such as "End on" and "Side on" for both Cu and S atoms. The highlighted active site, which 

features a vacancy at the Cu site, shows a notably negative adsorption energy of -0.73 eV, 

suggesting that this configuration is energetically favorable and enhances adsorption.  
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 Table 8 Comparing results of adsorption energy of CO2 in different catalytic surface 

Surface Adsorption energy(ev) Reference 

CuS(110) -0.775 This work 

Cu vacancy CuS(110) -0.73 This work 

Zn dopedCuS110 -0.73 This work 

Ni(110) -0.52 [83] 

Fe(110) -0.48  [84] 

Pt(111)  -0.027 [83] 

Oxygen vacancy TiO2(110) -0.377 [85] 

Au(100) -0.038 [86] 

 

From table 8 showed that adsorption energy of Carbon dioxide adsorbed on different catalyst at 

different surface such as CuS (110), Cu vacancy CuS(110),Zn 

dopedCuS110,Ni(110),Fe(110),Pt(111) ,Oxygen vacancy TiO2(110) and Au(100). The adsorption 

energy is -0.775eV, -0.73eV, -0.73eV, -0.52eV, -0.48eV, -0.027eV, -0.377eV and -0.038eV 

respectively. In CuS (110) surface, adsorption energy is smaller than the other surfaces hence easy 

reaction occurred than Ni(110),Fe(110),Pt(111) ,Oxygen vacancy TiO2(110) and Au(100). Our 

calculation indicate that CuS (110) catalysis is more energetically favorable for the CO2 Reduction 

than Ni(110), Fe(110),Pt(111) ,Oxygen vacancy TiO2(110) and Au(100) surface catalysts. This 

result showed that CuS 110 surface highly selective for CO2 reduction. 

 

 

 

 

 

 

 
 

 

 

 



53 

 

 

CHAPTER FIVE 
 

5.Conclusion and Recommendation 

 

 In conclusion, this study successfully demonstrates that the catalytic performance of copper 

sulfide (CuS) for the electrochemical reduction of carbon dioxide (CO2) into C2+ products can be 

significantly enhanced through strategic doping, defect engineering, and facet engineering. The 

incorporation of zinc (Zn) as a dopant and the introduction of vacancies within the CuS structure 

have been shown to optimize the electronic properties and active sites, leading to improved CO2 

adsorption and conversion efficiencies. Our density functional theory (DFT) calculations reveal 

that specific configurations, particularly the End-on and Side-on for the surface orientations on the 

CuS(110) surface, exhibit lower adsorption energies, indicating a more favorable reaction 

environment for CO2 reduction. 

 

The findings highlight the critical role of structural modifications in enhancing the catalytic 

activity and selectivity of CuS towards C2+ products. By optimizing the active sites through doping 

and defect management, we have identified pathways that facilitate easier CO2 activation and 

promote higher yields of desired products. Furthermore, the study underscores the importance of 

facet engineering in tailoring the reactivity of CuS, suggesting that specific crystal orientations can 

be leveraged to maximize catalytic performance. 

 

Overall, this research contributes to the understanding of how structural and compositional 

changes can be employed to develop more efficient CuS-based catalysts for CO2 conversion. The 

insights gained from this study pave the way for future investigations aimed at optimizing catalytic 

systems for sustainable energy applications, ultimately supporting efforts to mitigate CO2 

emissions and promote carbon neutrality.  
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Recommendation 

 

Future research should focus on First, comprehensive Density Functional Theory (DFT) studies 

should be conducted to explore a wider variety of doping concentrations and configurations, 

including different metal dopants alongside Zn, while modeling various types of vacancy defects 

and their impact on electronic structures and reaction pathways. We do think it's worth exploring 

how chemical kinetics, which essentially governs how quickly reactions occur, influences these 

processes. Second in this research the band gap is not shown between valence band and conduction 

band in band structure of both CuS and Zn doped CuS so for future work study DFT+U when 

calculating band structure.  Further research into this area is definitely suggested. Ultimately, 

conducting experiments would be a good way to confirm the findings from our theoretical models. 
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