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Abstract 

Carbon dioxide (CO2) emission from anthropogenic sources has become the major source 

of greenhouse gases that have caused global climate change in recent times. Hence, much 

attention has been given to developing highly effective capture materials that can overcome 

the cost implications of existing technologies. This doctoral project centres on the 

development of two-dimensional (2D) nanostructured materials, which are extremely 

selective, stable, and sensitive to CO2 capture and improve catalytic efficiency to achieve 

viable transformation of CO2 on an industrial scale. The 2D nanostructure materials studied 

include graphene and molybdenum disulphide (MoS2) monolayers, graphene-MoS2 

confinements, and a series of defect-free monolayer MoS2 as well as MoS2 surface with 

different types of vacancies (single and double vacancies) with and without N-doping. 

A comprehensive analysis of CO2 adsorption energies (EAE) at various interlayer spacing 

of different multilayer structures comprising graphene/graphene (GrapheneB) and 

MoS2/MoS2 (MoS2B) bilayers as well as graphene/MoS2 (GMoS2) and MoS2/graphene 

(MoS2G) hybrids is performed to obtain the most stable adsorption configurations. It was 

found that 7.5 Å and 8.5 Å interlayer spacing is the most stable conformation for CO2 

adsorption on the bilayer and hybrid structures, respectively. Adsorption energies of the 

multilayer structures decreased in the following trend: MoS2B > GrapheneB > MoS2G > 

GMoS2. By incorporating van der Waals (vdW) interactions between the CO2 molecule 

and the surfaces, we find that CO2 binds more strongly on these multilayer structures. 

Bader charge analysis shows that the interaction between CO2 and these surfaces causes 

charge transfer and redistributions. By contrast, the density of state (DOS) plots shows that 
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CO2 physisorption does not have a substantial effect on the electronic properties of 

graphene and MoS2.  

A DFT study was also conducted to analyse CO2 adsorption on defective and non-defective 

MoS2 surfaces with or without nitrogen doping. Results showed the dissociative 

chemisorption of CO2 on the MoS2_1Vs and a significantly enhanced physisorption of CO2 

on the MoS2_1VMo_3NS, which displays adsorption energy of -1.818 eV compared with -

0.139 eV of the pristine MoS2 surface. Meanwhile, the MoS2_1Vs exhibits excellent 

selective adsorption of CO2 over N2 and H2O, with the highest adsorption ratio of 5.1 and 

3.5, respectively. Partial dissociation of CO2 to CO over the MoS2_1Vs is also observed 

and attributed to increased covalent attractions at the vacant site, while the improved CO2 

physisorption over the MoS2_1VMo_3NS is attributed to the enhanced electrostatic 

interactions at the vacancy site due to N doping. These are confirmed by the computed 

vibrational frequencies of CO2 bound on these surfaces.  

Furthermore, the adsorption and dissociation of CO2 and H2O on MoS2 monolayers with 

defects and N-doped vacancy sites are investigated. The calculations reveal that the 

MoS2_1VMo_3NS are the most catalytically active sites. The interactions with CO2 and H2O 

are enhanced by the larger electron distribution with N dopants and neighbouring S atoms. 

Climbing image nudged elastic band (Cl-NEB) and ab initio molecular dynamics (AIMD) 

analyses indicate that the interactions are exothermic and result in spontaneous molecular 

dissociation. Here, CO2 dissociates into CO٭ and O٭ on two N atoms with no barrier, while 

H2O dissociates via two mechanisms: 1) into adsorbed OH٭ and H٭ species (Ea = 0.21 eV), 

and 2) into adsorbed O, H, and H atoms ((activation energy (Ea) = 0.10 eV). The computed 

Ea values are significantly lower than the threshold energy barrier for chemical reactions 
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at room temperature (0.8 eV), which also indicates that CO2 and H2O dissociation is 

spontaneous at ambient temperature. Given the ease of formation of CO٭, O٭, OH٭and H٭ 

radicals. 

Finally, the adsorption of different gas molecules (CO2, CH4, N2, H2 and H2O) on the 

MoS2_1VS surface is investigated using first-principles calculations and Grand Canonical 

Monte Carlo (GCMC) simulations. DFT and GCMC simulation results demonstrated that 

MoS2_1VS enhances the adsorption of CO2, and H2O at 1 bar, 298 K, and H2 at 1 bar, 77 

K relative to that of the pure surface. CO2 loadings of 2.49 wt.% and 0.55 wt.%, H2O 

loadings of 55.27 wt.% and 44.25 wt.%, and H2 loadings of 0.29 wt.% and 0.20 wt.%, for 

the MoS2_1VS and PMoS2 surfaces, respectively, were observed. In addition, optimized 

MoS2_1VS configuration stipulates that adsorption of CO2, H2 and H2O was via 

dissociative chemisorption, in contrast to optimized PMoS2 configuration, for which 

physisorption was the only adsorption mechanism. CI-NEB analysis in agreement with 

DFT results from geometry optimization shows that the partial CO2 and H2O dissociation 

and complete H2 splitting processes exhibited energy barriers of 1.11 eV, 0.65 eV and 0.18 

eV. The computed free energy of activation (∆Ga) for the partial and complete dissociation 

of CO2 and H2O, and H2 are 0.35 eV, 0.30 eV, and -0.66 eV. These values are lower than 

the threshold energy barrier for chemical reactions at room temperature (0.8 eV), which 

reveals that the dissociation is spontaneous at ambient temperature.  

 



  iv 
 

Publications 

The following peer-reviewed journal articles either have been published or are in 

preparation to be published because of the work undertaken as part of this thesis: 

1. “Insights into the effect of vacancy defects and nitrogen doping on the adsorption 

and dissociation of CO2 and H2O over MoS2 monolayers” Francis M. Enujekwu, 

Yue Zhang, Collins I. Ezeh, Mengxia Xu, Hainam Do, and Tao Wu, Applied 

Surface Science, 577 (2022) 151908 DOI: 10.1016/j.apsusc.2021.151908 (2022). 

Presented in Chapter 6. 

2.  “N-doping enabled defect-engineering of MoS2 for enhanced and selective 

adsorption of CO2: A DFT approach” Francis M. Enujekwu, Yue Zhang, Collins 

I. Ezeh, Haitao Zhao, Mengxia Xu,  Elena Besley, Michael W. George, Nicholas A. 

Besley, Hainam Do,  and Tao Wu, Applied Surface Science, 542 (2021) 148556 

DOI: 10.1016/j.apsusc.2020.148556 (2021). Presented in Chapter 5. 

3. “New insights into the effect of vacancy defects and nitrogen doping on the 

adsorption and dissociation of CO2 and H2O over MoS2 monolayers” Francis M. 

Enujekwu, Yue Zhang, Collins I. Ezeh, Mengxia Xu, Hainam Do, and Tao Wu. In 

preparation. Presented in Chapter 7. 

4. “A comparative study of mechanisms of the adsorption of CO2 confined within 

graphene–MoS2 nanosheets: a DFT trend study” F.M. Enujekwu, C.I. Ezeh, M.W. 

George, M. Xu, H. Do, Y. Zhang, H. Zhao, T. Wu, Nanoscale Adv., 2019, 1, 1442-

1451 DOI 10.1039/C8NA00314A, rsc.li/nanoscale-advances (2019). Presented in 

Chapter 4. 

5. “Mechanism of Hg0 and O2 Interaction on the IrO2 (110) Surface: A Density 

Functional Theory Study” Haitao Zhao, Shuai Liu, Wentao Li, Francis 

Enujekwu, Chenghang Zheng, Shuyin Yu, Xiang Gao, and Tao W, Energy & 

Fuels 2019 33 (2), 1354-1362 DOI: 10.1021/acs.energy&fuels.8b03600 (2019). 

 



  v 
 

Conference/Meetings Attended 

1. The 4th Zhejiang-Kyoto-Ajou Joint Symposium on Energy Science Dec 1st 2020 

(Virtual) Online. Contributed Talk Entitled: New insights on the role of vacancy 

defect and nitrogen doping on gaseous adsorption and potential CO2 reduction and 

water splitting over MoS2 edges. 

2. Royal Society of Chemistry (RSC), Theoretical Chemistry Group Graduate 

Meeting, University of Nottingham, United Kingdom, July 2019. Contributed 

Talk Entitled: New insights on the role of a single sulphur vacancy on gaseous 

adsorption and potential water splitting over MoS2 edges. 

3. Digital Research Compute Day: UoN HPC Conference, University of Nottingham, 

UK, May 2019 (Poster Presented). 

4. Faculty of Science and Engineering 1st Annual PGR Research Poster Showcase, 

University of Nottingham, Ningbo China, April 2018 (Poster Presented). 

5. The Fourth Post Graduate Research International Conference, University of 

Nottingham, Ningbo China, November 2017. Contributed Talk Entitled: 

Graphene-MoS2 Nanosheets: DFT Comparative Study of Gas Adsorption 

Mechanism. 

 

 

 



  vi 
 

Author’s Declaration 

The material contained within this thesis has not previously been submitted for a degree 

at the University of Nottingham or any other university. The research reported within this 

thesis has been conducted by the author unless otherwise indicated. 

 

Copyright Notice 

The copyright of this thesis rests with the author. No quotation from it should be published 

without their prior written consent and information derived from it should be 

acknowledged. 

 

 

 

 

 

 

 

 



  vii 
 

 

 

  

 

 

For Jacqueline, Collins, Joy and Joyce  

 

 

 

 

 

 

 

 

 

 

 



  viii 
 

Dedication 

This thesis is dedicated to God Almighty, Who granted me the grace and mercies to fulfil 

this dream. It is also dedicated to My Dad and Mum who I am always in their thoughts and 

prayers. Their patience and perseverance in raising me have always been the motivation 

for me to aim at getting to the top and never give up no matter the challenges, thereby 

putting effort to make that one more attempt.  

Finally, this work is specially dedicated to Professor Nicholas A. Besley who died on 27 

June 2021 after a bike accident in Wollaton Park Nottingham, UK. Nick was extremely 

nice to me; his immense support, encouragement and guidance were greatly instrumental 

to my PhD success. I will miss him solely. May his soul Rest in Peace. My prayer and 

thoughts are with his wife Professor Elena Besley and their daughter Emily Besley. 

 

 

 

 

 

 

 



  ix 
 

Acknowledgements 

I am deeply grateful to God Almighty for His inspiration and strength He gave me to 

complete my study in good health. I return all glory and honour to Him for making this 

doctoral work possible. 

I would like to gratefully acknowledge the financial support from the New Materials 

Institute (NMI) and Graduate School of the University of Nottingham Ningbo China 

(UNNC) for providing scholarships and stipends. The Zhejiang Provincial Department of 

Science and Technology is acknowledged for this research under its Provincial Key 

Laboratory Program (2020E10018). Ningbo Bureau of Science and Technology is thanked 

for sponsoring the Municipal Key Laboratory of Clean Energy Conversion Technologies; 

Ningbo Bureau of Education is appreciated for its funding to Municipal Comprehensive 

Collaborative Innovation Centre. Department of Science and Technology of Ningxia Hui 

Autonomous Region is thanked for sponsorship (2019BCH01001). National Key Research 

We are also grateful for the access to the University of Nottingham High-Performance 

Computing (HPC) facility in both Ningbo China and Nottingham UK (UNUK). 

I would like to express my deepest gratitude to my supervisors Prof. Tao Wu, Prof. Michael 

W. George, Dr Hainam Do and Dr Mengxia Xu, for providing both the freedom required 

to explore topics that I found fascinating and the support necessary to help guide my 

pursuits and err on the side of caution. Their unflinching support, guidance, patience and 

trust at all times during my PhD was a pillar of strength. They kept me on a loose leash and 

let me break things, which was indeed an enriching experience to learn research ingredients 

through their lens. Thank you for having faith in me. 



  x 
 

I would like to thank all members of the Computational Chemistry Group 

(compchemsupergroup) at UNUK for helping with different computational chemistry 

skills. I especially thank the late Prof. Nicholas A. Besley that introduced me to Qchem 

and other computational chemistry tools that became greatly instrumental to my PhD 

success. I am grateful to Prof. Elena Besley and Dr Joseph Glover for the short quantum 

chemistry meeting and for providing lessons for GCMC simulations using RASPA.  I am 

deeply indebted to Prof. Jonathan Hirst for his helpful discussions and insight into this 

work, and Dr Linbin Yao for some of the graphical work. I was fortunate enough to learn 

the design and development of novel materials, their synthesis and characterization under 

Prof. Andrei N. Khlobystov and Dr Luke Norman guidance at the Nanoscience and 

Nanotechnology Centre group of UNUK. Words fail to thank the following characters I 

met in the compchemsupergroup UK; Dr Steve Mason, Dr Steve Oatley (Big Steve), Dr 

Adam Fouda, Dr Ellen Guest, Dr Pritesh Tailor, Dr James Wakerley and Dr Josh Baptiste 

(the fun organizer). Thank you all for your help. In addition, I thank Professor Kieron Burke 

for his helpful insights on the issue of delocalization error found in PBE-GGA functional. 

Finally, and importantly, my family. I thank my mother, Caroline and my father, Joseph. 

You have moved mountains to support my interests and studies, and I will be forever 

grateful for everything that you have sacrificed to ensure that I have the opportunities that 

you did not. I would like to thank my siblings and relatives. I made many very good friends 

at UNNC. My thanks go to all of them, with a special mention to Dr Collins Ezeh, my 

girlfriend Miss Jacqueline Mlind, and Dr Joyce Addae. Honestly, I am short of words for 

these acknowledgements, and none of these lists is complete. Everyone who has in one 

way or the other contributed to the success of this work. Thank you. God bless you.  



  xi 
 

Abbreviations 

Below is a list of some of the more commonly used abbreviations in this Thesis. 

2D    Two-Dimensional 

Å    Angstrom 

AIMD    Ab Initio Molecular Dynamics 

B3LYP   Becke-3-parameter-Lee-Yang-Parr exchange-correlation 

CCS    CO2 Capture and Storage 

CH4    Methane 

Cl-NEB   Climbing Image Nudged Elastic Band 

CO    Carbon Monoxide 

CO2    Carbon Dioxide 

DFT    Density Functional Theory 

DFT-D2   DFT-Grimme's dispersion correction method-2 

DOS    Density of State 

eV    electron Volt 

FS    Final States 

fs    femtoseconds 

G5x5    Graphene 4×4×1 supercell monolayer 

GAMs    Gas-Adsorbent Materials 

GCMC    Grand Canonical Monte-Carlo 

GGA    Generalized Gradient Approximation 

GMoS2   Graphene-Molybdenum Disulphide hybrid structure 



  xii 
 

GrapheneB   Graphene Bilayer 

H2    Hydrogen gas 

H2O    Water 

HgO    Mercury Oxide 

HPC    High-Performance Computer 

IR    Infrared 

IS    Initial States 

M4x4    MoS2 4×4×1 supercell monolayer 

MEPs    Minimum-Energy Reaction Paths 

MoS2B    Molybdenum Disulphide bilayer 

MoS2G   Molybdenum Disulphide- Graphene hybrid structure 

MoS2    Molybdenum Disulphide 

MP    Monkhorst-Pack grids 

N2    Nitrogen gas 

NO2    Nitrogen Dioxide 

optB88    Optimized Becke-1988 exchange functional 

optPBE   Optimized Perdew, Burke and Ernzerhof functional 

PAW    Projector Augmented Wave 

PBE    Perdew, Burke and Ernzerhof functional 

PDOS    Partial Density of State 

ppm    Parts per million 

revPBE   revised Perdew, Burke and Ernzerhof functional 

SO2    Sulphur Dioxide 



  xiii 
 

TDOS    Total Density of State 

TMD    Transition Metal Dichalcogenides 

TS    Transition States 

UNNC    University of Nottingham Ningbo China 

UNUK    University of Nottingham United Kingdom 

UoN    University of Nottingham 

VASP    Vienna Ab initio Simulation Package 

vdW    van der Waals 

vdW-DF2   vdW-Density Functional-2 (Langreth and Lundqvist et al) 

ZPE    Zero Point Energy 

 

 

  

  

 

 

 



  xiv 
 

Table of Content 

 

Abstract ................................................................................................................................ i 

Publications ........................................................................................................................ iv 

Conference/Meetings Attended .......................................................................................... v 

Author’s Declaration .......................................................................................................... vi 

Copyright Notice ................................................................................................................ vi 

Dedication ........................................................................................................................ viii 

Acknowledgements ............................................................................................................ ix 

Abbreviations ..................................................................................................................... xi 

Table of Content .............................................................................................................. xiv 

List of Figures ................................................................................................................ xviii 

List of Tables ................................................................................................................. xxiv 

CHAPTER 1 ....................................................................................................................... 1 

Introduction ......................................................................................................................... 1 

1.1 Motivation ............................................................................................................ 1 

1.2 Objectives ............................................................................................................. 5 

1.3 Research Novelty ................................................................................................. 8 

1.4 Thesis Organization............................................................................................ 10 

CHAPTER 2 ..................................................................................................................... 13 

Literature Review.............................................................................................................. 13 

2.1 Introduction ........................................................................................................ 13 

2.2 Carbon Dioxide .................................................................................................. 14 

2.2.1 Natural Sources of CO2 ............................................................................... 16 

2.2.2 Anthropogenic Sources of CO2 ................................................................... 16 

2.2.3 Natural Benefits of CO2 .............................................................................. 18 

2.2.4 Hazards from CO2 Emissions ..................................................................... 19 

2.3 Available CO2 Capture and Storage Techniques ............................................... 20 

2.3.1 CO2 Capture and Storage Technologies ..................................................... 21 

2.3.2 CO2 Adsorption Materials........................................................................... 25 

2.3.3 Modification of CO2 Adsorption Materials for Enhanced CO2 Adsorption 36 

2.3.4 Graphene/MoS2 Hybrid .............................................................................. 48 



  xv 
 

2.3.5 Computational analysis on CO2 adsorption ................................................ 50 

2.4 Summary and Conclusions ................................................................................. 51 

CHAPTER 3 ..................................................................................................................... 54 

Computational Methods .................................................................................................... 54 

3.1 Overview of all Computational Methods ........................................................... 54 

3.2 Electronic Structure Computational Methods .................................................... 55 

3.2.1 The Schrödinger Equation .......................................................................... 57 

3.2.2 Born-Oppenheimer Approximation ............................................................ 58 

3.2.3 Hartree-Fock Theory ................................................................................... 59 

3.3 Overview on General Density Functional Theory ............................................. 60 

3.3.1 Hohenberg-Kohn Theorems........................................................................ 61 

3.3.2 Kohn-Sham Theorems ................................................................................ 63 

3.3.3 Exchange-Correlation Energy/Functional .................................................. 64 

3.4 DFT Calculation of Vibrational Frequency ....................................................... 66 

3.5 Ab Initio Molecular Dynamics (AIMD) ............................................................ 69 

3.6 Computational Methods ..................................................................................... 73 

3.7 Surface and Surface Simulation Models ............................................................ 76 

3.8 Output from the Calculations ............................................................................. 79 

3.8.1 Lattice Parameter ........................................................................................ 79 

3.8.2 Adsorption Energies.................................................................................... 79 

3.8.3 Density Difference ...................................................................................... 81 

3.9 Summary and Conclusions ................................................................................. 83 

CHAPTER 4 ..................................................................................................................... 84 

A Comparative Study of Mechanisms of the Adsorption of CO2 Confined within 

Graphene-MoS2 Nanosheets ............................................................................................. 84 

4.1 Introduction ........................................................................................................ 84 

4.2 Computational Methods and Models ................................................................. 85 

4.2.1 Computational Models ................................................................................ 86 

4.2.2 Computational Methods .............................................................................. 86 

4.3 Results and Discussion ....................................................................................... 88 

4.3.1 Bulk Structure Parameters .......................................................................... 88 

4.3.2 Effects of Interlayer Distance on CO2 Adsorption ..................................... 89 

4.3.3 Effects of CO2 Orientation and Position ..................................................... 93 



  xvi 
 

4.3.4 Structural Parameters ................................................................................ 105 

4.3.5 Density of States (DOS) Plots................................................................... 110 

4.4 Summary and Conclusions ............................................................................... 115 

CHAPTER 5 ................................................................................................................... 117 

Investigating N-Doping Enabled Defect-Engineering of MoS2 for Enhanced and 

Selective Adsorption of CO2 ........................................................................................... 117 

5.1 Introduction ...................................................................................................... 117 

5.2 Computational Methods and Models ............................................................... 120 

5.2.1 Computational Models .............................................................................. 120 

5.2.2 Computational Methods ............................................................................ 122 

5.2.3 Calculation Details .................................................................................... 123 

5.3 Results and Discussion ..................................................................................... 126 

5.3.1 Structural Geometry of Pristine Monolayer MoS2 and Formation of Vacancy 

Defects and Nitrogen Doped (N-Dope) Monolayer MoS2, with the N Dopant, filled 

into the Single or Double Sulphur/Molybdenum Vacancies ................................... 126 

5.3.2 Properties of Simulated Surface Configurations ....................................... 129 

5.3.3 Investigating CO2 Adsorption Performance Modified MoS2 Monolayer . 143 

5.4 Summary and Conclusions ............................................................................... 175 

CHAPTER 6 ................................................................................................................... 177 

Investigating the Effect of Vacancy Defects and Nitrogen Doping on the Adsorption and 

Dissociation of CO2 and H2O over Mos2 Monolayers .................................................... 177 

6.1 Introduction ...................................................................................................... 177 

6.2 Computational Methods and Models ............................................................... 179 

6.2.1 Computational Details .............................................................................. 180 

6.2.2 Calculation Details .................................................................................... 181 

6.2.3 Ab Initio Thermodynamic Calculation Details ......................................... 182 

6.3 Results and Discussion ..................................................................................... 184 

6.3.1 Adsorption of CO2, N2, and H2O on MoS2_1VMo_3NS ............................ 184 

6.3.2 Dissociation of CO2 and H2O on MoS2_1VMo_3NS ................................. 194 

6.3.3 C-NEB Analysis of CO2 and H2O Dissociation on MoS2_1VMo_3NS ..... 198 

6.3.4 Energy barrier after enthalpy correction ................................................... 201 

6.3.5 Finite Temperature Ab Initio Molecular Dynamics.................................. 203 

6.3.6 Ab Initio Thermodynamic on the Surface Stability of MoS2_1VMo_3NS 206 



  xvii 
 

6.4 Summary and Conclusions ............................................................................... 209 

CHAPTER 7 ................................................................................................................... 211 

Investigating the Role of Single Sulphur Vacancy on Gaseous Adsorption and Potential 

Water Splitting over Mos2 Edges .................................................................................... 211 

7.1 Introduction ...................................................................................................... 211 

7.2 Simulation Details ............................................................................................ 214 

7.2.1 Density Functional Theory Calculations .................................................. 216 

7.2.2 Force Field-Based Calculations ................................................................ 216 

7.3 Results and Discussion ..................................................................................... 219 

7.3.1 Adsorption Geometries and Energetics from DFT Calculations .............. 219 

7.3.2 Adsorption Isotherms from GCMC Simulations ...................................... 224 

7.3.3 C-NEB Analysis of Dissociative Adsorption of CO2, H2 and H2O on 

Mos2_1VS Site ......................................................................................................... 228 

7.3.4 Energy Barrier after Enthalpy Correction ................................................. 231 

7.4 Summary and Conclusions ............................................................................... 233 

CHAPTER 8 ................................................................................................................... 235 

Conclusions and Future Work ........................................................................................ 235 

8.1 Conclusions ...................................................................................................... 235 

8.2 Recommended Future Work ............................................................................ 238 

REFERENCES ............................................................................................................... 240 

 

 

 

 

 

 



  xviii 
 

List of Figures 

Figure 2.1: The three main approaches to capture CO2 [50]. ........................................... 22 

Figure 2.2: (a) Molecules of CO2 and H2, (b-d) some of the most known groups of 

nanostructured gas-adsorbents [10]. ................................................................................. 27 

Figure 2.3: Isolated Graphene Sheet Schematic Representation [89]. .............................. 29 

Figure 2.4: A pictorial view of the structures of (a) Single-walled nanotube (SWNT) [89], 

(b) Multiple-walled nanotube (MWNT) (where each colour is related to different SWNTs 

which make up the MWNT structure [89] and (c) C60 Fullerene [90]. ........................... 30 

Figure 2.5: (A) Aromatic Hydrocarbon non-periodic models of graphene used in quantum 

calculations (Benzene, Coronene and Circumcoronene) and a supercell of 32 carbon atoms 

from a periodic graphene model, with a unit cell, highlighted in red. (B) Simulation boxes 

for empirical models containing finite graphene and a periodic graphene sheet with a small 

adsorbed RNA molecule respectively [95, 96]. ................................................................ 31 

Figure 2.6: A diagram of a crystal structure of monolayer MoS2 showing molybdenum 

atoms (blue) sandwiched between two layers of sulphur atoms (yellow) [110]. .............. 35 

Figure 2.7: A diagram of band structure of bulk (left) and monolayer (right) MoS2 showing 

the crossover from indirect to direct bandgap followed by a widening of the bandgap [110].

........................................................................................................................................... 36 

Figure 2.8: Binding energies of CO2 and N2 with functionalized benzenes obtained using 

DFT [146]. ........................................................................................................................ 44 

Figure 2.9: Building van der Waals multilayer heterostructure materials. ....................... 49 
 
Figure 3.1: Representation of common levels of Exc approximation within density 

functional theory together with some general features. Regions coloured in red indicate 

“High" and in blue “Low". The typical size of the systems that can be handled with those 

approaches are indicated on the right margin of the figure. ............................................. 66 

Figure 3.2: Schematic illustration of a CPMD trajectory along a single spatial coordinate. 

The smooth curve denotes the exact electronic ground state energy, while the symbols 

indicate the electronic energy calculated by the CPMD method at each time step of an MD 

simulation. ......................................................................................................................... 71 

Figure 3.3: Schematic diagram for simulation algorithm in VASP. ................................. 75 

Figure 3.4: Top views of a (001) surface (a) graphene and (b) MoS2. (c) Supercell model, 

including slabs and vacuum. ............................................................................................. 77 

Figure 3.5: Vacancy defects and Nitrogen doping formation in MoS2 monolayer. ......... 78 
 



  xix 
 

Figure 4.1: CO2 adsorption energy as a function of interlayer distance. Adsorption energy 

as a function of the interlayer distance between the two monolayers for all the studied 

multilayer structures.......................................................................................................... 93 

Figure 4.2: Relaxed geometric structures of CO2 adsorption on possible initial 

graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) hybrid configurations. Position 

and orientation of CO2 with respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, 

(c) Centre/perpendicular, (d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) 

Edge/parallel (rotated 30o), (g) Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 

45o). Energies are given in meV. Negative means heat release and blue, yellow, red and 

grey spheres depict Mo, S, O and C atoms, respectively. ................................................. 96 

Figure 4.3: Relaxed geometric structures of CO2 adsorption on possible initial bilayers of 

MoS2 (MoS2B) and graphene (GrapheneB) configurations. Position and orientation of CO2 

with respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, (c) 

Centre/perpendicular, (d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) 

Edge/parallel (rotated 30o), (g) Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 

45o). Energies are given in meV. Negative means heat release and blue, yellow, red and 

grey spheres depict Mo, S, O and C atoms, respectively. ................................................. 97 

Figure 4.4: Relaxed geometric structures of CO2 adsorption on possible initial monolayers 

of graphene (G5x5) and MoS2 (M4x4) configurations. Position and orientation of CO2 with 

respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, (c) Centre/perpendicular, 

(d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) Edge/parallel (rotated 30o), (g) 

Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 45o). Energies are given in meV. 

Negative means heat release and blue, yellow, red and grey spheres depict Mo, S, O and C 

atoms, respectively. ........................................................................................................... 98 

Figure 4.5: The most stable configuration of the multilayered structures with adsorbed CO2. 

(a-d) are the top views of GMoS2, MoS2G, MoS2B and GrapheneB and (e-f) are side views 

of the same structures respectively. Colour code: Mo, blue, S, yellow, C, grey, and O, red. 

The lines define the interlayer distances, bond lengths, molecular distance while the cured 

lines define the bond angle. AA stacking type is chosen for both MoS2B and GrapheneB. 

This is because AA stacking of graphene has shown to be more preferable for intercalation 

of molecules according to ref [246] and ref [247]. Although the binding energy of  AB 

stacking of graphene bilayer is lower than AA stacking, which makes AB stacking more 

stable than AA stacking, but AA stacking intercalation structures are more favourable than 

AB stacking ones ref [247].  For the hybrid structures, the stacking type is chosen according 

to ref [239], where one C atom in the unit cell of graphene sits exactly below a Mo atom. 

It is reported by ref [233] that another configuration called TS, where the stacking is such 

that a C atom sits below an S atom, is equivalent in both the binding and electronic 

properties......................................................................................................................... 106 

Figure 4.6: Top and side view of charge density difference plots for (a) Graphene/MoS2 

hybrid, (b) MoS2/Graphene hybrid, (c) MoS2 bilayer, (d) graphene bilayer, (e) 4×4 

supercell MoS2 monolayer, and (f) 5×5 supercell graphene monolayer. The pink and green 



  xx 
 

distribution correspond to charge accumulation (electron excess) and depletion (electron 

loss) respectively. Isosurfaces: ±5×10-5 e-1Å3. ................................................................ 109 

Figure 4.7: Total DOS spectra before (1) and after (2) CO2 adsorption. (a) 5×5 supercell 

graphene monolayer, (b) 4×4 supercell MoS2 monolayer, (c) graphene bilayer, (d) MoS2 

bilayer, (e) graphene/MoS2 hybrid, and (f) MoS2/graphene hybrid. The dashed line 

represents the Fermi level. .............................................................................................. 113 

Figure 4.8: Projected DOS spectra before (a) and after (b) CO2 adsorption. (G5×5) 5×5 

supercell graphene monolayer, (M4×5) 4×4 supercell MoS2 monolayer, (GrapheneB) 

graphene bilayer, (MoS2B) MoS2 bilayer, (GMoS2) graphene/MoS2 hybrid, and (MoS2G) 

MoS2/graphene hybrid. The dashed line represents the Fermi level. ............................. 114 
 
Figure 5.1: Relaxed local geometric configurations of MoS2 (a) pristine (b) one S atom 

substituted with an N atom (c) two S atoms substituted with two N atoms (d) three S atoms 

substituted with three N atoms (e) one Mo atom substituted with one N atoms (f) Mo and 

S atoms substituted with two N atoms (g) MoS2 with 1 S-vacancy (h) one S atom 

substituted with one N atoms in MoS2 with 1 S-vacancy (i) three neighbouring S atoms in 

a unit cell substituted with three N atoms in 1 Mo-vacancy defect and (j) 1Mo and 1S 

vacancy-defected MoS2. Colour code: Mo, blue, S, yellow, and N, green. The lines define 

the lengths given in Å. .................................................................................................... 128 

Figure 5.2: (a) Top and side views of Isosurfaces of spin density difference of (a) 1 S-

vacancy and double MoS vacancy with isosurface taken as ±0.00015 e/Bohr3. The light 

blue and pink colours represent the increase and decrease of electron density, respectively. 

(b) The TDOS (top panel) and PDOS (bottom panel) projected on the p and d orbitals of 

respective S and Mo atoms near the MoS and S vacancy sites. The positive and negative 

values of DOS illustrate the spin-up and spin-down states, respectively. The vertical dashed 

line corresponds to the Fermi level. ................................................................................ 133 

Figure 5.3: Top and side views of isosurfaces of spin density difference for the defect 

surfaces with isosurface taken as ±0.005 e/Bohr3. The light blue and pink colours represent 

areas with an increase and decrease of electron density, respectively. The colour codes for 

Mo, S and N atoms are the same as in Figure 5.1. .......................................................... 140 

Figure 5.4: (a) The TDOS of the defect-free and N doped monolayer MoS2. (b) The PDOS 

projected on the 3p orbitals of N dopants and the 3p and 4d orbitals of their neighbouring 

S and Mo atoms, respectively. The positive and negative values of DOS illustrate the spin-

up and spin-down states, respectively. Green, orange and blue lines represent 4d, 2p and 

3p orbitals, respectively. The Fermi level is represented by the vertical dashed line. .... 142 

Figure 5.5: The schematic structure of the most stable adsorption configurations for CO2 

molecule adsorbed on the pristine and defect (vacancy or N-substitutional doping) 

monolayer MoS2 from the top (upper panel) and side (lower panel) views. The full 

descriptions of a-i have been given in Figure 5.1. The colour codes for Mo, S and N atoms 

are the same as in Figure 5.1, while, O and C atoms are shown in red and grey, respectively. 

The lines define the equilibrium molecular height between the central carbon atom of the 

CO2 molecule and a reference atom of the MoS2 surface in the basal plane in the z-direction 



  xxi 
 

yielded by optimization (i.e. N atom for N doped MoS2 surface and average z plane of S 

atoms, for non-doped MoS2 surface given in Å. ............................................................. 146 

Figure 5.6: Adsorption energy versus molecular height. Adsorption energy as a function of 

molecular height for CO2 adsorption on the most stable local geometric configurations for 

each model. The molecular height is the distance between the central carbon atom of the 

adsorbed CO2 molecule and a reference atom of the MoS2 surface in the basal plane in the 

z-direction (That is, N atom, for N doped MoS2 surface and average z plane of top S-layer 

atom, for non-doped MoS2 surface). ............................................................................... 149 

Figure 5. 7: (a) The TDOS and (b) The PDOS projected on the p and d orbitals of respective 

S and Mo atoms near to the MoS and S vacancy sites, p orbital of N dopants and the s and 

p orbitals of the physisorbed CO and CO2 molecules, and lattice embedded O atom. 

MoS2_1VS, MoS2_1VMo_1VS and MoS2_1VMo_3NS represent 1 S-vacancy, 1Mo- and 1S-

vacancy, and tertiary nitrogen-doped 1 Mo-vacancy MoS2 monolayers, respectively. The 

vertical dashed line corresponds to the Fermi level. ....................................................... 155 

Figure 5. 8: Top and side views of isosurfaces of spin density difference of (a) 1 S-vacancy, 

(b) 1 Mo and 1 S vacancy and (c) tertiary nitrogen-doped 1 Mo-vacancy, with isosurface 

taken as ±0.00015 e/Bohr3. The light blue and pink colours represent the increase and 

decrease of electron density, respectively. ...................................................................... 157 

Figure 5. 9: Investigation of CO2 adsorption selectivity over N2 and the effect of moisture 

content (a) The adsorption energies of CO2, N2 and H2O molecules for the most stable 

adsorption configurations compared at 2.5 Å molecular height, (b) ratio and difference of 

adsorption energies between CO2 and N2 molecules, (c) ratio and difference of adsorption 

energies between CO2 and H2O molecules. .................................................................... 169 

Figure 5. 10: Adsorption energy versus molecular height. Adsorption energy as a function 

of molecular height for (a) N2 and (b) H2O molecules adsorbed on all the studied most 

stable local geometric configurations calculated by the same method applied for CO2 as 

represented in Figure 5. [Here, molecular height is the distance between a reference atom 

of the MoS2 surface in the basal plane in the z-direction (i.e. N atom, for N doped MoS2 

surface and average z plane of top S-layer atom for non-doped MoS2 surface) and the (a) 

nearest N atom of the adsorbed N2 molecule, and (b) central O atom of the adsorbed H2O 

molecule, respectively. Molecular Height is the same as explained in Figure 5.6. ........ 170 
 
Figure 6.1: The most stable adsorption configurations for the adsorption of CO2, N2 and 

H2O molecules on MoS2_1VMo_3NS (a-c) and PMoS2 (d-f). Colour code: Mo, blue, S, 

yellow, and N, green. O, C and H atoms are shown in red, grey and white, respectively. 

The lines define the equilibrium molecular height between the reference atoms of the 

molecules (CO2 (carbon), H2O (oxygen), N2 (nitrogen)) and a reference atom of the MoS2 

surface in the basal plane in the z-direction yielded by optimization (i.e. N atom for 

MoS2_1VMo_3NS surface and average z plane of S atoms, for PMoS2 surface given in Å.

......................................................................................................................................... 186 

Figure 6.2: Top and side views of isosurfaces of spin density difference for CO2, N2 and 

H2O molecules adsorbed on MoS2_1VMo_3NS (a-c) and PMoS2 (d-f). Each isosurface was 



  xxii 
 

taken as ±0.00015 e/Bohr3. The light blue and pink colours represent an increase and 

decrease of electron density, respectively. ...................................................................... 193 

Figure 6.3: Top (upper panels) and side (lower panels) views of a dissociated CO2 and H2O 

molecules on MoS2_1VMo_3NS site obtained from conjugate gradient energy minimization 

(a) CO2 is partially dissociated into CO and O fractions that remain chemisorbed at two N 

atoms of the vacancy site, (b) first H2O dissociation state, where H2O dissociated into OH 

and H species that bound to two surface N atoms and (c) final H2O dissociation state, where 

H2O completely dissociated into O, H and H species that bound to two N  atoms and one 

S atom of the surface....................................................................................................... 195 

Figure 6.4: Energy diagram including reaction pathway and reaction barrier of single (a) 

CO2 and (b) H2O dissociation on tertiary nitrogen doped Mo vacancy MoS2 

(MoS2_1VMo_3NS) from climbing image nudged elastic band (CI-NEB) simulation. Inserts 

are the top and side views of the initial state (IS), Transition state (TS) and final state (FS) 

configurations along the MEP. The colour codes for Mo, S, N, O, H and C atoms are the 

same as explained in Figure 6.1. ..................................................................................... 201 

Figure 6.5: Reaction mechanism of single (a) CO2 and (b) H2O dissociation on 

MoS2_1VMo_3NS during AIMD simulations at 300 K. The MD reaction paths are similar 

to the reaction paths obtained in CI-NEB simulations.................................................... 205 

Figure 6.6: T-P phase diagram of CO2, N2 and H2O molecules adsorption on nitrogen doped 

single Mo vacancy site (MoS2_1VMo_3NS). The points on black, red and blue curves 

represent temperature as a function of partial pressure above which the adsorption of 

respective CO2, N2 and H2O on MoS2_1VMo_3NS site is stable. Line A is the partial 

pressure line fixed at 1 atmospheric pressure, while Line B, Line C and Line D are the 

temperature lines for CO2, N2 and H2O, respectively. The partial pressure and temperature 

lines correspond to critical point lines above which the molecules desorb into the gas phase.

......................................................................................................................................... 208 
 
Figure 7.1: Single sulphur formation. ............................................................................. 215 

Figure 7.2: The schematic structure of DFT strongest most stable adsorption configurations 

for  CO2, CH4, N2, H2, H2O molecules adsorbed on PMoS2 (a-e) and MoS2_1VS (f-j) 

surfaces from top (upper panel) and side (lower panel) views. Colour code: Mo, pink, S, 

yellow, O, red, C, light blue, N, dark blue and H, white. ............................................... 223 

Figure 7.3: Ratio of adsorption energies between CO2 and other molecules for pristine 

(PMoS2) and S vacancy (MoS2_1VS) MoS2 monolayers. .............................................. 224 

Figure 7.4: The gravimetric adsorption isotherms for (a) CO2, (b) CH4, (c) N2, and (d) H2O 

uptake on S vacancy (MoS2_1VS) and pristine (PMoS2) MoS2 monolayers at 298 K. .. 226 

Figure 7.5: The gravimetric adsorption isotherms for H2 uptake on S vacancy (MoS2_1VS) 

and pristine (PMoS2) MoS2 monolayers at (a) 298 K and (b) 77 K. .............................. 227 

Figure 7.6: The gravimetric adsorption isotherms for (a) CO2, (b) H2O, and (c) H2 uptake 

on S vacancy (MoS2_1VS) and pristine (PMoS2) MoS2 monolayers at 298 and 77 K, 

calculated at 0-1 bar pressure range. ............................................................................... 228 



  xxiii 
 

Figure 7.7: Energy diagram including reaction pathway and reaction barrier of single (a) 

CO2, (b) H2 and (c) H2O dissociation on MoS2_1VS from climbing image nudged elastic 

band (CI-NEB) simulation. Inserts are the top views of the initial state (IS); Transition state 

(TS) and final state (FS) configurations along the MEP. The colour codes for Mo, S, O, H 

and C atoms are the same as explained in Figure 7.2. .................................................... 231 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  xxiv 
 

List of Tables 

Table 2.1: Summary of CO2 Gas Physical-Chemical Properties [29]. ............................. 15 

Table 2.2: Typical Gas Conditions. .................................................................................. 24 

Table 2.3: Binding energies of CO and CO2 on various adsorbents namely: (i) Pristine 

Graphene, (ii) Vacancy-defected Graphene, and (iii) Stone-wales-defected Graphene. EF is 

Fermi energy with respect to vacuum level, Ebind is the binding energy of the molecule both 

in eV unit. “D” is the molecular-to-surface distance in Å units (Adapted with permission 

from [119]). ....................................................................................................................... 39 

Table 2.4: Adsorption Minima of Ar, CH4, N2, CO2, and H2O Adsorptions on 

Nanographenes. Reprinted with permission from [142]. .................................................. 41 

Table 2.5: Physical Properties of Selected Flue Gas [145]. .............................................. 43 

Table 2.6: Adsorption energies (Eads) and contribution of dispersion forces (EvdW) of the G-

adsorbate and FeG-adsorbate systems. Energies are in eV [156]. .................................... 46 
 
Table 4.1: Adsorption energies of CO2 per carbon atom on different structures determined 

from different interlayered distance using PBE of GGA [215]. ....................................... 91 

Table 4.2: Adsorption energies of possible initial configurations of CO2 adsorption on 

perfect multilayer and monolayer structures using PBE [215]. ........................................ 99 

Table 4.3: Adsorption energies at EDDIF=10^-4 and EDDIG=-0.03, NSW=300, 

ENCUT=500, 5×5×1 KPOINT. ...................................................................................... 100 

Table 4.4: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.01, NSW=500, 

ENCUT=500, 5×5×1 KPOINT. ...................................................................................... 100 

Table 4.5: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.03, NSW=500, 

ENCUT=600, 6x6x1. ...................................................................................................... 101 

Table 4.6: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.03, NSW=500, 

ENCUT=700, 7x7x1. ...................................................................................................... 101 

Table 4.7: Comparison of adsorption energies (EAE, meV) of CO2 on bilayer, hybrid and 

monolayer structures determined from different methods. ............................................. 104 

Table 4.8: Amount of charge transferred to CO2 molecule (single atom and CO2 molecule), 

amount of charge transferred from adjacent Mo, S and C atoms on the surface nearer to 

adsorbed CO2 molecule, and the change in bond length and bond angle after CO2 

adsorption (length and angle, with angle change in parentheses)a ................................. 107 
 
Table 5.1: Structural geometry of pristine monolayer MoS2. ......................................... 127 

Table 5.2: Summary of calculated results for Vacancy defect MoS2 configurations. .... 131 

Table 5.3: Summary of N-doped MoS2 configurations. ................................................. 136 



  xxv 
 

Table 5.4: Summary of adsorption energies of possible initial configurations of CO2 

adsorption on different surfaces. ..................................................................................... 144 

Table 5.5: Summary of calculated results for adsorption of CO2 on most stable 

configurations of different surfaces at 2.5 Å initial molecular height. ........................... 150 

Table 5.6: Calculated Vibrational Frequencies (cm-1) for CO2 molecule adsorption on 

MoS2_1VS, MoS2_1VMo_1VS and MoS2_1VMo_3NS sites. Calculated and Experimental 

values of gas-phase CO2 molecule are included for comparison. ................................... 165 

Table 5.7: Summary of calculated results for adsorption of N2 on most stable configurations 

of different surfaces at 2.5 Å initial molecular height. ................................................... 171 

Table 5.8: Summary of calculated results for adsorption of H2O on most stable 

configurations of different surfaces at 2.5 Å initial molecular height. ........................... 173 
 
Table 6.1: Summary of the physisorption of CO2, N2 and H2O molecules on 

MoS2_1VMo_3NS and PMoS2. ........................................................................................ 185 

Table 6.2: Calculated geometry and vibrational frequencies (cm-1) for adsorption of CO2, 

N2 and H2O molecules on MoS2_1VMo_3NS sites. Calculated and experimental values of 

gas-phase molecules are included for comparison. The bond lengths and bond angles are 

in Å and degrees, respectively. ....................................................................................... 190 

Table 6.3: Summary of calculated results for dissociation of CO2 and H2O molecules on 

MoS2_1VMo_3NS sites. The values of charge transfer for the atoms of molecules and the 

total charge gained by the surface N atoms (QN) are included for comparison. The bonding 

of the dissociated atoms is as follows: CO2 (N1═C1═O2 and N3═O1), H2O
a (N3-H1 

and N2-O1-H2) and H2O
b (N3-H1, N2-O1 and S-H2). The total charge obtained by the N 

atoms of the surface before adsorption is 2.21 e (see Table 5.3 of Chapter 5). .............. 198 
 
Table 7.1: Adsorption Energies and Orientations for the gas molecules (CO2, CH4, N2, H2 

and H2O) in the four reference positions. ....................................................................... 215 

Table 7.2: Summary of adsorption energies (EAE), fully relaxed distances and angles of 

CO2, CH4, N2, H2 and H2O gas molecules on PMoS2 and MoS2_1VS surface, for the most 

favourable adsorption configurations. Notations: hmol-suf is the equilibrium molecular 

height, i.e. fully relaxed distance between the reference atom of the molecule and Mo atom. 

For CO2, CH4 and H2O, the reference atoms are the central C and O, respectively, while 

the lowest N and H atoms are the reference atoms for N2 and H2, respectively. Ɩ and θ are 

the bond distances and angles, respectively.  The adsorption energies, distances and angles 

are in eV, Å and degrees (˚), respectively. ...................................................................... 222 

 

 

 



  1 
 

CHAPTER 1 

Introduction 

The introduction and general background for research activities presented in this thesis are 

detailed in this chapter. The chapter is divided into subsections to address the research 

motivations, objectives, author’s achievements as well as thesis organizations. Firstly, in 

subsection 1.1, the motivation for this study is provided, while the objective of the study, 

research outcomes and thesis organization are provided in subsections 1.2, 1.3 and 1.4, 

respectively. 

1.1 Motivation 

CO2 is a naturally occurring gas that is colourless, odourless and inflammable under normal 

atmospheric conditions, and it is about 60% denser than air [1]. CO2 is thermodynamically 

stable and chemically inert, making it difficult to be activated under ambient conditions [2]. 

However, in the earth’s atmosphere, CO2 is one of the most long-lived significant 

greenhouse gases and in recent decades its concentration has increased due to 

anthropogenic emissions (like industrial emissions, fossil fuels and deforestation etc.) [3]. 

Another problem posed by CO2 emission is ocean acidification because of its capability of 

dissolving in water at mild pressure and temperature to form carbonic acid which greatly 

affects aquatic lives [3]. In addition, CO2 is categorized as a strong asphyxiate and an 

inhalation toxicant and is known to cause hypercapnia, which is one of the factors that 

causes sudden infant death syndrome [4].  Further, it is recognized to be hazardous to 
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human health in many other ways, for instance, it causes wheezing (>2000 ppm), tremors 

and loss of consciousness (>100000 ppm), and death (>250000 ppm) [5, 6]. Early detection 

of CO2 gas is crucial since it helps overcome natural and anthropogenic hazards. In this 

framework, over the last decades, a surge in research activities towards developing cost-

effective and highly sensitive CO2 gas capture materials has been observed.    

The use of commercially available CO2 capturing and separating techniques have been 

widespread, however, the efficiency of these processes seem to pose a serious challenge 

[7]. There are some disadvantages associated with these technologies when they are 

employed beyond laboratory conditions as they tend to suffer from cross-sensitivity issues 

when interfering with effluent and earth abundant compounds (for example, NO2, SO2, 

HgO, N2 and H2O) are present in the environment or sample [8]. Additionally, the existing 

CO2 capture technologies exhibit a high range of cost estimates, which depends on process 

type, separation technology, CO2 transport technique and storage site, and typically require 

skilled operators to supervise their operation [9].  

In this context, the current research trend is focused on the development of novel material 

adsorbents for cost-effective and energy-efficient CO2 gas capture and other gases 

adsorption and activation, as they have the potential to overcome the shortcomings that are 

associated with conventional CO2 capture and storage (CCS) techniques. In addition, the 

development of these novel materials for environmental based catalysis aims to bridge the 

gap between innovative research, development, and application of these materials. Among 

the various types of gas-adsorbent materials (GAMs) developed, nanostructured CO2 

capture materials have been widely documented as they exhibit high surface to volume 

ratio, regular atomic composition, tunable reactivity, effective transport properties and 
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assembling affinity to form supramolecular systems, have warranted their applications to 

CO2 capture technologies [10]. Despite the exceptional adsorption performance of 

nanostructured GAMs, they have certain disadvantages such as high working temperature 

(e.g. insufficient stability at >400 K) and complex material fabrication processes, thus 

contributing to their limited applications. To an extent, these inadequacies can be overcome 

by the use of two-dimensional (2D) nanomaterials like graphene and transition metal 

dichalcogenides (TMD) (e.g. Monolayer molybdenum disulphide (MoS2)) sheet. This is 

due to 2D nanomaterial sensitive layers being easy to fabricate, their extraordinary 

properties attributed to their ultrathin thickness, which is related to quantum effects [11-

13]. In addition, their stability and simplistic operational requirements allow flexibility in 

design and enable superior sensing phenomenon that occurs on their sensitive surface in 

presence of target gas.  These 2D nanomaterials vary in terms of their electronic properties 

and functionality. For instance, graphene is a low-work function metallic electrode, and 

MoS2 is generally an n-type semiconductor (a very active potential site for CO2 capture). 

However, their synergetic function is more attractive for technological applications. These 

merits are achieved but at the cost of poor selectivity, low stable and sensitivity. The lack 

of bandgap and inertness to reaction, which are the main characteristics of pristine 

graphene, limits its application in the field of semiconductors, sensors and gas adsorbents. 

In addition, the low electron transfer of the basal plane of MoS2 can lead to sluggish 

catalytic kinetics [14, 15]. Pristine MoS2 are less reactive than the modified MoS2 like 

pristine graphene. This is because of the chemical activity and thus the sensitivity of 

nanomaterial-based gas sensors. However lately many works of literatures have been 

documented on overcoming these hurdles [16-20]. This includes controllable synthesis of 
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2D nanomaterials such as the introduction of point defects [21], to achieve desired 

morphologies. Also, the functionalization by incorporating nitrogen into the surface 

framework [19, 22, 23] or introducing a promoter cation like metal oxides and noble metals 

[24, 25], for synergistic and unique catalytic properties. In parallel with the efforts on 

graphene-like materials, recent studies have focused on the advantage of merging 

individual properties of different 2D materials. To this end, multilayer heterostructure 

materials are produced by stacking of 2D-crystals of each nanomaterial [26], bonded by 

relatively weak vdW like forces. However, little effort has been placed on the development 

of novel materials, for example, the possibility of making graphene/MoS2 bilayer 

heterostructure for CO2 adsorption. Interestingly, it was observed that the CO2 based 

adsorbent materials studies reported in the literature lack critical atomic level 

understanding of the adsorption mechanisms. These include: 

 The effects of interlayer distance on adsorption mechanisms of CO2 confined within 

the graphene-MoS2 nanosheets. 

 The synergistic effect of molecular (nitrogen) doping and vacancy defects to 

enhance selective adsorption of CO2 over adsorption of nitrogen (N2) and water 

(H2O) molecules 

 The effect of vacancy defect and nitrogen doping on adsorption performance in 

terms of sensitivity, selectivity and stability, and dissociation of CO2 and H2O. 

 How N atoms surrounding a single Mo vacancy site facilitates CO2 and H2O 

dissociations that occurs spontaneously at room temperature 

 How sulphur vacancy defects affect the adsorption of CO2, CH4, N2, H2 and H2O 

on MoS2. 
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Addressing the above knowledge gap was the critical motivating factor in carrying out the 

current challenging task of first principle understanding of the development of CO2 

sensitive materials, which are extremely selective, stable and sensitive for a wide range of 

applications. 

1.2 Objectives 

This thesis work is aimed at the design and development of finely tailored 2D 

nanomaterials that will describe the behaviour of CO2 on the adsorption sites, which are 

sensitive and selective to CO2. Two 2D nanomaterials namely graphene and MoS2 

monolayers were studied as case theoretical models to achieve the primary objective. In an 

attempt to add more knowledge to this cutting-edge of applied materials design, the 

theoretical analysis using density functional theoretical (DFT), implemented in the Vienna 

ab initio simulation package (VASP) will correspond favourably with the experimental 

results. The critical literature review revealed several major first principle understanding 

of 2D materials that needed to be investigated, which are briefly discussed below: 

 To comparatively investigate the adsorption mechanisms of CO2 confined within 

the interlayer of 2D nanosheets, which is an intriguing confinement environment 

for molecular interactions but its atomic level understanding is still limited. 

Preferably, a nanoconfinement of graphene and MoS2 hybrid having a smaller 

lattice mismatch for CO2 adsorption mechanisms. 

 To investigate different dispersion schemes to understand the effects of vdW 

forces on the adsorption of CO2, which will be presented as an accurate guide for 

future work involving the adsorption of molecules. 
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 To improve the adsorption strength and catalytic activity of the pristine MoS2 

layer by fine-tuning the physical and chemical properties. This is currently a 

major concern and postulated to be alleviated to an extent by developing highly 

engineered MoS2 nanosheets with sufficient active sites for enhanced CO2 

adsorption capacity. 

 To investigate the pristine MoS2 layer for adsorption performance in terms of 

sensitivity and selectivity under different initial molecular height as a function of 

vacancies as well as non-defective MoS2 planes and their decoration with N atoms 

by substitution route to form N-doped MoS2 systems in different types, to 

determine the region of the optimum performance condition. 

 To investigate the infrared (IR) spectroscopy of molecules adsorbed on the 

surface by calculating the vibrational frequencies of the molecules adsorbed on 

the most stable adsorption configuration. This is important because the phonon 

calculation in conjunction with the experimental measurements can provide a 

valuable approach to probe the structure of the surface absorbates. 

 To investigate the developed N-doping enabled defect engineering of MoS2 

model for performance in terms of sensitivity as a function of CO2 gas adsorption 

and cross-interference in presence of competitive gaseous molecules, to 

determine the selective adsorption scope of the adsorbent understudy. 

 To determine the reliability of N-doped defective MoS2 developed in terms of its 

dissociative properties by studying the temperature effect on the thermodynamic 

and kinetic properties, and the dynamic evaluation of the adsorption system.    
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 To investigate the adsorption performance under non-zero temperature and 

pressure of the surrounding atmosphere, to analyse the thermodynamic stability 

of the considered most stable adsorption surface when exposed to a given 

environment. 

 Obtain partial charge distribution of MoS2 surfaces that will be presented as an 

accurate guide for future work involving adsorption isotherm predictions using 

statistical-based method (GCMC). 

Further, long-term repeatability is highly dependent on the reversible reactions taking place 

on the surface of the sensitive adsorbent material following the successive CO2 gas 

adsorptions. Hence, it is important to investigate the adsorbent material layer before and 

after adsorption for changes in the crystal structure, electronic properties and chemical 

composition changes. To achieve this, various computational chemistry techniques such as 

conjugate gradient geometry relaxation method (to determine adsorption energies and 

structural properties), Bader charge analysis and spin-polarized density difference (to 

determine electrostatic interaction between the molecules) and the adsorption systems, and 

phonon analysis are employed. Furthermore, to provide further insight into the electronic 

properties of the systems the total DOS (TDOS) and partial DOS (PDOS) calculations are 

also employed. It is envisaged that these results will aid in the fundamental understanding 

of the type of adsorption (physisorption or chemisorption) taking place at the defective and 

non-defective graphene-MoS2 monolayer and the nanoconfinement bilayer and hybrid 

heterostructures used in the body of the work.  Additionally, the evaluation of minimum-

energy reaction paths (MEPs) and the transition states (TS) are performed to determine the 

activation barrier for the dissociation reaction. The finite temperature analysis of the 
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dissociative adsorption system at 300 K are undertaken to determine the dynamic nature of 

the adsorption system. Moreover, the ab initio thermodynamics method is applied to 

investigate and analyse the thermodynamic stability of the system exposed to a given 

environment. This helps confirm the spontaneous nature of the dissociation at ambient 

temperature. 

1.3 Research Novelty 

The investigation of CO2 gas-based 2D nanostructure resulted in several novel outcomes 

during this thesis work, which is anticipated to add a major contribution to the existing gas 

adsorbent materials research field. 

Two 2D nanostructure layered materials namely graphene and MoS2 with four novel 

materials for CO2 adsorption (graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) 

hybrids, N atoms surrounding a single Mo vacancy site (MoS2_1VMo_3NS) and single 

sulphur vacancy MoS2 were developed. The adsorption performance and catalytic activity 

of the developed gas adsorbent material were investigated towards CO2 adsorption and 

activation in some instant at various temperatures and pressures. The cross-sensitivity 

performance of the developed adsorbent models was tested thoroughly to determine the 

selective adsorption and practicability of the developed gas adsorbent model could be 

served as useful guidance in the experimental investigation for potential industrial use. To 

the best of the author’s knowledge, this thesis work resulted in the following key novelties: 

 The space within the interlayer of 2-dimensional (2D) nanosheets have provided 

new and intriguing confinement environments for molecular interactions. However, 
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atomic-level understanding of the adsorption mechanisms of CO2 confined within 

the interlayer of 2D nanosheets is still limited in the literature. This is a highly 

significant contribution as it provided a comparative study of the adsorption 

mechanisms of CO2 confined within the graphene-MoS2 nanosheets using the DFT. 

Furthermore, it demonstrated for the first time that the employment of 7.5 Å and 

8.5 Å interlayer spacing is the most stable conformation for CO2 adsorption on the 

bilayer and hybrid structures, respectively and molecular orientations resulted in 

enhanced CO2 adsorption. 

 N-doping enabled defect engineering of MoS2 to introduce desirable properties was 

proposed for the first time as an effective approach for the enhanced selective 

adsorption of CO2. 

 The single S vacancy defect is identified for dissociative chemisorption of CO2 at 

the vacant site during CO2 adsorption to yield lattice-embedded oxygen and CO 

molecule that desorb from the surface. This can be associated with the 

perpendicular orientation of the CO2 molecule and the increased covalent 

attractions, which were not considered in, previously reported studies.  

 The enhanced adsorption of CO2 on N-doped vacancy-containing MoS2 surface 

was tested for cross-interference in presence of N2 and H2O. This was crucial since 

the adsorption phenomenon of vacancy defect and nitrogen doping facilitates CO2 

and H2O dissociations at room temperature leading to the formation of CO٭and O٭, 

and OH٭and H٭ radicals. This technique was only conducted for carbon surfaces 

(e.g. graphene). 
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1.4 Thesis Organization  

This thesis contains eight Chapters with relevant references that provide a rational 

sequence of the research conducted during this research work. It details the advancement 

in the field of CO2 gas adsorbent materials, resulting from a rigorous atomistic 

investigation done throughout this program. 

The thesis begins with Chapter 1, which is the introductory chapter and contains general 

background for research activities in this work. Also, the author’s motivation to embark on 

the research in the field of CO2 gas adsorbent materials is detailed. In addition, this chapter 

also includes the research objectives of the thesis work. Finally, contributions to the current 

body of knowledge and the author’s achievements are stated. 

In Chapter 2, the literature review is presented, which outlines the importance of CO2 gas 

adsorbent material and the current state of the techniques available for capturing and 

activation. Furthermore, this chapter details the knowledge gap in this area and justifies the 

rationale to carry out the current research. 

In Chapter 3, calculation methods and the supercell models of the monolayer 

nanostructured used as CO2 adsorbent materials are provided. Different computational 

methods are discussed also. In addition, a brief description of the information intended to 

be acquired from some of the computational techniques used for binding energy, structural 

and electronic investigations is provided. 

In Chapter 4, a comparative study of mechanisms of the adsorption of CO2 confined within 

graphene-MoS2 nanosheets using DFT trend study is presented. This chapter also includes 
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the effect of interlayer spacing and molecular orientations on CO2 adsorption energies (EAE) 

in a bid of finding the most stable conformation for CO2 adsorptions. In addition, the effect 

of different dispersion schemes on adsorption is provided to understand the effects of vdW 

forces on the adsorption of CO2. 

In Chapter 5, novel N-doping enabled defect engineering of MoS2 for enhanced and 

selective adsorption of CO2 using a DFT approach is presented. N doping is adopted to 

engineer defects on MoS2 to introduce desirable properties. A new insight into CO2 

adsorption on N-doped defective MoS2 surface is revealed and N-doped MoS2 with Mo 

single vacant defects is found the best for CO2 adsorption. In addition, phonon analysis is 

carried out to probe the structure of the surface absorbates and confirms C═O bonds 

weakened upon CO2 adsorption on the vacancy. It is discovered that CO2 adsorption is 

enhanced through covalent and electrostatic interactions. Finally, the N-doping enabled 

defect engineering of MoS2 is proved an effective approach for the enhanced selective 

adsorption of CO2. 

Chapter 6 starts with a comparison of adsorption of stable CO2, N2 and H2O on N-doped 

vacancy-containing MoS2 surface, which motivated to study dissociation of CO2, and H2O 

at room temperature. New insights on the effect of vacancy defect and nitrogen doping on 

the adsorption and dissociation of CO2 and H2O over the MoS2 monolayer is revealed. 

After different DFT calculation methods, it was discovered that N atoms surrounding a 

single Mo vacancy site (MoS2_1VMo_3NS) facilitate CO2 and H2O dissociations and that 

dissociation of CO2 and H2O, which occurs spontaneously at room temperature leads to the 

formation of CO٭and O٭, and OH٭and H٭ radicals. This study shows the great potential 

of MoS2_1VMo_3NS in the sustainable production of fuels and chemicals via CO2 and H2O 
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splitting processes. Finally, after thorough ab initio thermodynamics analysis, 

MoS2_1VMo_3NS was tested for stability over a temperature range of between 200 K and 

1200 K and the pressure range between 1.5 x 105atm and 10 -35 atm, to include experimental 

pressure range (1 atm and 10 -14 (ultrahigh vacuum, UHV) and any variation in pressure. 

Chapter 7 presents new insights on the role of a single sulphur vacancy on gaseous 

adsorption and potential water splitting over MoS2 edges. First-principles simulations were 

performed to understand and differentiate how sulphur vacancy defects affect the 

adsorption of CO2, CH4, N2, H2 and H2O on MoS2. Classical Grand Canonical Monte-Carlo 

(GCMC) simulations were carried out using RASPA 2.0 to simulate adsorption isotherms 

between 0 – 100 bar for MoS2 with and without single vacancy defects. Adsorption 

isotherms were simulated from 0 – 100 bar for CO2, CH4, N2, H2, H2O. 

Finally, Chapter 8 includes a summary of the thesis and concluding remarks. The scope 

for future research work on CO2 gas adsorbent materials is also discussed in this chapter. 
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CHAPTER 2 

Literature Review 

2.1 Introduction 

This chapter details available experimental and computational techniques that are actively 

employed in the investigations of the separation of CO2 from the gaseous products of the 

combustion of fossil fuels. An overview of both natural and anthropogenic sources of CO2 

and its impact on the environment is briefly discussed. It also shows the logical rationale 

put forth for the computational analysis using DFT to depict molecular interactions with 

the adsorbent surface. This chapter further emphasizes the importance of 

graphene/molybdenum disulphide (MoS2) modification by chemical exfoliation of graphite 

and bulk MoS2 followed by metal doping and polymer functionalization in producing 

effective adsorbents for CO2 uptake and promoting their intrinsic catalytic characteristics. 

Theoretical studies on the replacement of surface atoms in the graphene/MoS2 hexagonal 

or other carbon-based structures (such as fullerenes) with foreign atoms like Boron nitride 

(BN), Boron (B) or precious metals, as active sites for CO2 fixation and activation are also 

discussed. 
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2.2 Carbon Dioxide 

CO2 consists of a carbon atom that forms two linear covalent double bonds with two atoms 

of oxygen with the structural formula of O=C=O. It has a 116.3 pm linear carbon-oxygen 

bond length (180o bond angle) that is significantly shorter than the bond length of a C-O 

single bond and even shorter than most other C-O multiply-bonded functional groups [27]. 

CO2 is an odourless linear acidic toxicant and non-polar molecule and is hard to activate 

due to its high thermodynamic stability. However, if the structural linearity of CO2 is 

transferred into a bent structure, there will be a significant reduction in the activation 

energy barrier [28]. According to National Oceanic and Atmospheric Administration 

(NOAA) in its monthly report in March 2017, CO2 was found to have an average 

concentration of about 0.0407% (407ppm) by volume of the Earth’s atmosphere and thus 

considers as a trace since it only contributed less than 1% by volume of the Earth’s 

atmosphere. At pressure below 5.11 atm, it has no liquid state; it is highly soluble in ethanol 

and acetone, and it dissolves in water (H2O) to form carbonic acid at a gaseous state. 

Likewise, it spontaneously reacts with alkalis to form carbonates and bicarbonates at 

normal temperature and pressure, although the reaction mechanism is highly dependent on 

the concentration of alkali solution. The reactivity of CO2 depends mostly on its properties 

like every other molecule and some of these important physical properties of CO2 gas are 

listed in the table (Table 2.1) below. 
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Table 2.1: Summary of CO2 Gas Physical-Chemical Properties [29]. 

Properties (unit) Values 

Molar mass (g/mol) 44.0095  

Density (g/L) 1600 (solid), 771 (liquid), 1.98 (gas) 

Sublimation point (oC) at 5.185 bar -56.6 

Solubility in water (g/L) at 25oC, 100 kpa 1.45  

Acidity (pKa) 6.35 and 10.33 

Viscosity (cP) at -78oC 0.07 

Linear Bond length (pm) 116.3 

Linear Bond angle (o) 180 

CO2 gas can be emitted by natural and anthropogenic sources. Emissions from natural 

sources are absorbed back by the natural sinks, which is not true in the case of 

anthropogenic sources. Although anthropogenic emissions are small compared to natural 

emissions, still they add up heavily to the CO2 concentration in the atmosphere. Hence, a 

when higher amount of CO2 is released outside the naturally occurring carbon cycle, nearly 

40% of extra CO2 is absorbed and the rest is accumulated in the earth’s atmosphere. This 

is primarily attributed to the absence of anthropogenic sinks and natural absorptions only 

having a limited ability to process the extra amount of CO2 emitted in the atmosphere [30]. 

Recently, it was reported that CO2 concentration rose from a pre-industrial level of about 

265 ppm to 407 ppm (in March 2017) [3] and reports suggest that by 2050, this value will 

have increased to 710 ppm [31]. 
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2.2.1 Natural Sources of CO2 

Naturally, sources like volcanoes, hot springs and geysers have been found to produce CO2. 

It can also be released from carbonate rocks by dissolving in water and acids. Because of 

its ability to dissolve in water, it can be found naturally in groundwater, rivers etc. Also, it 

can be found present in crude products like petroleum and natural gas [32].  According to 

the United States Environmental Protection Agency (USEPA), the CO2 exchange between 

ocean and atmosphere contributes around 42.84% whereas soil, plant and animals 

contribute around 57.12% [30, 33]. The ocean-atmosphere exchange is part of the famous 

carbon cycle, in the sense that, the CO2 present in the ocean is released into the air through 

the surface by evaporation, thus creating 330 billion tons of CO2 emissions annually; the 

same amount of CO2 is absorbed back into the ocean through the process of diffusion. 

Similarly, CO2 emissions from living beings are respiration and soil processes such as 

respiration and decomposition account for 440 billion tons per year. These emissions are 

again balanced by natural vegetation and land process. The volatile eruptions (volcanoes, 

hot springs and geysers) create about 0.26 billion tons annually [34], during which gases 

such as CO2 and SO2 are released in addition to water vapour into the atmosphere. The 

emissions released into the atmosphere are absorbed continuously by the respective natural 

sinks, thus being nature’s way of maintaining the CO2 levels in a safe range.  

2.2.2 Anthropogenic Sources of CO2 

The utilization of traditional fossil fuels for the production of energy and chemicals has 

been the primary cause of the constant rise in anthropogenic CO2 concentration during the 

industrial era [3, 35]. Other sources arise from the combustion of wood and other organic 
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materials. The rapid use of these products as a source of energy has induced climate 

variation since thermodynamically stable CO2 is the most significant long-lived 

greenhouse gases. The industrial revolution (1760-1840, England) not only developed new 

technologies and improved the living standard but also showed adverse effects on nature. 

The downside of the industrial revolution includes rapid deforestation, drastic climate 

changes referred to as global warming. As one of the greenhouse gases, its emissions from 

anthropogenic sources such as the burning of fossil fuels, coal and gas accounts for about 

87%, creating more than 33.2 billion tons per year [36]. Further, deforestation and land-

use changes (9%, 3.3 billion tons per year) and other industrial processes (4%, 1.7 billion 

tons per year) contribute to the remaining emissions [37] Major economic sectors that 

utilize energy obtained from the burning of fuels include electricity, transportation and 

other industries. Interestingly, the first two sectors contribute the majority of the total 

global anthropogenic CO2 emissions, while the remaining is balanced from other industries. 

Rapid conversion of forestland for use as human settlements or construction is termed as 

land-use change. This land change has resulted in the release of an estimated 396-690 

billion tons of CO2 gas into the atmosphere, owing to tremendous increases in the perpetual 

elimination of standing forests, either by cutting and burning, thus significantly increasing 

CO2 emissions. Deforestation further increases soil erosion and leaching of valuable 

nutrients thus decreasing the ability of the land to act as a carbon sink. Industrial processes 

such as cement, petrochemicals, steel, and mining emit substantial quantities of CO2 gas 

directly or indirectly as a ramification of various inevitable chemical reactions that are 

allowed during material production. Overall, the total amount of CO2 emissions from 

anthropogenic sources are very small compared to natural sources, but they contribute 
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substantially to the earth’s atmosphere as there is no artificial sink to absorb back the 

emissions, thereby enhancing ocean acidification and the greenhouse effect (global 

warming) which has now been linked to the increase in global natural disasters. 

2.2.3 Natural Benefits of CO2 

Atmospheric CO2 remains the primary carbon source for plants on earth and this 

importance is competently shown in the carbon cycle [38]. In the pre-industrial era in the 

late Precambrian period, its concentration in the atmosphere has been regulated by a 

photosynthetic organism and geological phenomena. During photosynthesis plants and 

anaerobic organisms use light energy to produce carbohydrates from the reaction of CO2 

and water, giving out the oxygen (O2) as a secondary product [38]. On the other hand, 

aerobic organisms produce CO2 while metabolizing carbohydrates and lipids to produce 

energy by respiration. This cycle sees the air-breathing land animals (including humans) 

and photosynthetic organisms exchange O2 and CO2. Interestingly, the availability of CO2 

gas in the earth’s atmosphere has helped maintain the temperature above sub-zero. 

Industrially, CO2 plays important role in food, oil and chemical productions.  For instance, 

it is a very important material used as an inert gas in welding and fire extinguishers and as 

a pressurizing gas in air guns and oil recovery. It has also been used as a chemical feedstock 

and in liquid form as a solvent in decaffeination coffee and supercritical drying. In drinking 

and carbonated beverages including beer and sparkling wine, it serves as a preservative 

agent. Furthermore, the effects and benefits due to CO2 on human health are innumerable. 

For example, in the case of vasodilation (expansion of arteries), recently it was found that 

the low CO2 concentration in the arterial blood constricts blood vessels and leads to 
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decreased perfusion of all vital organs [39]. Additionally, cell oxygen levels are controlled 

by alveolar CO2 and breathing, oxygen transport, bronchodilation and inflammatory 

response depends on breathing. Interestingly, nerve stabilization occurs due to the sedative 

effects of CO2 on nervous cells. This reason perfectly explains the lack of CO2 in the brain 

leads to "spontaneous and asynchronous firing of neurons" thus leading to mental and 

psychological abnormalities [39]. 

2.2.4 Hazards from CO2 Emissions 

Despite its numerous commercial uses, the amount of CO2 that is released into the 

atmosphere is enormous [3, 35]. Without instituting corrective measures, this will further 

exacerbate the greenhouse effect [24]. CO2 contributes approximately 60% to the overall 

climate change taking place around the globe [40]. Another problem posed by CO2 

emission is ocean acidification [41] because of its capability of dissolving in water to form 

carbonic acid which greatly affects aquatic lives. Exposure to increased CO2 gas 

concentration results in serious effects such as a slight increase in breathing rate (1%), 

headache and dizziness (2%), weakly narcotic (3%), slight choking (4-5%), loss of 

consciousness (5-10%), unconsciousness within a few minutes (~15%) and death (17-30%) 

are observed [42]. CO2 is an inhalation toxicant and strong asphyxiate (O2<16%). Acute 

high-levels of CO2 exposure in the presence of low-level O2 can produce significant 

persistent adverse health effects including headaches, attacks of vertigo, poor memory and 

ability to concentrate, difficulty sleeping, tinnitus, double vision, photophobia, loss of eye 

movement, visual field defects, enlargement of blind spots, deficient dark adaptation, and 

personality changes. However, prolonged exposure to low levels of CO2 produces short-
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term health effects such as changes in bone metabolism and calcium concentrations in 

blood. The last few decades have witnessed serious hazards of CO2 at the workplace and 

hence recently, it has been declared as an occupational hazard at high concentrations 

(>5000 ppm). Stringent laws have been enforced to curb anthropogenic CO2 emissions all 

over the world to provide a safer working environment. For example, in Great Britain, CO2 

is classed as a ‘substance hazardous to health’ under the Control of Substances Hazardous 

to Health Regulations 2002 (COSHH) [43]. According to Health and Safety Executive 

(HSE), the workplace exposure limits (WELs) calculated by taking an average over a 

specified period for CO2 are, 5000 ppm over long-term exposure limits of the 8-hr reference 

period and 15000 ppm over a short-term exposure period of 15 minutes [44]. In addition, 

Occupational Safety and Health Administration (OSHA), National Institute for 

Occupational Safety and Health (NIOSH) and Association Advancing Occupational and 

Environmental Health (ACGIH) occupational exposure standards are 0.5% CO2 (5000 ppm) 

averaged over a 40 hour week, 3% (30000 ppm) average for a short-term (15 min) exposure 

and 4% (40000 ppm) as the maximum instantaneous limit considered immediately 

dangerous to life and health [39, 45]. 

2.3 Available CO2 Capture and Storage Techniques 

To effectively mitigate the above-mentioned hazards, the amount of CO2 emissions into 

the atmosphere at every possible site have to be controlled. Hence, there is a crucial need 

to identify and develop stable systems with improved selective CO2 capture and storage. 

In addition, it is essential to develop sustainable and energy-saving platforms that can 

convert captured CO2 into fuels and/or produce valuable chemicals for other uses. On this 
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account, this subsection focuses on a few available experimental and computational 

techniques that are actively employed in the investigation of the separation of CO2 from 

the gaseous products of the combustion of fossil fuels. These methods are based on four 

physical and chemical separation processes, i.e., adsorption, absorption, cryogenic 

distillation and membrane separation. The latter methods are of challenges in processing 

low concentrations of CO2 in the flue gases due to the low CO2 partial pressure [46], which 

results in an inefficient separation of CO2. On the other hand, absorption has been 

investigated extensively and is considered as suitable approach for the removal of CO2 [47]. 

Using suitable aqueous solutions, the CO2 absorption capacity is highly efficient. However, 

it is associated with some operating limitations, such as high-energy consumption of the 

desorption process, a requirement of a large volume of absorbent and severe corrosion of 

the equipment [47-49]. Some of these issues can be addressed by the use of solid adsorbents. 

2.3.1 CO2 Capture and Storage Technologies 

CO2 capture and storage (CCS) technologies are being studied and developed in various 

fields to control and limit the increase of CO2 emissions. CCS technologies are dedicated 

to CO2 capture followed by compression, transport and storage when implemented in 

modern power plants. In general, CCS systems can be grouped into three technologies 

namely, pre-combustion, post-combustion and oxyfuel-combustion. Figure 2.1 

summarises the basic principles of the capture component of these systems, which uses 

either one or a combination of the following physical and chemical separation processes 

mentioned earlier.  
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Figure 2.1: The three main approaches to capture CO2 [50]. 

The choice of a suitable CO2 capture technology depends on the characteristics 

(temperature, total pressure and partial pressure) of the gas stream from which CO2 is to 

be separated (Table 2.2). This mainly depends on the power plant technology. The CO2 

content ranges from 3% to 15%, the lower end of this range (3-5%) is typical for gas-fired 

plants while the upper end (12-15%) for coal-fired plants [50]. In the pre-combustion 

capture, the carbon content of the fuel is stripped off before combustion by reacting it with 

steam (known as steam reforming) or oxygen (known as partial oxidation or gasification). 

This process produces syngas composed mainly of CO and H2. Subsequently, the products 

react with steam (through a water–gas shift reaction), giving rise to the generation of 

additional H2 and the oxidization of CO to CO2, which in turn is ready for capture. While 

in the post-combustion capture technologies, CO2 removal from the flue gas occurs after 
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the burning of the fossil fuels in ambient air (normal combustion). This system leads to a 

flue gas with a diluted stream of CO2 mixed with a large amount of N2 and small 

proportions of H2O, O2, and CO. The flue gas is then removed by scrubbing using solvents 

(e.g., amine) [51]. On the other hand, in oxyfuel-combustion systems, the combustion is 

performed in pure oxygen instead of air leading to a flue gas that primarily consists of CO2 

and H2O [52-54]. 

Among the three approaches, oxyfuel-combustion is a near-zero emission technology for 

both new and existing pulverized fossil-fired power stations [52]. However, oxy-

combustion options are still under development and will require significantly more effort 

to reach operational and commercial readiness [54]. In contrast, both pre-combustion and 

post-combustion capture are technically feasible and have the potential to reduce CO2 

emissions by a gigaton or more per year [55]. Table 2.2 shows the typical gas conditions 

for the pre-, and post-, and oxy-fuel combustion carbon capture. 

 

 

 

 

 

 

 



  24 
 

Table 2.2: Typical Gas Conditions. 

 Pre-combustion capture 

(before water gas shift)a 

Post 

combustion 

Captureb 

Oxy-fuel combustion 

Capturec 

Gas composition    

CO2 35.5 % 15-16 % 87.95 mol% 

H2O 0.2 % 5-7 % 3.51 mol% 

H2 61.5 % - - 

O2 - 3-4 % 8.54 mol% 

CO 1.1 % 20 ppm - 

N2 0.25 % 70-75 % - 

SOx - 800 ppm - 

NOx - 500 ppm - 

H2S 1.1 % - - 

Conditions     

Temperature (oC) 40 50-75 247 oC 

Pressure (bar) 50-60 1 17 

a [56]     b [57]      c [58] 
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Each of these capture scenarios entails different gas separation requirements and 

constraints mainly due to variations in the flue gas composition and operating environment 

as well as inconsistency in physical properties (i.e., effective kinetic diameter, dipole 

moment, quadrupole moment and polarization) of the gases involved (see Table 2.2). 

Although the implementation of CCS in modern power plants is estimated to reduce CO2 

emission by 80-90% [59], existing CCS technologies are mostly associated with an 

increased process energy requirement by 25-40% and are therefore not cost-effective [48, 

59-61]. Hence, research is needed to develop highly effective capture materials that are 

beneficial for offsetting the cost implication of the existing capture technologies. 

 2.3.2 CO2 Adsorption Materials 

Adsorption, on the other hand, is an attractive option to curb CO2 emissions because of its 

comparatively fewer energy requirements and many other competitive advantages 

(including simplicity of operation, applicability over a relatively wide range of temperature 

and pressure conditions, and low capital investment costs) [46, 62]. Adsorption is a surface 

phenomenon wherein the adsorbate forms a film on the surface of the adsorbent via either 

chemisorption or physisorption. A good adsorbent must be thermodynamically stable and 

have high adsorption /desorption capacity over a wide operating temperature window. 

Although a huge number of CO2 adsorbent materials have been computationally and 

experimentally studied in the past, nanostructured materials are at the cutting-edge of 

potentially revolutionary advancements in fast-growing technological fields such as; 

molecular sensing, energy storage and harvesting, environmental and sustainability 

engineering etc. This has led to the rapid increase in the development of novel 
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nanostructured materials. Their properties which include high surface to volume ratio, 

regular atomic composition, tunable reactivity, effective transport properties and 

assembling affinity to form supramolecular systems, have warranted their applications to 

CO2 capture technologies. This subsection discusses some of these novel CO2 adsorbent 

materials with more emphasis on two-dimensional nanostructured materials.   

2.3.2.1 Graphene/Carbon-based nanomaterials 

Carbon-based nanomaterials have gained much attention due to their exceptional properties 

that have made them have a unique place in nanoscience. Their exceptional electrical, 

thermal, chemical and mechanical properties have been recognized and applied in vast 

areas like material science, electronics and nanotechnology as Gas Adsorption Material 

(GAM), composite materials, energy storage and conversion, sensors, drug delivery, field 

emission devices and nanoscale electronic components. This group of nanostructured gas 

adsorbents includes carbon nanotubes (CNT), sheets, met-cars, graphite intercalation 

compounds, pristine graphene and frameworks of organic pillared graphene and fullerenes 

(see Figure 2.2).  
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Figure 2.2: (a) Molecules of CO2 and H2, (b-d) some of the most known groups of 

nanostructured gas-adsorbents [10]. 

Carbon nanotubes (CNT) chemistry, control over electronic properties and the assembly of 

nanotube devices are active areas of research that have affected many fields and the number 

of potential applications continues to grow. Work in fullerenes has renewed vigour with 

significant advances in the field of superconductivity, thin films and supramolecular 

assembly being made over the last few years. Although graphene is the newest of the 

carbon-based nanomaterials it promises to be a very active research field in gas adsorption 

especially CO2 due to its unique adsorption properties. Already, since its isolation in 2004, 

it has grabbed the attention of the chemistry, materials and physics communities. Faraday 

discussion in 2014 showed that graphene promises to rival carbon nanotubes in terms of 

properties and applications with an escalation of publications from ca. 130 in 2005 to ca. 

2,800 in 2010 [63]. This interest has made researchers carry out a great deal of research to 

determine the potential of graphene to adsorb CO2 and this reason practically made 

graphene the right carbon-based nanomaterial candidate to be of interest in this present 

research. 
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Interestingly, the adsorption of CO2 molecules on carbon-based GAM can be of 

physisorption or chemisorption type depending on whether the material surfaces are 

smooth, contain defects or are chemically functionalized. In the case of non-defective 

surfaces, the interactions with the gas molecules are dominated by dispersion forces 

thereby the gas is retained on the adsorbent material very weakly [64]. In 2006, Xu et al. 

were the first in carrying out nonstandard DFT calculations on the binding of CO2 

molecules to pristine graphene [65]. By using the hybrid ONIOM [B3LYP: DFTB-D] 

method, they found that the corresponding gas-adsorption energy was Ebind = -0:03 eV. 

Although there are adsorption of gas (CO2) molecules on other carbon-based materials 

studied using DFT techniques, our emphasis is largely on graphene-based materials. For 

example, carbon nanotubes (CNT) has been thoroughly analysed by Quiñonero et al. with 

dispersion-corrected DFT methods (i.e., B97-D/SVP) [66]. By considering different types 

of CNT, diameters, and binding sites, Quiñonero et al. have concluded that CO2-adsorption 

is energetically more favourable in the interior than in the exterior of nanotubes, in marked 

disagreement with previous reports [67, 68]. From these DFT studies, it can be seen that 

carbon-based materials are good candidate materials for CO2 adsorption more especially 

graphene and this prove the reason why we are interested to explore more benefit of this 

special material (graphene) in studying the CO2 adsorption mechanism on its surface using 

the ever-efficient DFT approach. 

In recent years, graphene has been studied extensively as a promising adsorbent for CO2 

adsorption. Single-layer graphene is composed of a single layer of graphite [69, 70] and 

has a high transmittance value of ca. 98% indicating it is very transparent. However, the 

transmittance value tends to decrease by a factor of 2.3% with each additional graphite 
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layer [69, 71]. In addition, the material is highly durable [72], flexible [73, 74] and has high 

conductivity [75, 76], which make it applicable in a wide range of applications, such as in 

energy storage [77, 78] and molecular separation [79, 80]. Moreover, due to its high 

specific surface area and porosity, graphene is highly important for gas adsorption and 

storage [81, 82]. This is in addition to its tailorable interlayer distance between 0.7 – 1.0 

nm, which is sufficient for the penetration of gaseous molecules [83]. In addition to its 

extraordinary properties, most of its properties are sensitive to structural defects and the 

number of layers [84-87]. Despite these extraordinary properties and great application 

potential, the lack of bandgap and inertness to reaction, which are the main characteristics 

of pristine graphene, limits its application in the field of semiconductors, sensors and gas 

adsorbents. Accordingly, much research has gone into opening a tunable gap in graphene. 

Structurally, graphene is a two-dimensional (2D) allotrope of carbon (1s22S22P2) that 

consists mainly of a hexagonal (honeycomb) lattice of covalently bond sp2 carbon atoms 

[88] that are interposed between two π-electron clouds. Graphene can be said to be an 

infinitely extending sheet of benzene molecules fused at the positions the hydrogen atoms 

would occupy as shown in Figure 2.3. 

 

Figure 2.3: Isolated Graphene Sheet Schematic Representation [89]. 
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Furthermore, bulk graphite (three-dimensional) are formed by multiple layers of graphene 

and it is the building block for several carbon nanotubes (one-dimensional). Single-walled 

carbon nanotubes (SWNT) is formed by a single graphene sheet that is rolled up while 

multi-walled carbon nanotube (MWNT) is formed by rolling up multiple sheets of 

graphene as shown in Figure. 2.4a and Figure. 2.4b respectively. Fullerenes (zero-

dimensional) consist of carbon atoms arranged at the vertices of a truncated icosahedron 

(Figure 2.4c). The van der Walls forces holding these layers together in graphite are weak 

while the covalent in-plane σ bonds between each carbon atom holding each graphene sheet 

together are extremely hard to break which is attributed to the remarkable physical 

properties of many graphenes. This was exploited to enable the first isolation of graphene 

since the individual graphene sheets can be pulled apart easily using adhesive tape [88]. 

 

Figure 2.4: A pictorial view of the structures of (a) Single-walled nanotube (SWNT) [89], 

(b) Multiple-walled nanotube (MWNT) (where each colour is related to different SWNTs 

which make up the MWNT structure [89] and (c) C60 Fullerene [90]. 
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There are two major models used to model graphene surfaces namely, finite molecular and 

periodic (infinite) models. These models have different methods and help to give an in-

depth understanding of the nature and strength of interactions between graphene and guest 

molecules. Finite molecular models (Figure 2.5) are the non-periodic models commonly 

used to model graphene in quantum calculations [91-94]. These models are polyaromatic 

hydrocarbons (PAH) models such as benzene (C6H6), coronene (C24H12) or 

circumcoronene (C54H18) as shown in Figure 2.5. An important advantage of using finite 

molecular models is that they can be studied using a wide portfolio of electronic structure 

methods developed for molecular systems. The only limitations come from the size of the 

system that can be treated in a reasonable timeframe with specific methods, and the 

available computational power.  

 

Figure 2.5: (A) Aromatic Hydrocarbon non-periodic models of graphene used in quantum 

calculations (Benzene, Coronene and Circumcoronene) and a supercell of 32 carbon atoms 

from a periodic graphene model, with a unit cell, highlighted in red. (B) Simulation boxes 

for empirical models containing finite graphene and a periodic graphene sheet with a small 

adsorbed RNA molecule respectively [95, 96]. 

B 

A 
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On the other hand, ideal (pristine) graphene is an infinite two-dimensional (2D) sheet with 

a regular lattice structure that can be straightforwardly modelled using periodic boundary 

conditions (Figure 2.3). In these models, a unit cell includes two carbon atoms that are 

replicated across space. This periodic graphene model can be studied using numerous 

methods, most of which are based on DFT and were developed by solid-state physicists to 

model the physical features of crystals. When studying the adsorption of guest molecules 

(adsorbates) to graphene, the size of a replicating cell, which is known as the supercell, is 

dictated by the size and target concentration of the adsorbate because it is important to 

avoid unwanted interactions between replicas. Since the periodic boundary conditions are 

typically implemented over the three-dimensional (3D) space, graphene (which is 

generally assumed to lie in the XY plane) and its complexes are modelled using 3D unit 

cells in a large vacuum (vertical length of approximately 1.5 nm) to avoid spurious vertical 

interactions between replicas. Spurious interactions could be particularly problematic if the 

supercell contains polar molecules or ions, because of the slow decay of Coulombic forces. 

It should be noted that the attractive vdW forces in nanomaterials act over longer distances 

than was originally assumed [97]. The electronic band structure of graphene and its 

derivatives can only reasonably be studied using periodic models because models that do 

not account for the inherent extended nature of graphene neglect correlation contributions 

from the bands close to the Dirac point. Notwithstanding, the infinite model may better 

describe the situations encountered in some experiments, such as those involving 

measurements on spots of graphene flakes that may be multiple micrometres in diameter. 

In such cases, the presence of edge effects in a simulated finite sheet could introduce 

undesirable bias. An infinite periodic boundary condition (PBC) model was used to study 
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the mechanism by which graphene dispersions are stabilized in the presence of lipids, 

revealing that the lipids present a kinetic barrier to graphene aggregation by forming 

reverse micelles on the graphene surface [98]. On the other hand, PBC models may be less 

suitable for studying phenomena such as surface corrugation because the box size limits 

the scale on which corrugation effects can be studied. Another potential drawback of the 

periodic model that may be encountered with certain simulation configurations relates to 

sandwiched structures in which two graphene sheets are separated by a fixed distance; this 

can lead to unphysical conditions such as unreasonable pressures. 

Both finite and infinite (periodic) graphene models can be described using either quantum 

chemical (electronic structure) or molecular mechanical (empirical) methods as mentioned 

above. The potential applications of each are delineated by the Born–Oppenheimer 

approximation, which enables the separation of electronic and nuclear motions inside a 

molecular system. Phenomena involving changes in electronic states should be modelled 

using electronic structure methods that explicitly account for electronic motions. Molecular 

mechanics can be used to model phenomena in which the electronic structure does not 

change or changes only slightly, such as changes in conformational states or physisorption. 

2.3.2.2 Molybdenum Disulphide /Transition Metals Dichalcogenides 

The hexagonal structure of graphene has opened new prospects for the exploration of 

properties of other layered two-dimensional (2D) materials. Recently, several new classes 

of 2D nanostructures like transition metal dichalcogenides (TMDs) have been studied and 

grouped among the most promising alternative candidates for the next-generation gas 

capturing materials. Generally, TMDs consist of a transitional metal and a chalcogen (S, 
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Se or Te). The material of this class is represented in a chemical formula of MX2, where 

M is the transitional metal (Groups 4-12 in the periodic table) and X is a chalcogen (Group 

16). Within a single TMD layer, repeating units of MX2 are held by strong covalent bonds. 

These layers are loosely stacked together by weak vdWs’ forces. This nature of bonding 

enables TMDs to be conveniently thinned down into individual sheets [99] and renders 

them highly anisotropic; especially in their mechanical, electrical and electrochemical 

aspects. These materials have become new alternative materials to CCS technologies that 

are being investigated because, they exhibit a number of interesting properties such as high 

catalytic activity [100], bandgap variation with a number of layers [101, 102], high carrier 

mobility [103, 104] and gas sensing capability. The discovery of these materials resulted 

in a fundamental change in the research and technology of gas sensors, which have made 

them be widely used in the adsorption of gas molecules especially toxic gases [105-107].  

Monolayer molybdenum disulphide (MoS2) belonging to Group 6 TMDs, is one of the 2D 

TMD that have gained numerous attention over the past two decades [108]. Similar to other 

2D materials, monolayer MoS2 is of the potential to be used as an alternative material for 

CO2 capture because of its extraordinary physical and chemical properties such as a large 

surface to mass ratio, good catalytic activity, etc. [13]. To date, layered TMDs have 

garnered much success in fields such as electronics, energy storage, sensing, and 

photoluminescence [109].  

MoS2 consists of one Mo atom and two S atoms positioned at alternating hexagonal 

structures [108]. These triple plans stack on top of each other and within the layers, the 

atoms are held by strong covalent bonds, whereas the adjacent layers are weakly bonded 
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by vdWs' forces. This allows them to be mechanically separated to form 2D sheets of MoS2 

as shown in Figure 2.6.  

 

Figure 2.6: A diagram of a crystal structure of monolayer MoS2 showing molybdenum 

atoms (blue) sandwiched between two layers of sulphur atoms (yellow) [110]. 

Unlike graphene with a zero bandgap, MoS2 is a semiconducting layered material with a 

bandgap that changes from 1.2 eV (indirect) for bulk [19] to 1.9 eV (direct) for monolayer 

[110] as shown in Figure 2.7. The change in bandgap gives rise to the novel 

photoluminescence and electronic properties of the MoS2 monolayer. Another important 

feature is the massive surface area created when the bulk is thinned into layers. Such a 

large surface area of exfoliated MoS2 carries a high density of edges that are potential active 

sites for the electrochemical applications in sensing and energy storage, in particular for 

CO2 storage [108, 109].  
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Figure 2.7: A diagram of band structure of bulk (left) and monolayer (right) MoS2 showing 

the crossover from indirect to direct bandgap followed by a widening of the bandgap [110].  

2.3.3 Modification of CO2 Adsorption Materials for Enhanced CO2 

Adsorption 

The modification of gas adsorption material surfaces has given rise to numerous research 

interests because this results in the enhancement of their unique properties for increased 

performance where it is applied. There are many methods used for graphene and MoS2 

modifications such as in-plane defects which are symmetry-breaking and includes point 

defects (substitutional, interstitial and vacancies cluster defects), grain or sample 

boundaries or edges which also behave like a defect in lowering the symmetry of infinite 

crystals, covalent and non-covalent functionalization, intercalation and electrostatic tuning 

etc. These modifications change either the electronic structure or molecular properties or 

both in some cases. For instance, covalent or non-covalent modification or 

functionalization has effects on the physicochemical properties of the material. This can be 
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either by forming a chemical bond between the adsorbent and some functional groups or 

modifiers like carbonyl, carboxylic or amine groups etc. (covalent modification) which 

significantly changes the structure and hybridization of their surface atom, or adsorption 

of modifiers onto the adsorbent surface through vdWs’ forces (non-covalent modification) 

which has a lesser effect on the changes of the structure and properties of the material [111, 

112]. DFT has emerged as the most frequently used theoretical technique because it is 

appropriate to study the ground-state properties, for instance, adsorption of molecules on 

surface problems.  This section discusses the computational and experimental investigation 

of the modified CO2 adsorption materials for enhanced adsorption and catalytic 

performance. 

2.3.3.1 Graphene Modification  

Graphene exhibits excellent properties for diverse applications as mentioned early. In 

addition, it is cheap, easy to handle and modify. Despite these extraordinary properties and 

great application potentials, the lack of bandgap and inertness to reaction found in pristine 

graphene weakens its competitive strength in the field of semiconductors, sensors and gas 

adsorbents. Thus, many efforts to open a tunable gap in graphene have been devoted.  CO2 

is slightly acidic and thus basicity of adsorbents in surface chemistry plays an important 

role in achieving high CO2 capture performance [113]. Recently, for adsorption of various 

atmospheric gases, including CO2 on functionalized graphene, carbon nanotubes (CNTs), 

graphene nanoribbons (GNRs) and graphene oxide have been experimentally and 

theoretically studied on various materials as candidates of adsorbent beds [114-123].  
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Vacancies: Vacancies are common defects in crystalline solids that affects their physical 

properties. A vacancy is the removal of one carbon atom (monovacancy or VI) [124] or 

two carbon atoms (double vacancy with two pentagonal rings and one octagonal ring 

known as 5-8-5 defect, and the 5-7-7-5 known as Stone-Wales (SW) defects with two 

heptagonal rings [124, 125], from the hexagonal ring. Very low concentrations of vacancy 

defects occur in graphite [126] during growth and at thermal equilibrium at ambient 

conditions. These defects are much more prevalent in electron or ion irradiated materials 

and are believed to be the predominant defects on irradiated graphitic surfaces [127]. CO2 

adsorption on defected graphene through molecular simulation was first reported by 

Cabrera-Sanfelix [128]. The DFT results showed that the adsorption of CO2 on defective 

graphene sheets having a monovacancy have higher chemical reactivity for small 

molecules compared with defect-free (pure) graphene. Liu and Wilcox later applied the 

plane-wave DFT calculations to develop a more rigorous understanding of the underlying 

mechanism of CO2 adsorption on defective graphene surfaces [129]. The physisorption 

energy of CO2 on the defective graphene site with one carbon atom missing (i.e. 

monovacancy) was four times as strong as that on a perfect defect-free graphene surface 

(~20.3 kJ mol-1 on the monovacancy site at a molecular height of 3.45 Å compared to ~4.8 

kJ mol-1 on pristine graphene). Recently, Tit et al. reported ab initio investigation of 

adsorption of CO and CO2 molecules on graphene to further explain the role of intrinsic 

defects on gas sensing [119]. The results, summarized in Table 2.3, showed that CO2 

exhibits both chemisorption and physisorption adsorption on the vacancy graphene (vG) 

whereas CO exhibits only physisorption. For their findings, it is worth mentioning that the 
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potential range of applications for graphene in CO2 adsorption and activation can be 

enhanced enormously by the controlled introduction of vacancy defects. 

 

Table 2.3: Binding energies of CO and CO2 on various adsorbents namely: (i) Pristine 

Graphene, (ii) Vacancy-defected Graphene, and (iii) Stone-wales-defected Graphene. EF is 

Fermi energy with respect to vacuum level, Ebind is the binding energy of the molecule both 

in eV unit. “D” is the molecular-to-surface distance in Å units (Adapted with permission 

from [119]). 

Adsorbent 

CO molecule CO2 molecule 

EF (eV) Ebind (eV) 

(D)(Å) 

EF (eV) Ebind (eV) 

(D)(Å) 

Pristine Graphene -4.650 -0.125 

(3.467) 

-4.144 -0.184 

3.345 

     

Vacancy-defected 

Graphene 

-4.652 -5.063 

(chemisorption) 

-4.655 -0.685 

(3.30) 

     

SW-defected 

Graphene 

-4.661 -1.301 

(3.00) 

-4.655 -1.371 

(2.96) 
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Boundaries and edges: Boundaries and edges [130-140] have been reported to be 

attractive sites for CO2 adsorption. These sites also behave like defects because they tend 

to lower the symmetry of the infinite crystal allowing CO2 adsorption. Montoya and co-

workers suggested that a broad spectrum of active binding sites, such as edge sites, pre-

adsorbed alkali metals and defects occur because of variation in the adsorption energy from 

~3.7 eV to ~200 meV of the experimental and theory (using DFT at the B3LYP/Basis level 

of theory) when they investigated the mechanism of CO2 chemisorption on graphene sheets 

[141]. They reported that the most stable complex formed by the chemisorption of CO2 on 

the graphene edge sites was the lactone group on the armchair edge, with an adsorption 

energy of 3.68 eV. Also, the adsorption energy drops to hundreds of meV as the CO2 

coverage increases because active sites were already occupied, so further CO2 molecules 

could only be physisorbed on the graphene plans. The first and perhaps the only simulation-

based work on edge effects of nanographene on CO2 adsorption was the work of Ohba and 

Kanoh  [142]. With the fact that nanographene layers have a large number of edges that 

predominantly influence their chemical and physical properties, they investigated the 

differences in the interaction potential of edge sites and basal planes of nanographene for 

Carbon dioxide and Nitrogen gases adsorption using GCMC. Their results showed that 

CO2 and N2 preferred to be adsorbed on the edge sites and basal plans respectively. The 

reason for this preference is the fact that the edge sites of nanographene layers have very 

strong columbic interactions because of the presence of the partial charges at the edges, but 

basal plans have no partial electronic charges at the edges and thus barely have columbic 

interactions. Therefore, the separation ability of CO2 is higher than that of N2 in the low-

pressure region where CO2 exhibits a very high quadrupole moment than N2. Their results 
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provided preliminary evidence of the adsorption capacity of graphene edge sites for flue 

gas mixture (Table 2.4) and encouraged the building of adsorbents for selective adsorption, 

reaction and separation of CO2 from a mixture of flue gases after combustion by precise 

tuning graphene edge.   

Table 2.4: Adsorption Minima of Ar, CH4, N2, CO2, and H2O Adsorptions on 

Nanographenes. Reprinted with permission from [142].  

Adsorbates 

Adsorption potential/kJmol-1 

Eedge Eplane (Eedge – Eplane)/Eplane 

Ar 6.5 9.4 -0.31 

CH4 8.1 11.1 -0.27 

N2 7.8 10.0 -0.02 

CO2 19.2 17.6 0.09 

H2O 8.7 7.3 0.18 

 

Functionalization: Functionalization of graphene including reactions of graphene and its 

derivatives with organic and inorganic molecules is another efficient way of improving the 

properties of graphene. The functionalization modes can be grouped based on the method 

and materials used which can be covalent or non-covalent. In gas adsorption processes, 

properties of the gases like polarizability and quadrupole moment, which makes some 

molecules, have higher adsorption enthalpy than others, determine the separation. As 

mentioned early, CO2 is slightly acidic thus has higher quadrupole, moments than other 
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flue associative gases like N2, O2 and H2, which are barely polar (Table 2.5). Therefore, 

to achieve a high CO2 capture performance, the basicity of CO2 adsorbents is imperative. 

In a nutshell, the addition of functional groups having high affinity for CO2 to graphene 

will improve its adsorption capacity and selectivity. It has been proven experimentally and 

theoretically that grafting functional groups like carboxyl, carbonyl, epoxy and hydroxyl 

on graphene rings enhances its CO2 adsorption. By studying the interaction of CO2, H2O, 

Li, Mg, Li+ and Mg2+ with polycyclic aromatic hydrocarbon using DFT, Umadevi and 

Sastry [143] showed π-π stacking interactions are of special interest due to the extended π 

orbitals of graphene. Also, it has shown that functional groups attached to an aromatic 

molecule affect the nature and magnitude of interactions between the molecule and 

graphene [144]. Their results proved that CO2 was greatly adsorbed on the edges with polar 

functional groups, which indicates that, the presence of these polar groups can significantly 

enhance CO2 binding by activating exposed edges and terraces to introduce additional 

binding sites making the edges potentially viable gas binding sites.  
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Table 2.5: Physical Properties of Selected Flue Gas [145]. 

Flue Gas 

Polarizability 

(10-25 cm-3) 

Dipole moment 

(10-18 esu-1 cm-1) 

Quadrupole moment 

(10-26 esu-1 cm-1) 

N2 17.4 0 1.52 

CO2 29.1 0 4.30 

O2 15.8 0 0.39 

H2O 14.5 1.85 - 

H2 8.0 0 6.62 

 

Recently, Dasgupta et al., further demonstrated the strength of edge functionalized 

graphene nanoribbons on CO2 capture by examining the influence of particular functional 

moieties (-OH, -NH2, -NO2, -CH3, and –COOH) on the selective separation of CO2 from 

its mixtures with N2 by combining first principle (ab initio) and Monte Carlo simulations 

[146]. The results showed that CO2 binds strongly to the –COOH functional group with 

higher binding energy (-5.84 kJ/mol) compared to other functional groups (-NH2 (-4.79 

kJ/mol), -CH3 (-2.93 kJ/mol), -OH (-2.20 kJ/mol) and –NO2 (-0.84 kJ/mol) whereas N2 

showed a strong affinity with the sides with –COOH and OH groups (Figure 2.8). This 

can be presumed due to the overall increase in vdW interactions because of the C=O bond 

present in the –COOH group. These studies showed that sit-specific functionalization with 

–COOH has a prominent effect on the local gas adsorption characteristics and may be used 

as a potential route to manipulate graphene sheets for high CO2 capacity and selectivity.   
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Figure 2.8: Binding energies of CO2 and N2 with functionalized benzenes obtained using 

DFT [146]. 

Doping: Another method employed to enhance the properties of graphene is a modification 

by chemical or substitutional doping with foreign atoms [147]. Generally, the type of 

dopant (depending on its electrophilic character) used determines the nature of the 

graphene as a p- or n-type semiconductor. The use of these dopants shown to inject either 

electrons or holes in the system changing its electronic properties, with the advantage that 

they can also play the role of adsorption sites. Experiments have shown that B and N atoms 

are the natural dopants for graphene and other carbon materials because of their similar 

atomic size as that of C (carbon atom) and their hole acceptor and electron donor characters 

for substitutional B- (electron-less) and N-(electron-rich) doping respectively. It has been 

proved theoretically that doping graphene with B-, N-, and Bi-dopants can open its bandgap 

and enhance its electronic properties [148-152]. With these advanced achievements made 

by many researchers in modifying graphene through doping for application in electronic 

devices, environmental engineers and material scientists have gone further up to apply it 

in the adsorption of gas molecules. For instance, it has been shown theoretically that, N-
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doping plays a critical role in regulating the electronic and chemical properties of carbon 

materials. This is because it has a comparable atomic size and five valence electrons 

available to form strong valence bonds with carbon atom; making the carbon atom adjacent 

to the nitrogen atom (which is electron-rich and highly electron-negative) possess a higher 

positive charge due to low electron-negativity in the carbon atom [153]. This result in a 

positive shift of Fermi energy at the top of the Brillion zone of graphene [154]. In other 

words, there is a change in its transport properties compared to that of intrinsic graphene 

when the Dirac point moved from positive gate voltage (Vg) to negative Vg indicating the 

transition of graphene from p-type to n-type after annealing in NH3; which makes N-

graphene a promising material for multiple applications [155]. 

Cortés-Arriagada et al recently investigated the effect of Fe-doped monovacancy graphene 

(FeG) nanosheet on adsorbing harmful gas molecules (CO, CO2, SO2 and H2S) and co-

adsorption in O2 environments using DFT [156]. Table 2.6 compares adsorption energies 

of gases adsorbed on pristine and doped graphene. The effect of replacing carbon atoms in 

graphene with foreign atoms on the structure of graphene is obvious from the difference in 

the adsorption energies of both structures. Specifically, CO2 and other gas pollutants were 

chemisorbed onto FeG with binding energies of the range of 0.54-1.80 eV, improving the 

adsorption strength by at best 39% compared to those onto pristine graphene.  
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Table 2.6: Adsorption energies (Eads) and contribution of dispersion forces (EvdW) of the 

G-adsorbate and FeG-adsorbate systems. Energies are in eV [156]. 

System Eads EvdW 

With Pristine Graphene (G)   

G-CO 0.08 0.15 

G-CO2 0.11 0.19 

G-H2S 0.15 0.19 

G-SO2 0.28 0.29 

   

With Fe-doped Graphene (FeG)  

G-CO 1.60 0.12 

G-CO2 0.54 0.20 

G-H2S 1.19 0.18 

G-SO2 1.80 0.26 

 

2.3.3.2 MoS2 Modification  

Although, MoS2 has recently emerged as a promising energy storage and catalyst system 

due to its layered structure and unique electronic configuration [157, 158]. However, the 

low electron transfer of the basal plane of MoS2 results in low energy storage activities and 

sluggish catalytic kinetics [14, 15]. To date, numerous strategies have been employed for 

the fine-tuning of the physical and chemical properties of MoS2 and other TMD materials 

[16-19]. Both experimental and theoretical studies have been used to investigate the point 
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defects in MoS2 monolayer [159, 160] and revealed that point defects are usually more 

reactive than the sites on a perfect surface, among which single sulphur vacancy (S-

vacancy) is easily formed than anti-site defects [159] and the edge is usually less stable and 

more prone to doping [161]. The results showed that the defective MoS2 surface improved 

adsorption strength and catalytic activity of the MoS2 layer [160, 161].  

Another way to improve CO2 uptake capacity and intrinsic catalytic characteristics is to 

create basic or redox-active surface sites by incorporating nitrogen into a surface 

framework or introducing a promoter cation [24, 25]. These manipulate its conductivity 

and charge density to trigger the inert S atoms in the basal plane, thus, promote the transfer 

of electrons [19, 22, 23, 162]. This promotes the transfer of electrons between the surface 

and CO2, therefore enhancing the energy storage and catalytic activities [162]. A recent 

DFT simulation study proposed that nitrogen doping in monolayer MoS2 leads to a high 

electronic state density around N and Mo atoms and therefore enhance its electronic 

conductivity [19]. Allegedly, the synergistic effect of molecular doping and vacancy 

defects may further enhance the CO2 adsorption activity of MoS2. 

Besides, theoretical and experimental evidence has revealed that TM-doped MoS2 with the 

TM preferentially substituting the Mo atom at the S edge has significantly improved its 

energy storage and catalytic efficiency [161]. However, the improved catalytic activity 

varies with the nature of the constituting TM and its composition [163]. Hence, the intrinsic 

CO2 reduction and H2O splitting features of MoS2 can be readily tuned by incorporating 

specific TMs to enhance the catalytic activity and selectivity of these chemical reactions. 

For instance, Cu-based materials are the only known TM catalysts that produce a wider 

range of hydrocarbons with high FE [164]. Also, Co-based materials have exhibited 
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significantly enhanced catalytic activities towards CO2 reduction and water splitting [165-

167]. These TM materials possess abundant surface defects, disordered lattice, and low-

coordinated sites, which are closely correlated to the number of active sites and the reaction 

energy barrier of catalytic CO2 reduction and water splitting under ambient conditions [165, 

166]. Also, Metal (Fe-, Co, Ni and Cu) dopants are rationally anchored into the vacancy 

site of MoS2 lattice architecture to provide an additional dimension to tune the electronic 

structure of MoS2. 

In this regard, DFT has provided an opportunity to investigate the chemical environment 

between the foreign TM atoms and the host crystal at the atomic level [24, 25, 165]. 

Therefore, a deeper understanding of the promotional effects could be established for 

developing high-performance CO2 reduction and water splitting at a low cost. Moreover, 

the configuration of MoS2 should be delicately designed to ensure good electronic 

conductivity and maximize the exposed active sites. 

2.3.4 Graphene/MoS2 Hybrid 

In parallel with the efforts on graphene-like materials, recent studies have focused on the 

advantage of merging individual properties of different 2D materials. These 2D 

nanomaterials vary in terms of their electronic properties and functionality. For instance, 

graphene is a low-work function metallic electrode, hBN is an insulator, and MoS2 is 

generally an n-type semiconductor (a very active potential site for CO2 capture). However, 

their synergetic function is more attractive for technological applications. To this end, 

multilayer heterostructure materials are produced by stacking of 2D-crystals of each 

nanomaterial [26], bonded by relatively weak vdW like forces (Figure 2.9). 
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Figure 2.9: Building van der Waals multilayer heterostructure materials. 

Recently, interesting physics have already been observed in many hybrid systems, such as 

Ni(OH)2/graphene hybrid [168], SnO2/graphene hybrid [169] and so forth. Specifically, 

recently, the possibility of making graphene/MoS2 bilayer heterostructure has been 

demonstrated experimentally. Experimental findings show that synthesized materials are 

more thermally stable with high adsorption capacity [170]. Chang et al. [171] first reported 

a facile in situ solution-phase reduced method for growing MoS2 layers on graphene to 

form MoS2/graphene hybrid. Their experimental results indicated that MoS2 growth on 

the surface of graphene increases its electron conductivity and electrochemical 

performance. 

Moreover, the space within the interlayer separation of these 2D nanosheets has often 

provided new and intriguing confinement environments for molecular interactions due to 

the nanoconfinement effect [172-175]. The confined space between layers of these 

nanosheets has provided lower loss and stronger localization of active sites. In addition, 
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the tunability of this spacing can enhance the physicochemical properties of these 

nanostructures. Examples of these properties include surface area, penetration depth, 

adsorption capacity and catalytic activity. Therefore, understanding the underlying 

principles of CO2 adsorption mechanisms within this nanoconfinement will provide in-

depth knowledge into the material science involving stacking routes of 2D nanomaterials 

(see Chapter 4). 

2.3.5 Computational analysis on CO2 adsorption  

The recent increase in computational chemistry has provided great and valuable insights 

into the interaction of adsorbate molecules with the adsorbent surface using molecular 

simulations, which has enhanced the ability of material scientists and engineers to interpret 

experimental observations at the atomistic level [176]. This in-depth understanding of the 

fundamentals of an adsorbent’s molecular structure and with the experimental data is 

particularly important for the rational design of new adsorbents scaled to meet the intended 

operating conditions. Also, molecular simulations constitute an extremely powerful tool 

for rapid and systematic screening of both existing and hypothetical adsorbents, 

necessitating experimental validation of only those that demonstrate the highest level of 

performance, which have saved time and resources [177]. With regards to numerous 

benefits, it is worth mentioning that there is an increase in interest in applying molecular 

simulation techniques to assess and predict CO2 adsorption materials. 
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2.4 Summary and Conclusions 

The rapid increase in anthropogenic CO2 emission primarily causing induced climate 

variation has surged research efforts into the design and development of highly efficient 

and selective gas adsorption systems. Based on the critical literature review, in addition to 

the adoption of renewable sources of energy, carbon capture and storage (CCS) has become 

one of many measures deployed to circumvent excessive emissions of CO2. However, the 

existing CO2 capture technologies mostly require increased process energy, which makes 

their application not cost-effective. On the other, nanostructured GAMs with high 

efficiency and low costs have been investigated largely for CCS. Due to their diverse 

properties, graphene and MoS2 materials have attracted more interest for CCS. This 

material has been reported to have a specific surface area, stability (thermal and chemical), 

tailorable surface chemistry and unique nano-structural configuration which makes it 

suitable for various forms of modifications. Modified graphene and MoS2 monolayer 

materials clearly showed several advantages over their bulk and pristine 2D structures due 

to the high density of edges and more reactive sites, respectively. Nanostructuring and 

modification of their properties, especially the surface area, enhance the practical 

applicability of these materials and their composites. Further, these materials do not require 

expensive technologies such as pre-combustion, post-combustion and oxyfuel-combustion, 

which makes their application easy of processing and cos-effective. 

Before this thesis work, a large number of novel CO2 gas-adsorbent materials have been 

computationally and experimentally reported. However, these studies lacked a few crucial 

investigations such as atomic-level understanding of the adsorption mechanisms of CO2 
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confined within the interlayer of 2D nanosheets.  Also, comprehensive analysis of CO2 

adsorption at various interlayer spacing of different multilayer structures comprising 

graphene-graphene and MoS2-MoS2 bilayers as well as graphene-MoS2 hybrids, and the 

effect of conformational anisotropy on adsorption and electronic properties is still limited. 

Further, despite the numerous investigations on gas molecules interaction with pristine 

[178, 179] and defective [160, 161] monolayer MoS2, there is no extensive study on the 

synergistic effect of nitrogen doping and vacancy defects engineering of MoS2 monolayer 

for enhanced CO2 adsorption activity. Selective performance of CO2 on N-doped defective 

MoS2 in presence of earth-abundant molecules such as H2O and N2 were rarely given 

importance. In addition, a single S vacancy in MoS2 monolayer reported study suggested 

that CO2 tends to run away from the vicinity of single S vacancy defect of MoS2 monolayer 

and can only be less attracted to the S vacant site. This is due to CO2 molecule orientation 

and the effect of lateral interaction between the O of CO2 pointing towards the S vacant 

site and the surface. Theoretical studies also showed that pristine graphene and MoS2 

monolayer are poor adsorbents for CO2 irrespective of these sites. These limitations hinted 

at the potential use of proper molecule orientation and lateral spacing, and tailored 

modifications of the adsorbent surface for improvement in adsorption performance.  

Some modification methods adopted include in-plane defects (substitutional, interstitial 

and vacancies cluster), covalent and non-covalent functionalization, intercalation and 

electrostatic tuning. These materials are investigated for gas storage both experimentally 

and computationally. This is particularly important for the rational design of new 

adsorbents scaled to meet the intended operating conditions. Based on the modification 

process, different reasons for improved sorption were obtained. In particular, experimental 
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CO2 adsorption data are comparatively analysed for various graphene-based materials at 

various operating conditions. However, at elevated pressures, the adsorption capacity of 

graphene-based materials showed tremendous improvement. Nonetheless, this is still 

subject to further studies. Moreover, integrating graphene with other materials of good 

sorption capacity such as MoS2, improved the adsorption capacity of the graphene-based 

material. However, the modification of interlayer spacing and structural configuration 

during the synthesis route is the key to enhancing the adsorption performance of these 

nanocomposites. This is attainable given the improving successes in atomic-level studies 

and the combination of design of experiments like nanoparticle tracking analysis. 

Furthermore, an extensive study on N atom doped MoS2 for CO2 adsorptions will pave the 

way towards developing an engineered MoS2 nanosheet with sufficient active sites for 

enhanced CO2 adsorption capacity and catalytic activity. Additionally, insight on the effect 

of vacancy defect and molecular doping on the adsorption and dissociation of CO2 and 

H2O over MoS2 monolayer needs to be investigated computationally. This will be well 

suited for acquiring green and sustainable energy resources and will initiate several 

experimental studies. The knowledge gaps observed here were taken into consideration 

that eventually motivated the computational investigation of tailored nanostructures for 

enhanced and selective adsorption of CO2, which can catalytically activate CO2 conversion 

and water splitting processes for a better catalysts design. 
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CHAPTER 3 

Computational Methods 

3.1 Overview of all Computational Methods 

The optimal functioning of a gas adsorbent involves considerations from rational design 

standpoints to guide experimental design. Computational chemists are concerned with 

models, which mimic real chemical systems or reactions. Any successful model must 

ultimately find its basis in quantum mechanics and solve the Schrödinger equation (or 

Dirac equation in relativistic quantum chemistry) [180]. It is a well-known fact that the 

computational design of gas adsorbent materials at the atomistic level is based on the 

general quantum chemistry that applies quantum mechanics to address problems in 

chemistry. Quantum mechanics describes a system by a wave-function that completely 

characterizes all of the physical properties of the system [180].  In this thesis, we employ 

a range of computational chemistry tools, including DFT [181], GCMC, ab Initio 

Molecular Dynamics (AIMD), ab Initio thermodynamics method [182, 183], Infrared (IR) 

Spectroscopy and Climbing Image Nudged Elastic Band (Cl-NEB) method [184] to 

investigate the adsorption properties of pristine and defective graphene and Molybdenum 

disulphide (MoS2) surfaces. In this chapter, a description of these methods is presented, 

with more focus on DFT, as this is the main method employed in this thesis.  Furthermore, 

an attempt has been made to describe the rational design approaches that are employed to 

investigate the interactions between gas molecules and the host sorbents.  
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3.2 Electronic Structure Computational Methods 

The governing interaction principles of electrons and atomic nuclei systems are 

electrostatic in nature. The Coulomb interaction, although simple in its form, becomes very 

complicated to handle already for a few particle ensembles and soon impossible to treat 

exactly with the current computational resources; thus approximations are called for. The 

ionic and electronic masses differ by a factor over three orders of magnitude so the ionic 

movement is much slower than the electronic and the nuclei are much more localized than 

the electronic wave function; therefore the nuclei move slowly in the instantaneous 

potential created by surrounding, more delocalized electrons[185]. With the advent of high-

speed computers being readily available, electronic structure computations have become 

an important component of theoretical and experimental chemical research. Calculations 

may be performed on highly reactive molecules and transition states as reliably as on stable 

molecules. There are several commercially available software with excellent graphics that 

allow for excellent viewing of three-dimensional structure, electron densities, and dipole 

moments. Thermodynamic information such as heats of formation and strain energies can 

be readily obtained from such software. Reaction dynamics can also be obtained such as 

transition state structures. Electronic structure approximation methods include the 

following, the Born-Oppenheimer approximation, H2
+ Molecule approximation, Molecular 

Mechanics methods, ab initio and semi-Empirical Methods [180]. The underlying principle 

of these electronic structure computation methods is finding solutions to the fundamental 

equation that describes quantum behaviour of atoms and molecules, the Schrödinger 

equation, in settings of practical values; thus the total many-body wave function can be 
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factorized into one-electron (body) wave functions for ease of solving the Schrödinger 

equation. 

Computational procedures exist which approach the exact result but are too demanding for 

all except few-atom systems; in the physics community the Quantum Monte Carlo (QMC) 

[186-189] and in the quantum chemistry community the Configuration Interaction (CI) 

[190, 191], which is used to accurately model the wave function and used within the wave 

method to solve the Schrödinger equation, have existed already for decades but still have 

their limitations. In the QMC method, the many-body electron wave function is probed 

stochastically and the physical observables are obtained as statistical averages. Different 

algorithms exist, of different accuracy: the Variational Monte Carlo (VMC), the Diffusion 

Monte Carlo (DMC) and the Green's Function Monte Carlo (GFMC). The so-called sign 

problem [192, 193] arises from the fermionic exclusion principle and makes the 

methodology much more difficult than for bosons. The quantum Monte Carlo algorithms 

have progressed in recent years in the speed for calculation [194-196], but are not broadly 

used for studies of realistic materials due to the higher complexity in the practical 

implementation than for instance, in the ab initio (first-principle) density functional 

calculations and thus making DFT the most used approach in physics and physical 

chemistry nowadays, which justifies the reason for using it in this work. Any successful 

model must ultimately find its basis in quantum mechanics and the starting point of any 

discussion of quantum mechanics is, of course, the Schrödinger. 
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3.2.1 The Schrödinger Equation  

The mainspring of modern theoretical chemistry is the time-independent Schrödinger wave 

equation [197], which was proposed by Austrian physicist Erwin Schrödinger in 1926.  It 

accounts for the quantum mechanical behaviour of atoms and molecules in mathematical 

form   

Ĥ𝛹𝑇 = 𝐸𝛹      3.1 

Where Ĥ is the Hamiltonian operator for the system, E is the energy of the system, and Ψ 

is the wavefunction or eigenfunction of an N-electron system that contains all its physical 

information. 

The form of the molecular Hamiltonian is given by the sum of the nuclear and electronic 

kinetic energies, �̂�𝑁  and �̂�𝑒 , together with nuclei-nuclei repulsion, �̂�𝑁𝑁 , electron-nuclei 

attraction, �̂�𝑒𝑁, and electron-electron repulsion, �̂�𝑒𝑒, potential energies, 

Ĥ = �̂�𝑒 + �̂�𝑁 + �̂�𝑁𝑁 + �̂�𝑒𝑁 + �̂�𝑒𝑒     3.2 

Which gives a full non-relativistic Hamiltonian in atomic units that can be written as 
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                      3.3 

rij, riA, and RAB, represent the difference between the particles position vectors given as riA 

= │ri – RA│, and RA = (RAx, RAy, RAz), the summations run over the N electrons and M 

nuclei of the system, ZA and MA are the respective nuclear charges and masses, and the 

Laplace operator, ∇2, can be defined in Cartesian coordinates by 
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∇2=
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
                                                                          3.4 

3.2.2 Born-Oppenheimer Approximation 

The molecular wavefunction, Ψ, is a complex mathematical function of the positions of all 

electrons and nuclei within a given system and in most cases is unknown. The Born-

Oppenheimer approximation [198] allows de-coupling of the electronic and nuclear 

degrees of freedom in the electronic and nuclear structure problems based on the 

assumption that the electrons can respond to changes in the nuclear potentials 

instantaneously, and that the nuclei in a molecule are at stationary positions compared the 

electrons, hence, 

𝐸 = 𝐸elec + 𝐸𝑛𝑢𝑐       3.5 

Where  

𝛹 = 𝛹𝑒𝑙𝑒𝑐 + 𝛹𝑛𝑢𝑐       3.6 

Now the electronic degrees of freedom can be solved with the nuclei held fixed and 

electrons in the electronic wavefunction can be regarded as classical point charges. 

Therefore, the Hamiltonian operator (Ĥ) obtained after applying the Born-Oppenheimer 

approximation is the electronic Schrödinger equation which has only three terms: the 

kinetic energy of the electron (�̂�𝑒), electron-electron (�̂�𝑒𝑒) and external field (�̂�𝑒xt) which 

accounts for electron-nucleus interactions 

Ĥ = �̂�𝑒 + �̂�𝑒𝑁 + �̂�𝑒𝑥𝑡     3.7 
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The Born-Oppenheimer approximation is often a precise treatment but sometimes it 

notoriously fails for the nuclei of the light atoms, especially hydrogen. Despite these 

simplifications, the electron structure is a many-body problem, and thus still not exactly 

solvable in a reasonable time. Quantum chemistry is predominantly concerned with the 

solution of the electronic Hamiltonian. Therefore, techniques for calculating the electronic 

energy within this approximation is very important. 

3.2.3 Hartree-Fock Theory 

The fact that the molecular wavefunction, Ψ, depends on the coordinates of all the electrons 

in the molecule, Hartree proposed the separation of variables whereby the electronic 

wavefunction can be separated into a product of functions that depend only on one electron 

or orbital [199]. This made Hartree-Fock theory one of the simplest quantum chemical 

methods for solving the so-called electronic Schrödinger equation for many-electron 

systems. These orbitals are dependent on both spatial and spin components, although the 

majority of studies considered closed-shell systems that have electrons of opposite spin 

paired together with the same spatial components, hence we will exclusively consider it. 

𝜓↑(𝑋) = ∅(𝑟)𝛼(𝜔)      3.8 

𝜓↓(𝑋) = ∅(𝑟)𝛽(𝜔)      3.9 

Hartree-Fock theory can be summarized in full electronic wavefunction and may be 

expressed as  

𝛹𝐻(𝑟1,   𝑟2,   𝑟3, … , 𝑟𝑁) = ∅1(𝑟1)∅2(𝑟2)∅3(𝑟3) … ∅𝑁(𝑟𝑁)     3.10 

Where the system contains N-electrons.  
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This wavefunction can be reformulated to reflect the Pauli principle by constructing it from 

Slater determinants as explained in the literature [200, 201]. The equations that arise in 

Hartree-Fock theory are solved in an iterative process that minimizes the energy, allowing 

an approximate wave function and electronic energy to be determined. However, an 

implicit assumption in Hartree-Fock theory is that electrons only see an averaged potential 

of the other electrons, which introduces a small error known as the correlation energy, EC 

𝐸𝐶 = 𝐸𝑒𝑥𝑎𝑐𝑡 + 𝐸𝐻𝐹        3.11 

Where Eexact is the exact non-relativistic energy within the basis set used and EHF is the 

Hartree-Fock energy.  

Despite accounting for around 1 % of the total energy, the correlation energy can be an 

important quantity correctly accounting for chemical behaviour. While several methods 

exist to go beyond the Hartree-Fock approximation and calculate the correlation energy 

using the wavefunction, the remaining chapters of this work will focus on the use of density 

functional theory (DFT) to account for electron correlation. 

3.3 Overview on General Density Functional Theory 

DFT is one of the first-principle (also called ab initio) methods of obtaining an approximate 

solution to the Schrödinger equation of a many-body system. Consequently, DFT has 

become one of the most popular, powerful, versatile and successful quantum 

chemical/mechanical modelling methods. DFT has been found to accurately predict 

adsorption energies of adsorbent-adsorbate interactions by eliminating the issue of 

transferability and as such provided reaction schemes and models that are interesting 
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targets for experimental validation studies. DFT is commonly employed in practice to 

investigate the electronic, magnetic, structural and vibrational properties of molecules, 

materials and defects. It has practical utility and is highly valuable to most electronic 

structure calculations in quantum chemistry and condensed matter physics. It was 

formulated by Hohenberg, Kohn, and Sham and aims to describe the ground state 

properties of many-electron systems in terms of the electronic charge density. Its 

approaches accurately obtain directly the interactions between atoms by applying the 

principles of quantum mechanics to the electrons and nuclei, which eliminates the issue of 

transferability. It is being used for calculating the binding energy of molecules in chemistry 

and the electronic and phononic band structures of solids in physics. In the present thesis, 

DFT calculations are performed to investigate ground state electronic and structural 

properties of two-dimensional systems. Hence, the description of the method and an 

explanation of its features are necessary for the correct interpretation of the results obtained 

from band structure calculations. 

3.3.1 Hohenberg-Kohn Theorems  

DFT fundamental principle lies in the principle of Hohenberg-Kohn theorem  [202] in 

solving the so-called Schrödinger equation of the form of Eq. (3.1) using the electron 

density. The Hohenherg-Kohn Theorems of 1964 proved that the ground state electronic 

energy of any system is uniquely determined by a functional of the electron probability 

density which gives total energy (E[𝜌]) equation that has only three terms: the kinetic 

energy (T[𝜌]), electron-electron (Eee[𝜌]) interaction energy and external field (Eext[𝜌]) 

which accounts for electron-nuclei interaction energy, 
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𝐸[𝜌] =  T[𝜌] + 𝐸𝑒𝑒[𝜌] + 𝐸𝑒𝑥𝑡[𝜌]    3.12 

Where in atomic units 

𝑇[𝜌] = −
1

2
∑ ∇𝑖

2
𝑖     3.13 

And  

𝐸𝑒𝑒[𝜌] =
1

2
∬

𝜌(𝑟1,𝑟2)

𝑟12
𝑑𝑟1𝑟2    3.14 

𝐸𝑒𝑥𝑡[𝜌] = 〈𝜓 |∑ ∅(𝑟𝑖)

𝑛

𝑖=1

| 𝜓〉 = ∫ 𝜌(𝑟) ∅(𝑟)𝑑𝑟                                                                3.15 

The Hamiltonian within the Born-Oppenheimer is far simpler than the original, but still far 

too difficult to solve. The Hohenberg-Kohn theorem is one of the several methods to reduce 

Eq. (3.12) to an approximate but treatable form. 

 The conventional formulation of Hohenberg and Kohn theorems states that the total energy 

and other ground-state properties of a material are determined by its charge density (n (r)) 

as an unknown functional. This means that the total ground state energy of a many-electron 

system is represented as a functional of the density. Therefore, knowing the electron 

density functional, the total energy of the system in terms of ion-electron potential energy, 

ion-ion potential energy, electron-electron energy and kinetic energy can be determined. 

Thus, each term of Eq. (3.12) can be written as a functional of n 

𝛹𝐻|Ĥ[𝑛]|𝛹𝐻 = 𝛹𝐻 |T[𝑛] + 𝐸𝑒𝑒[𝑛] + ∑ ∅(𝑟𝑖)

𝑛

𝑖=1

| 𝛹𝐻                                                       3.16 
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Hohenberg-Kohn theorems show that it is possible to use ground state density the physical 

properties of a system, however, it does not tell us how to calculate Ĥ[𝑛] from n. It also 

does not tell us how to find n without first finding the wavefunction. This difficulty is 

overcome by the Kohn-Sham equation, which leads to the discussion of the Kohn-Sham 

method [203].  

3.3.2 Kohn-Sham Theorems  

In an attempt to make additional progress, Kohn and Sham [203] introduced correlation 

energy as part of the total energy absent in the Hartree-Fock solution. They considered that 

the interacting electron density𝜌(𝑟), could be constructed from a set of auxiliary non-

interacting electron orbitals 

𝜌(𝑟) = ∑ ∅𝑖
∗(𝑟)∅𝑖(𝑟)                                                                      3.17

𝑛

𝑖=1

 

They rewrote the total energy E = T + V by re-separating total energy functional into the 

following part 

𝐸[𝜌] =  𝑇𝑆[𝜌] + 𝐸𝑒𝑥𝑡[𝜌] + 𝐸𝐽[𝜌] + 𝐸𝑋𝐶[𝜌]    3.18 

Where 𝐸𝐽  and 𝐸𝑒𝑥𝑡  are similar to Eq. (3.14) and (3.15), respectively. The remaining 

unknown components of the density functional can then be collected into a single 

exchange-correlation term,𝐸𝑋𝐶[𝜌] and the resulting energy expression in Eq. 1.31, can be 

solved using a Slater determinant and self-consistent method (SCF) procedure similar to 

Hartree-Fock theory [200, 201]. 
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Kohn-Sham method represents an exact description of the ground-state properties of many-

body systems. However, the exchange-correlation functional is unknown and demands 

further approximation. The accuracy of the electronic energy calculated in this way for a 

given basis set depends on how accurately the unknown terms for the exchange and 

correlation energies can be approximated. As DFT normally includes an approximation for 

the electron correlation energy missing from Hartree-Fock theory, DFT calculations can 

be highly accurate while having a comparable computational cost to a Hartree-Fock 

calculation. This has led to the development of a wide range of approximate exchange-

correlation functionals, with various approximations leading to differing accuracies for 

different chemical problems. While many functionals are used in this work, they can 

loosely be grouped according to the types of information they contain as gradient-corrected 

and hybrid functionals. 

3.3.3 Exchange-Correlation Energy/Functional 

The exchange-correlation energy has a purely quantum mechanical origin and can be 

defined as the interaction energy difference between a many-electron quantum system and 

its classical aspect. This is because electrons are indistinguishable particles that are known 

as fermions and therefore, when two particles exchanges orbital states, there must be a sign 

change in the wave function describing an ensemble of the electrons. This antisymmetric 

in quantum always leads to an effective repulsion between electrons known as Pauli 

repulsion, which helps in lowering their total Coulomb energy.  
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As stated earlier, Exc is very difficult to calculate and it represents a relatively small fraction 

of the total energy, but it is an extremely important quantity for all the physical aspects of 

materials and molecules because it acts directly on the bonding of atoms. The difficultness 

in calculating Exc increases when it involves the n-electron system, which is quite often 

encountered. This is because; the exchange correlation functional of the many-body system 

(n-electron-system), Exc [n] is unknown thus leading to its approximation in a practical 

sense. This is the only source of fundamental error in using DFT methods and depending 

on the approximation that is used the resulting approach may turn out to be valid or not for 

describing the systems and phenomena of interest. 

There are many popular Exc [n] approximations that are currently used in computational 

studies of Gas-Adsorbent Materials (GAM) but the most commonly used approximate 

functionals are those developed in the Local Density Approximations (LDA) [203] or 

Generalized Gradient Approximations (GGA) [204] The LDA and GGA bring in a 

nonphysical electron self-interaction energy [205-209] which has been successful in 

cancelling the self-interaction energy between the different calculations that are combined 

into a property. Meanwhile, this error cancellation can no longer be relied upon when it 

comes to dealing with the prediction of relative energies of compounds with varying 

electronic environments that are significantly more challenging. Although, efforts have 

been made by several researchers to introduce advanced functionals that will mitigate the 

self-interaction error. However, the major problem lies in the relative degree of accuracy 

and computational expense associated with those DFT approaches [10] as shown in Figure 

3.1.  
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Figure 3.1: Representation of common levels of Exc approximation within density 

functional theory together with some general features. Regions coloured in red indicate 

“High" and in blue “Low". The typical size of the systems that can be handled with those 

approaches are indicated on the right margin of the figure. 

3.4 DFT Calculation of Vibrational Frequency 

Despite the very satisfying prediction of properties of a wide variety of interesting materials, 

in DFT calculations using improved exchange correlations functionals, there is a common 

issue about DFT calculations: namely, that it is a zero temperature approach. What is meant 

by this is that the calculations tell us about the properties of material in which the atoms 
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are localized at “equilibrium” or “minimum energy” positions. In classical mechanics, this 

corresponds to a description of a material at 0 K (zero-point energy (ZPE)). This criticism 

implies that it may be interesting to know about how materials would appear at 0 K, but 

real life happens at finite temperatures. This subsection aims to show how DFT calculations 

can give useful information about materials at nonzero temperatures. As a starting point, 

imagine a material that is cooled to 0 K. In the context of classical mechanics, the atoms in 

the material will relax to minimize the energy of the material. This will refer to the 

coordinates of the atoms in this state as the equilibrium positions. One of the simplest 

things that happen (again from a classical perspective) if the material is raised to a nonzero 

temperature is that the atoms in the material will vibrate about their equilibrium positions. 

From a more correct quantum mechanical perspective, the vibrations that are possible 

around an atom’s equilibrium position contribute to the material’s energy even at 0 K via 

zero-point energies. In many instances, these vibrations can be measured experimentally 

using spectroscopy, so the frequencies of vibrations are often of great interest. In this 

subsection, a look at how DFT calculations can be used to calculate vibrational frequencies 

is discussed briefly. 

The vast majority of vibrational calculations are based on the harmonic approximation 

since to go beyond this approximation requires significantly greater sampling of the nuclear 

potential energy surface, and the calculations soon become prohibitively expensive as the 

number of atoms increases. Of the electronic structure methods available, DFT is 

potentially the most useful for the evaluation of nuclear force fields. This is because its 

relatively low computational cost makes accurate calculations possible for large systems, 

albeit with a wide choice of approximate exchange and correlation functionals [210]. 
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In the harmonic approximation, the potential energy surface around an equilibrium 

structure is approximated by its second-order Taylor series with initial and equilibrium 

bond lengths (b and b0).  

𝐸 = 𝐸0 +
1

2
(𝑏    𝑏0)2 [

𝑑2𝐸

𝑑𝑏2]
𝑏    𝑏0

     3.19 

Treating the nucleus of the atoms of the molecule AB (mA, mB, the mass of atom A and B, 

respectively) following Newton’s force law and a little algebra shows that the bond length 

oscillates with a characteristic vibrational frequency 

𝜐 =
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2𝜋
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1
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√𝛼 (

𝑚𝐴+𝑚𝐵
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)     3.20 

𝛼 =[
𝑑2𝐸

𝑑𝑏2]
𝑏    𝑏0

        3.21 

Using DFT, vibrational frequencies and normal modes can then be obtained simply by 

diagonalizing the mass-weighted Hessian matrix, which requires only the second 

derivatives of the energy with respect to the nuclear coordinates to be evaluated. While this 

model provides an effective general treatment of the vibrational structure, the specific 

anharmonicity in the fundamental frequencies is inherently ignored. Hence, an empirical 

linear frequency-scaling factor is introduced as a further correction. Unfortunately, plane-

wave DFT calculations do not routinely evaluate an analytical expression for the second 

derivatives of the energy with respect to atomic positions. However, a good estimate of the 

second derivative can be obtained using a finite-difference approximation. Normally, for 

the 0.005−0.04 Å range of displacement, the calculated vibrational frequency is relatively 

insensitive to the value of finite-difference displacement. For larger and smaller 
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displacements, however, this situation changes markedly. In practice, it is a good idea to 

choose displacements that result in energy differences about 0.01–0.10 eV since these 

energy differences can be calculated accurately without requiring extraordinary care. For 

most materials, these energy differences correspond to finite-difference displacements in 

the range of 0.03–0.1 Å. As with any DFT calculation, it is wise to perform a series of 

calculations testing the consistency of your numerical results as a function of finite-

difference displacements when you begin to examine the vibrational properties of new 

material (see Chapters 5, 6 and 7). 

3.5 Ab Initio Molecular Dynamics (AIMD) 

The basic concept of AIMD is that the natural use of DFT calculations might be to perform 

molecular dynamics (MD) by calculating total potential energy, U (r1,…, r3N) with DFT. 

That is, the potential energy of the system of interest can be calculated “on the fly” using 

quantum mechanics, unlike in the classical MD that emphasized that the dynamics of atoms 

can be described if the potential energy, U (r1,…, r3N) of the atoms is known as a function 

of the atomic coordinates. Hence, the Lagrangian for AMID approach can be written as 

𝐿 = 𝐾 = 𝑈 =
1

2
∑ 𝑚𝑖𝑣𝑖

2

3𝑁

𝑖=1

     𝐸⌊𝜑(𝑟1, ⋯ , 𝑟3𝑁)⌋                                                3.22 

Where K and U are the kinetic and potential energies, mi and vi and mass and velocities of 

each atom, respectively. 𝜑(𝑟1, ⋯ , 𝑟3𝑁), represents the full set Kohn–Sham one-electron 

wave functions for the electronic ground state of the system. This Lagrangian suggests that 

calculations be done sequentially: first, the ground-state energy is calculated; then the 
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positions of the nuclei are advanced using one step of MD; then the new ground-state 

energy is calculated; and so on. We will refer to any method that advances the positions of 

nuclei along trajectories defined by classical mechanics from forces calculated from DFT 

as ab initio MD. Because of the limited size of time steps that can be taken with MD, 

finding methods to perform these calculations with great efficiency was extremely 

important for making them feasible for physically interesting problems. A key 

breakthrough that changed ab initio MD from simply an interesting idea to a powerful and 

useful method was made by Car and Parrinello. They introduced an algorithm in which the 

separate tasks of following the motion of nuclei and finding the electronic ground state 

given the nuclear positions are treated in a unified way through an extended Lagrangian. 

The central idea in this approach is to define equations of motion for both the nuclei and 

the electronic degrees of freedom that are simultaneously followed using molecular 

dynamics. Car and Parrinello’s extended Lagrangian is cleverly constructed with nuclear 

equations of motion similar to Eq. (3.23) and the introduction of the electronic degrees of 

freedom as fictitious dynamical variables. Schematically, this extended Lagrangian is 

𝐿 =
1

2
∑ 𝑚𝑖𝑣𝑖

2

3𝑁

𝑖=1
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+ 𝐿𝑜𝑟𝑡ℎ𝑜                          3.23 

The first two terms on the right-hand side are the same as in Eq. (3.22), while the last two 

terms introduce fictitious degrees of freedom. The third term that has the form of kinetic 

energy introduces a fictitious mass, 𝜇, while the final term above is required to keep the 

one-electron wave functions orthogonal. When the velocities associated with the dynamics 

based on Eq. (3.23) are used to assign a temperature and scaled to bring T→ 0, the 

equilibrium state of minimal E is reached and the Lagrangian describes a real physical 
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system on the potential energy surface. This method is referred to as Car– Parrinello 

molecular dynamics (CPMD). Because the nuclear and electronic degrees of freedom are 

propagated simultaneously during a CPMD calculation, the total energy that is calculated 

at each time step does not correspond exactly to the true Born–Oppenheimer potential 

energy surface for the nuclear coordinates. This idea is illustrated in Figure 3.2, which 

schematically shows the instantaneous electronic energy observed during a CPMD 

simulation. It is also important to realize that the dynamics of the electronic degrees of 

freedom during CPMD cannot be interpreted physically as the dynamics of electrons; the 

equations of motion for the electrons are merely a mathematical device to allow the 

dynamics of the nuclei to be generated in a numerically efficient way. 

 

Figure 3.2: Schematic illustration of a CPMD trajectory along a single spatial coordinate. 

The smooth curve denotes the exact electronic ground state energy, while the symbols 

indicate the electronic energy calculated by the CPMD method at each time step of an MD 

simulation. 
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At the time it was introduced, the Car–Parrinello method was adopted for ab initio 

molecular dynamics as well as for determination of the Kohn–Sham ground state (because 

their technique was faster than contemporary methods for matrix diagonalization). This 

situation changed in the 1990s, as a variety of efficient numerical methods for solving the 

Kohn–Sham equations based on iterative linear algebra methods were developed and 

widely applied. When used appropriately, the electronic information from a previous MD 

step can provide a good initial approximation for the ground state of the updated nuclear 

positions, enabling the energy and forces for a new time step to be computed efficiently. 

MD methods based on this approach are often referred to as Born–Oppenheimer molecular 

dynamics (BOMD) because they directly explore the dynamics of nuclei on the Born–

Oppenheimer potential energy surface. Although the extended Lagrangian approach of Car 

and Parrinello remains influential, calculations based on direct minimization of the Kohn–

Sham equations at each time step are now more widely used. To conclude our brief 

overview of ab initio MD, we note that the dynamics defined by Eq. (3.22) define a 

microcanonical ensemble. That is, trajectories defined by this Lagrangian will conserve the 

total energy of the system. Similar to the situation for classical MD simulations, it is often 

more useful to calculate trajectories associated with dynamics at a constant temperature. 

One common and effective way to do this is to add additional terms to the Lagrangian so 

that calculations can be done in the canonical ensemble (constant N, V, and T ) using the 

Nose´ –Hoover thermostat as demonstrated in Chapters 6 and 7.  
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3.6 Computational Methods 

For this thesis, the DFT [181] implemented in Vienna ab initio simulation package (VASP) 

[211, 212] has been used for all calculations. The reason for this is that VASP uses periodic 

structures; hence, a plan-wave as a basis set for calculating the central quantities is the best 

choice as it is cheap. Also, it is known for its balanced computational efficiency and 

accuracy. In all calculations, the Projector Augmented Wave (PAW) [213, 214] potential 

as implemented in VASP is employed to describe the core-valance electron interaction of 

the atoms. This is largely due to its potentials in approximating the model of atomic-like 

core wavefunctions and actively calculating the valence electron states.  

In all calculations, the Perdew, Burke and Ernzerhof (PBE) [215] version of the generalised 

gradient approximation is used to find the exchange correlation functional. In Chapter 4, 

different dispersion schemes are employed to understand the effects of vdW forces on the 

adsorption properties for pristine and modified surfaces. Firstly, we include Grimme’s [216] 

DFT-D2 method, which adds a semi empirical pairwise force field to conventional DFT 

calculations. Then, we employ the vdW-DF functional of Langreth and Lundqvist et al, 

which adds a nonlocal correlation functional that approximately accounts for dispersion 

interaction [217-219]. The vdW-DFT methods with exchange-correlation energy given by 

revPBE [217], the opt functionals (optPBE and optB88) [220] for accurate exchange 

functionals for vdW correlation, and vdW-DF2 of Langreth and Lundqvist groups, [221, 

222] are considered. In Chapters 5-7 the simulation calculations are founded on spin-

polarized DFT-D2 calculations using Grimme’s [216] method. This calculation approach 

adds a semi-empirical pairwise force field to the conventional first-principles plane-wave 
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DFT calculations. This considers dispersion force, as it accurately describes the 

interactions for adsorption systems [223] from the benchmark study in Chapter 4.  

In all cases, the test for cutoff energy and k-point grid is required for convergence. To 

achieve this, three denser Г- centre meshes (5x5x1, 6x6x1 and 7x7x1) Monkhorst-Pack 

grids [224] k-point and cutoff energy (500, 600 and 700 eV) were tested for all the 

simulated systems. Finer k-points are used for sampling the Brillouin zone density of state 

calculations to ensure accurate prediction of the DOS of the semiconductors. The Gaussian 

smearing width was set to 0.2 eV. For geometry relaxation, we used the method of 

conjugate gradient energy minimization. The convergence criterion for energy is chosen to 

be 10-6 eV between two consecutive steps, and the maximum Hellmann-Feynman force 

exerting on each atom is less than 0.01 eV/Å upon ionic relaxation. Figure 3.3 summarises 

the simulation algorithm in VASP used for geometry relaxation and energy minimization. 

Using Bader charge analysis, charge transfer between molecules and the substrate is 

obtained [225]. All calculations are performed under the same relaxation criteria.  
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Figure 3.3: Schematic diagram for simulation algorithm in VASP. 

Furthermore, Infrared (IR) spectroscopy was performed to probe the structure of the 

surface adsorbates in Chapters 5 and 6. Frequencies of phonon modes for the surface 

adsorbates have been calculated through the finite difference method using a displacement 

of 0.015, by fixing all the atoms of the surface. In Chapter 6 the activation energies for 

the CO2 reduction and water dissociation reactions on N doped defected MoS2 surface were 

determined using the climbing image nudged elastic band (Cl-NEB) methods [184]. 

Subsequently, Finite temperature effects were analysed through ab initio molecular 

dynamics (AIMD) to study the reactions. Also, using the ab initio thermodynamics method 

[182, 183], the thermodynamic stability of the considered most stable adsorption surfaces, 

when exposed to a given environment were analysed.  

Finally, in Chapter 7 First-principles and Classical GCMC Monte-Carlo simulations were 

carried out using VASP and RASPA 2.0 simulations, respectively, to understand and 

differentiate how Sulphur vacancy defects affect the adsorption of CO2, N2, H2, CH4 and 
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H2O on MoS2. Classical GCMC Monte-Carlo simulations were performed to simulate 

adsorption isotherms between 0 – 100 bar for MoS2 with and without single vacancy 

defects. Single-molecule NVT Monte-Carlo simulations were also carried out to visualize 

the strongest adsorption sites, which can be, compared to ab initio data. 

3.7 Surface and Surface Simulation Models 

To study the surface and molecules interactions, there is a need to summarize how to 

construct surface models within the context of periodic boundary condition electronic 

structure calculations, and which geometric structure quantities of surfaces are used in our 

analysis.  Surfaces are generated when a bulk crystal is split. The created surface is the 

place where molecules from the gas phase or a liquid meet the material. Atoms at the 

surface will have lower coordination than those in the bulk. Because of the changed 

coordination, the surface geometry will relax or possibly even reconstruct to let surface 

atoms find their new equilibrium positions. There are two groups for ideal surfaces of cubic 

crystals, namely: low Miller index (flat) and high Miller index (stepped) surfaces. Low 

Miller index (flat) includes (100) and its equivalents ((010) and (001), (111) and (110). 

Because graphene and MoS2 have a crystal lattice easily described with Cartesian 

coordinates, we have used the (001) surface in this thesis as shown in Figure 3.4. 
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Figure 3.4: Top views of a (001) surface (a) graphene and (b) MoS2. (c) Supercell model, 

including slabs and vacuum. 

About surface simulations, different models can be used, most notably the cluster model 

and the supercell model. Cluster models treat the surface as a small isolated cluster of atoms, 

one facet of which has the same symmetry and atomic arrangement. This model is useful 

for materials with more localized wavefunctions, such as insulators like MgO. For metal 

and semiconductor surfaces with more localized wavefunctions as the crystal surface 

intended to study, however, it is not suitable, and the supercell model (Figure 3.3c) 

including slabs and vacuum is more preferred. The slab in the supercell is infinite and 

periodic in the directions parallel to the surface, but finite in the direction perpendicular to 

the surface. Such a setup thus enables band formation with the correct dispersions. Two 

important things should be kept in mind using a supercell model: The vacuum thickness 

should be large enough to avoid surfaces of consecutive slabs seeing each other, and the 

thickness of the slab should be thick enough to avoid interaction between the two surfaces 
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of one slab. This normally also ensures that the middle layer of the slab exhibits bulk-like 

properties. In all calculations in this thesis, a large vacuum layer of 15 Å is used in the 

direction to the interface as an isolated slab boundary condition to avoid interlayer 

interactions. All calculations are performed with a simulation box of a periodic 4×4×1 

supercell of monolayer MoS2 containing (16 Mo atoms and 32 S atoms) and 5×5×1 

supercell of monolayer graphene containing 50 C atoms for the monolayers as an initial 

computational model. The positions of all the atoms in the supercell were fully relaxed 

during structural optimization and were conducted for all the supercells with or without 

defects. In Chapter 5, the influences of different types of vacancies and level of N doping 

on the structural and electronic property of MoS2 monolayer was investigated. In addition, 

how N doping and various types of vacancies govern the electron transfer rate, as well as 

the efficacy for CO2 adsorption, were explored. Figure 3.5 shows the vacancy defects and 

Nitrogen doping formation used in Chapters 5 and 7. 

 

Figure 3.5: Vacancy defects and Nitrogen doping formation in MoS2 monolayer. 
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3.8 Output from the Calculations 

In this section, an effort is made to briefly explain the interpretation of the calculations in 

our analysis and what information can be won from the resulting output. 

3.8.1 Lattice Parameter 

The lattice constant is in principle the value that minimizes Gibbs’s free energy but due to 

the exchange-correlation term, the theoretical lattice constant is not the same as from the 

experiments. Usually, the temperature and zero point (ZPE) effects are also not included; 

these would increase the lattice constant typically less than once per cent. In Chapter 4, 

the lattice constant of bulk and pristine graphene and MoS2 sheets using a unit cell were 

calculated and compared with the literature to validate this method and its pseudopotentials. 

3.8.2 Adsorption Energies 

The binding energy of an adsorbate to a surface is not always uniquely determined, as its 

value depends on the energy reference. For instance, atoms that form strongly bound 

molecules can overcome the repulsion, which reigns between the adsorbed atoms and the 

surface. Hence, the value of binding energy obtained from calculations should account for 

a larger portion of the potential energy surface than only at the immediate vicinity of 

adsorption sites. The adsorption energy of CO2 molecule on multilayer and monolayer 

structures in Chapter 4 is calculated as: 

𝐸𝐴𝐸 = 𝐸𝑆𝑢𝑟𝑓+𝐶𝑂2
− (𝐸𝑠𝑢𝑟𝑓 +  𝐸𝐶𝑂2

)                                      (3.24) 
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Where𝐸𝑆𝑢𝑟𝑓+𝐶𝑂2
 is the total energy of the optimized structure with an adsorbed CO2 

molecule and 𝐸𝑠𝑢𝑟𝑓 and 𝐸𝐶𝑂2
 are the total energies of the pristine structure and isolated 

CO2 molecule, respectively. A negative value of 𝐸𝐴𝐸  indicates that the adsorption is 

exothermic which means that, the adsorption of CO2 molecules on the surface of the 

structures is favoured energetically. 

Whereas, in Chapter 5, the binding energies of N atom(s), EbN, on MoS2 surface were 

calculated according to the reference [226]. 

𝐸𝑏𝑁 = 𝐸𝑁+𝑀𝑜𝑆2
− ( 𝐸𝑁 +  𝐸𝑃𝑀𝑜𝑆2 

)    (3.25) 

where, E𝑁+𝑀𝑜𝑆2
 is the optimized total energy of the system N atom(s) + (4×4×1) supercell 

of MoS2 monolayer (pristine MoS2), E𝑁is the ground-state energy of the free N atom(s) 

calculated in the same supercell with the same parameters and E𝑃𝑀𝑜𝑆2 
is the total energy of 

the (4×4×1) supercell of MoS2 monolayer (pristine MoS2). A negative E𝑏𝑁 value indicates 

an exothermic process. The higher the value, the stronger the binding of the N atom(s) on 

the (4×4×1) supercell of the MoS2 monolayer.  

On the contrary, the binding energies of N atom(s) on the vacancy defect MoS2 surface 

will be affected strongly by vacancy formation energy Ev and can be calculated using Eq. 

(3.26 and 3.27).  

                  𝐸𝑏𝑁 = (𝐸𝑁+𝑀𝑜𝑆2
−  ( 𝐸𝑁 + 𝐸𝑃𝑀𝑜𝑆2 

)) − 𝐸𝑣   (3.26) 

𝐸𝑣 = 𝐸𝑥 + 𝐸𝑀𝑜𝑆2+𝑥
− 𝐸𝑃𝑀𝑜𝑆2

    (3.27) 



  81 
 

Ev was calculated using the approach defined in Ref. [226]. That is, by subtracting the total 

energy of the pristine structure (without any vacancy) (𝐸𝑃𝑀𝑜𝑆2
) from the sum of the total 

energy of a structure with a particular type of vacancy (𝐸𝑀𝑜𝑆2+𝑥
) and the total energy (ies) 

of the removed atom (𝐸𝑥, x is the removed atom, S or Mo). Negative Ev indicates stability. 

Similarly, the adsorption energy (EAE) of MoS2 surfaces in this chapter is calculated using 

Eq. (3.24). 

3.8.3 Density Difference 

The density differences describe the charge transfer in the system upon a change in the 

atomic configuration. The change here comprises extraction or inclusion of atoms or 

molecules: the positions of the corresponding atoms in different calculations have to be the 

same, that is, they must not be relaxed except in one case and the coordinates to the other 

calculations are taken from the relaxed one. Generally, the system we are interested in is 

an adsorbate on a surface, and although we refer to the density difference as arising from 

the adsorption, the geometry is taken from the final state, that is, the adsorbed system. Thus, 

the density difference in this characteristic case would be obtained by the formula: 

∆𝜌 = 𝜌𝑚𝑜𝑙𝑒+𝑠𝑢𝑟𝑓 − (𝜌𝑚𝑜𝑙𝑒 +  𝜌𝑠𝑢𝑟𝑓)                                      (3.28) 

Where  𝜌𝑚𝑜𝑙𝑒+𝑠𝑢𝑟𝑓  , 𝜌𝑚𝑜𝑙𝑒  and  𝜌𝑠𝑢𝑟𝑓  are the charge densities of non-interacting 

components (molecule and surfaces), isolated molecule and pure surface of the structures, 

respectively.  

In Chapter 5 the isosurfaces of the spin-charge density difference for the defective MoS2 

monolayer, ∆ρ𝑠, was obtained using Eq. (3.29): 
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∆ρ𝑠 = ∆ρ𝑁+𝑀𝑜𝑆2 − ( ∆ρ𝑁 +  ∆ρ𝑀𝑜𝑆2)    (3.29) 

 

where ∆ρ𝑁 and  ∆ρ𝑀𝑜𝑆2is the charge densities of the free N atom (s) and defect MoS2 

monolayer without N atom (s),  respectively, and ∆ρ𝑁+𝑀𝑜𝑆2 is the total charge density of 

defect MoS2 monolayer with N atom (s). 
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3.9 Summary and Conclusions 

In summary, this chapter detailed computational techniques such as DFT, molecular 

dynamics and grand canonical Monte Carlo. The new techniques that have been developed 

to computationally study adsorbent-adsorbate interactions at the atomistic level have been 

detailed. In conclusion, DFT is accurate, if we know how to derive necessary relations 

between density and energy. Unfortunately, energy functionals relating electronic density 

to energy are unknown, and there is no general way to improve them besides trying new 

ones and judging their quality by the results. However, DFT provides hope for an accurate 

method which scales with the fourth power of molecular size in the worst case, and possibly 

linearly for larger molecules [227]. 
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CHAPTER 4 

A Comparative Study of Mechanisms of the Adsorption 

of CO2 Confined within Graphene-MoS2 Nanosheets 

4.1 Introduction 

Results presented in this chapter focus on gaps in the literature discussed in Chapter 2. As 

mentioned in Chapter 2, an essential goal for carbon capture and storage technologies is 

identifying stable systems with improved CO2 capture has become [228, 229].  One of the 

ways of improving CO2 capture is using the space within the interlayer of 2-dimensional 

(2D) nanosheets, which have provided new and intriguing confinement environments for 

molecular interactions due to the nanoconfinement effect [172-175]. However, atomic-

level understanding of the adsorption mechanisms of CO2 confined within the interlayer of 

2D nanosheets is still limited. 

Motivation to carry out this present study stems from the impact of interlayer orientation 

on electronic properties and binding energy of substrate-grown monolayers [230, 231] and 

multi-layered structures of the same material [232]. Also, experiments have shown that 

combining Molybdenum disulphide (MoS2) and graphene provides tremendous active sites 

for molecule adsorption that could responsibly remove smoke particles, CO and other toxic 

volatiles [170]. Therefore, it is possible to attune structural parameters of these sites to 

facilitate CO2 adsorption. Moreover, experimental and theoretical studies have shown that 

this nano-space presents new and extraordinary behaviours for molecular intercalations 
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[172] and catalytic activities [173-175]. In this chapter, the effect of interlayer distance 

between 2D materials, graphene/graphene (GrapheneB) and MoS2/MoS2 (MoS2B) bilayers 

as well as graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) hybrids, on CO2 

adsorption mechanisms from first principles was investigated, to find the most stable 

conformation for CO2 adsorptions. A comprehensive analysis of CO2 adsorption energies 

(EAE) at a various interlayer spacing of different multilayer structures is performed to obtain 

the most stable adsorption configurations and the result is presented in section 4.3.2. The 

orientations and binding energies of CO2 molecule on these surfaces are determined as well 

(section 4.3.3).  

4.2 Computational Methods and Models   

This section details all the calculation methods and the supercell models of the monolayer 

nanostructured used as CO2 adsorbent materials. Additionally, the construction of the 

bilayer and hybrid structures utilizing the counterparts of each of the monolayers and 

addition of the lattice mismatch to impose a commensurability condition between the 

monolayers is discussed.    
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4.2.1 Computational Models 

Calculations are performed with a 4×4×1 supercell of monolayer MoS2 (1H-MoS2) 

containing (16 Mo atoms and 32 S atoms) and 5×5×1 supercell of monolayer graphene 

containing 50 C atoms for the monolayers. The MoS2 bilayer contains two 4×4×1 

supercells of monolayer MoS2 (32 Mo atoms and 64 S atoms) while the graphene bilayer 

contains two 5×5×1 supercell monolayers of graphene (100 C atoms). For the hybrid 

structure, a supercell containing 5×5×1 lateral periodicity of graphene and 4×4×1 lateral 

periodicity of MoS2 monolayer (16 Mo atoms, 32 S atoms and 50 C atoms) were employed 

which includes 1.9% lattice mismatch [233] to impose a commensurability condition 

between the graphene and MoS2 monolayer. To illustrate the fundamental properties of 

graphene-MoS2 hybrid, we chose a lateral lattice parameter for the triangular lattice a = 

12.34 Å that was optimized for isolated graphene which is in agreement with graphene-

based hybrid systems investigated previously [233] to ensure a smaller lattice mismatch. 

A large vacuum layer of 15 Å is used in the direction to the interface as an isolated slab 

boundary condition to avoid interlayer interactions. 

4.2.2 Computational Methods 

All calculations are carried out using DFT as explained in Section 3.6 (Chapter 3). 

Valence electrons for Mo and S are generated in 4p65s14d5 and 3s23p4 respectively, while 

valence electron for C is generated in 2s22p2. Different dispersion schemes are employed 

to understand the effects of vdW forces on the adsorption of CO2, which is detailed in 

Section 3.6 (Chapter 3). The test for cutoff energy and k-point grid is required for 

convergence. The Gaussian smearing width was set to 0.2 eV. The total energy was 
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converged to <10 meV for a plane-wave cutoff of 500 eV and 5×5×1 Monkhorst-Pack (MP) 

[224] k-point sampling for the Brillouin zone. Because of the large quasiparticle dynamics 

of graphene [234], the Brillouin zone sampling of electronic states was performed using a 

finer MP mesh with a size of 40×40×1 per unit cell. The tetrahedron method with Blöchl 

corrections for pure graphene monolayer and bilayer DOS was also adopted. Finer MP 

mesh and Fermi smearing width of 0 eV was used to ensuring accurate prediction of the 

DOS of semiconductors like graphene. For geometry relaxation, we used the method of 

conjugate gradient energy minimization. The convergence criterion for energy is chosen to 

be 10-4 eV between two consecutive steps, and the maximum Hellmann-Feynman force 

exerting on each atom is less than 0.03 eV/Å upon ionic relaxation. Using Bader charge 

analysis, charge transfer between the substrate and the adsorbate is obtained [225]. 

The adsorption energy of CO2 molecule on multilayer and monolayer structures are 

investigated. Adsorption energy is calculated as: 

𝐸𝐴𝐸 = 𝐸𝑆𝑢𝑟𝑓+𝐶𝑂2
− (𝐸𝑠𝑢𝑟𝑓 +  𝐸𝐶𝑂2

)                                      (4.1) 

Where𝐸𝑆𝑢𝑟𝑓+𝐶𝑂2
 is the total energy of the optimized structure with an adsorbed CO2 

molecule and 𝐸𝑠𝑢𝑟𝑓 and 𝐸𝐶𝑂2
 are the total energies of the pristine structure and isolated 

CO2 molecule respectively. A negative value of 𝐸𝐴𝐸  indicates that the adsorption is 

exothermic which means that, the adsorption of CO2 molecule on the surface of the 

structures is favoured energetically. 
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4.3 Results and Discussion 

This section discusses the CO2 adsorption mechanisms results for monolayers, bilayers and 

hybrid structures. Firstly, the bulk structure parameters were calculated and the results were 

compared with previous studies. The result of the effect of interlayer spacing on CO2 

adsorption is also discussed, to find the most stable conformation for CO2 adsorptions. 

Thereafter, the orientations and binding energies of CO2 molecule on these surfaces are 

comparatively discussed in detail.   

4.3.1 Bulk Structure Parameters 

Graphene and MoS2 have hexagonal structures consisting of C-C and S-Mo-S layers 

respectively. Bulk graphene has two layers and each layer known as a unit cell consists of 

a central carbon atom connected to three carbon atoms with an adjacent carbon atom on 

both sides of the layers. Bulk MoS2 also has two such layers, with molybdenum (Mo) atoms 

of one layer directly above the sulphur (S) atoms of the other layer and vice versa. The 

lattice constant of pristine graphene and MoS2 sheets using a unit cell was calculated and 

compared with to literature to validate this method and its pseudopotentials. Calculated 

values are 2.468 Å and 3.186 Å for graphene and MoS2 respectively, which are in excellent 

agreement with previous theoretical results of 2.463 Å and 3.20 Å [235]. Based on this 

agreement, all other calculations were carried out, which are discussed in the subsequent 

sections.  
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4.3.2 Effects of Interlayer Distance on CO2 Adsorption 

To obtain a clear understanding of the effect of the multilayer structures on CO2 adsorption, 

the adsorption energies of CO2 (EAE) at various interlayer distances of multilayer structures 

comprising graphene/graphene bilayer (GrapheneB), MoS2/MoS2 bilayer (MoS2B), 

graphene/MoS2 hybrid (GMoS2) and MoS2/graphene (MoS2G) hybrid were computed and 

the results are reported in Table 4.1. At the start of each geometry optimization procedure, 

the CO2 molecule is placed horizontally along the z-axis, at the middle distance between 

the two surface layers.  This is assumed to avoid the repulsive effect between the electrons 

of the surface atoms and the lower oxygen atom of the CO2 molecule. Such repulsive effect 

was commonly encountered in a configuration where the CO2 molecule is perpendicularly 

oriented to the surface. This was one of the initial configurations proposed for CO2 

physisorption on pristine graphene [236] and defected (0001) graphene sheet [237].  

As shown in Table 4.1, a more negative value means stronger CO2 adsorption. The positive 

values at separations below 6.0 Å indicate that the spacing between layers is so small that 

overlapping with CO2 occurred. Hence, energy is required to promote CO2 adsorption. 

According to Ataca et al [235], an interlayer spacing of 6.145 Å was estimated via DFT to 

be suitable spacing for molecule interaction in MoS2 interlayer. Below this, no adsorption 

(NA) will be observed, which corresponds to the results for MoS2B in Table 4.1. Similarly, 

the most-suitable interlayer distance that permits molecule adsorption in GrapheneB has 

been determined to be between 7 Å to 10 Å [83]. However, unlike MoS2B, energy is 

required to facilitate adsorption below this interlayer distance. This is attributed to the 

structural flexibility of graphene, in contrast to MoS2. Furthermore, it can be stipulated that 
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the required interlayer distance for CO2 adsorption in GMoS2 hybrid should be the sum of 

the equilibrium distance between GMoS2 substrate and the kinetic diameter of CO2 (3.30 

Å [238]). The equilibrium distance between GMoS2 substrate in different arrangements 

was measured to be around 3.32 Å [233, 239]. Hence, energy is demanded for CO2 

adsorption at interlayer distances less than 6.62 Å for the GMoS2 hybrid. Considering the 

CO2 molecule has a kinetic diameter of 3.30 Å [238], it is expected that CO2 intercalation 

should enlarge the distance between the graphene sheet and MoS2 surface and that of the 

bilayer surfaces. By expanding the vdW gap between the two sheets, a charge transfer 

between the guest and the host surface is expected to occur with a very large repulsive 

energy [240]. 
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Table 4.1: Adsorption energies of CO2 per carbon atom on different structures determined 

from different interlayered distance using PBE of GGA [215]. 

Interlayer 

Distance (Å) 

Adsorption Energies EAE (meV) 

GMoS2 MoS2G MoS2B GrapheneB 

3.5 237.20 27.98 (NA) 179.98 

6.0 61.10 44.87 (NA) 67.54 

7.0 -17.10 -9.01 -36.00 -10.50 

7.5 -23.55 -24.00 -38.00 -32.00 

8.5 -24.11 -25.09 -28.25 -17.15 

9.5 -15.76 -15.45 -16.90 -12.99 

10.5 -8.90 -9.00 -8.13 -4.57 

11.5 -9.76 -6.28 -4.76 -1.03 

12.5 -2.54 -1.84 -2.30 0.68 

13.5 -0.49 -0.55 -1.36 1.17 

                 NA: Not Adsorbed 

Figure 4.1 demonstrates the variation of interlayer spacing with CO2 adsorption energies. 

This figure shows that 7.5 Å and 8.5 Å interlayer spacing is the most stable conformation 

for CO2 adsorption on the bilayer and hybrid structures respectively. Also, as the interlayer 

distance increases, the CO2 binding energy increases as well, but come to a local minimum 

at 7.5 Å and 8.5 Å for bilayer and hybrid structures respectively. It is estimated that 

GrapheneB has the least total adsorption capacity given the considered range of interlayer 
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distance. It can be assumed that the presence of MoS2 in the hybrid buttressed CO2 

adsorption beyond interlayer spacing greater than 8.0 Å. The plot for the GMoS2 hybrid 

structure is in good agreement with the work of Ma et al [233], although only graphene 

adhesion on MoS2 was considered. The peak binding energies per C atom for GMoS2, 

MoS2G, MoS2B and GrapheneB are -24.11 meV, -25.09 meV, -38.00 meV and -32.00 meV 

respectively. Moreover, the adsorption energies of these multilayer structures seem to be a 

simple sum of the contributions from the constituents with decreasing binding energies in 

the order: MoS2B > GrapheneB > MoS2G > GMoS2. These values are low which 

correspond to the weak interaction between the layers and the CO2 molecule. This is due 

to the inability of conventional DFT approaches to describe dispersion force in adsorption 

systems. These values were improved when factors like CO2 orientation and the addition 

of vdW interactions between the CO2 molecule and the surfaces were considered. 

Furthermore, two different configurations of the bilayer heterostructure were considered. 

This is to explain the effect of structural anisotropy on adsorption energies of 

heterostructures. In the first structure, graphene is the substrate (GMoS2) while in the 

second case MoS2 is the substrate (MoS2G). Optimization results depict that there is a 

discrepancy in the binding energies of CO2 adsorption on these hybrid structures (GMoS2 

and MoS2G). This can be ascribed to the modality of the atom arrangement (C-Mo-S-O 

and Mo-S-O-C) just like in the case of zigzag and armchair arrangement of bilayer 

graphene [232] and interlayer orientation effect on bilayer heterostructures. This indicates 

that conformational anisotropy of this structure determines to a certain degree its CO2 

adsorption energy. The most appropriate orientation of this hybrid for optimal adsorption 

performance is subject to further investigation. 
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Figure 4.1: CO2 adsorption energy as a function of interlayer distance. Adsorption energy 

as a function of the interlayer distance between the two monolayers for all the studied 

multilayer structures. 

4.3.3 Effects of CO2 Orientation and Position 

To further understand the interaction of CO2 within these multilayer structures, we 

calculated CO2 adsorption energy at different CO2 orientations and positions (see Figure 

4.2-4.4) using the same optimum interlayer distance presented earlier. Table 4.2 

summarises the calculated adsorption energies per carbon atom for the most stable 

adsorption configuration of the multilayer structures in comparison with the most stable 

monolayers. In all calculations, CO2 was placed at the mid-point of the interlayer distance 

for the multilayer structure and the same value was chosen for the monolayers for proper 

comparison. Also, since the test for cutoff energy and k-point grid is required for 

convergence, we calculated total energies using different cutoff and k-points and the result 
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is summarized in Table 4.3-4.6.  The total energy was converged to ˂10 meV for a plane 

wave cutoff of 500 eV and 5×5×1 Monkhorst-Pack [224] k-point sampling for the Brillouin 

zone. The adsorption energies of the multilayer structures also seem to be a simple sum of 

the contributions from the constituents. The structures displayed low energies, which 

explains the difficulty of conventional DFT approaches to accurately reflect vdW force in 

the adsorption system. Our goal here is to gain insight into the surface most active site, 

which is the CO2 adsorption energies with respect to its positions and orientation on the 

surface. From obtained results, it is evident that the CO2 molecule prefers to interact with 

a parallel or inclined orientation with the adsorbent surface than the perpendicular 

orientation. For instance, considering the edge position of GrapheneB bilayer, the 

adsorption energy for parallel and 30o parallel-rotation are -27.05 and -23.62 meV 

respectively, but the value is -5.65 meV for the perpendicular attack of CO2 at the same 

position. This is due to the repulsive effect between the electrons in C-atoms (graphene) 

and the lower O-atom (CO2 molecule). Consequently, the molecule stays less bound to the 

surface compared to the optimum adsorption site. The same effect was addressed by 

Cabrera-Sanfelix when CO2 was placed initially perpendicular on defected graphene sheet 

[237]. CO2 parallel attack at the edge position is observed to be the most favourite 

adsorption site for GMoS2, MoS2B and MoS2G composites with stable adsorption energies 

of -27.16, -40.37 and -27.07 meV respectively, while the centre position was the most 

favourable adsorption site for GrapheneB (-32.37 meV). GMoS2 and MoS2G retained this 

position as its active site for CO2 inclined (30o and 45o respectively) attack on the surface 

(Figure 4.2), in contrary to GrapheneB, which favoured centre position as the favourite 

adsorption site (Figure 4.3). These differences can be attributed to changes in the electronic 



  95 
 

environment causing charge redistribution culminating in variation in adsorption 

capabilities. In addition, the adsorption capacity derived from the edge site of MoS2 [241, 

242] can contribute to these changes. For instance, MoS2 monolayer (M4×4) favoured the 

edge position as the favourite adsorption site while graphene monolayer (G5×5) favoured 

the centre position as the favourite adsorption site (Figure 4.4). Therefore, it is expected 

that the edge position will be most favourite adsorption site for the GMoS2 and MoS2G due 

to the inclusion of the MoS2 layer, whose catalytic activity occurs at the edge sites. Also, 

since M4×4 has higher adsorption energy (-20.33 meV) than G5×5 (-16.38 meV), it is 

expected that M4×4 will determine to a certain extent the adsorption properties of the 

hybrid structures (GMoS2 and MoS2G). 
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Figure 4.2: Relaxed geometric structures of CO2 adsorption on possible initial 

graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) hybrid configurations. Position 

and orientation of CO2 with respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, 

(c) Centre/perpendicular, (d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) 

Edge/parallel (rotated 30o), (g) Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 

45o). Energies are given in meV. Negative means heat release and blue, yellow, red and 

grey spheres depict Mo, S, O and C atoms, respectively. 
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Figure 4.3: Relaxed geometric structures of CO2 adsorption on possible initial bilayers of 

MoS2 (MoS2B) and graphene (GrapheneB) configurations. Position and orientation of CO2 

with respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, (c) 

Centre/perpendicular, (d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) 

Edge/parallel (rotated 30o), (g) Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 

45o). Energies are given in meV. Negative means heat release and blue, yellow, red and 

grey spheres depict Mo, S, O and C atoms, respectively. 
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Figure 4.4: Relaxed geometric structures of CO2 adsorption on possible initial monolayers 

of graphene (G5x5) and MoS2 (M4x4) configurations. Position and orientation of CO2 with 

respect to the surface are: (a) Centre/parallel, (b) Edge/parallel, (c) Centre/perpendicular, 

(d) Edge/perpendicular, (e) Centre/parallel (rotated 30o), (f) Edge/parallel (rotated 30o), (g) 

Centre/parallel (rotated 45o), and (h) Edge/parallel (rotated 45o). Energies are given in meV. 

Negative means heat release and blue, yellow, red and grey spheres depict Mo, S, O and C 

atoms, respectively. 

 

 

 

 



  99 
 

Table 4.2: Adsorption energies of possible initial configurations of CO2 adsorption on 

perfect multilayer and monolayer structures using PBE [215].  

 

Position/Orientation to the Surface 

Adsorption Energies EAE (meV) 

GMoS2 MoS2G MoS2B GrapheneB G5x5 M4x4 

Centre/Parallel -25.49 -26.98 -27.99 -26.47 -15.15 -17.13 

Edge/Parallel -26.48 -26.54 -40.37 -27.05 -13.21 -20.33 

Centre/Perpendicular  11.27  11.77 100.02 -25.64  -3.10  -9.92 

Edge/Perpendicular  38.00  47.97 -27.31  -5.65  -3.90  -4.23 

Centre/Parallel (rotated 30o) -23.27 -26.73 -37.44 -26.04 -16.38 -16.60 

Edge/Parallel (rotated 30o) -27.16 -26.60 -35.98 -23.62 -13.94 -19.37 

Centre/Parallel (rotated 45o) -24.03 -25.05 -37.75 -32.37 -14.07 -17.47 

Edge/Parallel (rotated 45o) -26.16 -27.07 -35.98 -28.23 -14.41  -19.23 

G5×5 and M4×4 are 5×5 and 4×4 supercells of Graphene and MoS2 monolayers respectively. 
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Table 4.3: Adsorption energies at EDDIF=10^-4 and EDDIG=-0.03, NSW=300, 

ENCUT=500, 5×5×1 KPOINT. 

Structure Adsorption Energies EAE (meV) 

Edge/Parallel (rotated 30o) (6GMoS2) -26.58 

Edge/Parallel (rotated 45o) 7MoS2G  -27.01  

Edge/Parallel (3MoS2)  -40.37 

Centre/Parallel (rotated 45o) (8Graphene)  -32.00 

Centre/Parallel (rotated 30o) (5G5x5) -15.34 

Edge/Parallel (3M4x4) -19.97 

 

Table 4.4: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.01, NSW=500, 

ENCUT=500, 5×5×1 KPOINT. 

Structure Adsorption Energies EAE (meV) 

Edge/Parallel (rotated 30o) (6GMoS2) -26.44 

Edge/Parallel (rotated 45o) 7MoS2G -26.84  

Edge/Parallel (3MoS2)  -39.85 

Centre/Parallel (rotated 45o) (8Graphene)  -32.01 

Centre/Parallel (rotated 30o) (5G5x5) -15.35 

Edge/Parallel (3M4x4) -19.65 
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Table 4.5: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.03, NSW=500, 

ENCUT=600, 6x6x1. 

Structure Adsorption Energies EAE (meV) 

Edge/Parallel (rotated 30o) (6GMoS2) -27.16 

Edge/Parallel (rotated 45o) 7MoS2G  -27.07  

Edge/Parallel (3MoS2)  -39.59 

Centre/Parallel (rotated 45o) (8Graphene)  -32.28 

Centre/Parallel (rotated 30o) (5G5x5) -15.53 

Edge/Parallel (3M4x4) -19.37 

 

Table 4.6: Adsorption energies at EDDIF=10^-6 and EDDIG=-0.03, NSW=500, 

ENCUT=700, 7x7x1. 

Structure Adsorption Energies EAE (meV) 

Edge/Parallel (rotated 30o) (6GMoS2) -27.14 

Edge/Parallel (rotated 45o) 7MoS2G  -27.61  

Edge/Parallel (3MoS2)  -39.63 

Centre/Parallel (rotated 45o) (8Graphene)  -32.37 

Centre/Parallel (rotated 30o) (5G5x5) -16.38 

Edge/Parallel (3M4x4) -20.33 
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Improved adsorption energies were obtained when the dispersion correction to DFT is 

considered. To consider dispersion force, we carried out a spin-polarized calculation using 

different dispersion force methods and compared the results with conventional DFT 

approaches. The adsorption energies significantly improved by incorporating vdW 

interactions between the CO2 molecule and the surfaces as shown in Table 4.7. However, 

there is no detailed experimental or computational data for CO2 adsorption on hybrid and 

bilayer structures so far. Based on previous calculations of CO2 adsorption on pristine 

monolayer graphene [236, 243] and MoS2 [178], the results obtained using optPBE 

functional for the monolayers should be reliable. In addition, we find that CO2 binds 

strongly to these multilayer structures. In fact, graphene bilayer gives the highest CO2 

adsorption energy among the multilayer structures when vdW-DF2 interactions are 

included, in contrast to conventional PBE results. This is contrary to the previous 

suggestion from conventional PBE results that the adsorption energy of the bilayers is 

approximately a simple sum of the contributions from the constituents. In addition, it is 

expected that the adsorption energy of CO2 on perfect graphene and MoS2 sheets to be 

lower because of the lack of dispersive interactions in DFT. Due to the addition of vdW 

interactions, there is a tendency for overestimation of molecule adsorption [68, 244]. For 

instance, vdW-DF2 correlation overestimates the adsorption energy of graphene bilayer, 

while revPBE and optPBE correlations overestimate the adsorption energy of MoS2 bilayer. 

Furthermore, it is observed that CO2 adsorption energies obtained when revPBE and 

optPBE correlations are included are similar. Likewise, there are similarities in the 

adsorption energies calculated using DFT-D2 and vdW-DF2 correlations except for the 

adsorption energy of bilayer graphene, which is overestimated, by vdW-DF2 correlation. 
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Also, the results of these correlations for the MoS2 monolayer are in good agreement with 

the previous calculation [178]. On the other hand, the stronger binding between CO2 and 

graphene monolayer when using DFT-D2 correlation is in agreement with reported values 

given for CO2 adsorption on perfect monolayer graphene, ~147-151 meV [68, 244]. 

Generally, the increase in CO2 adsorption energies with the introduction of vdW 

interactions indicates that vdW interaction dominates during the adsorption process. This 

is comparable with previous theoretical results that incorporated vdW interaction [178, 

228]. 

 



  104 
 

Table 4.7: Comparison of adsorption energies (EAE, meV) of CO2 on bilayer, hybrid and monolayer structures determined from different 

methods.  

 

Structures 

This Work Reference a 

PBE DFT-D2 revPBE optPBE  optB88 vdW-DF2 PBE DFT-D2 

GMoS2 -27.16 -145.17 -321.73 -333.01 -242.13 -161.31 - - 

MoS2G -27.07 -169.14 -300.47 -313.54 -254.74 -186.46 - - 

MoS2B -40.37 -195.33 -1157.28 -1069.94 -829.09 -232.65 - - 

GrapheneB -32.37 -241.34 -405.23 -450.26 -368.47 -1694.0 - - 

G5x5 -16.38 -153.30 -209.58 -249.98 -224.41 -160.21 -

17.10[236] 

-60 [228] 

M4x4 -20.33 -126.30 -201.25 (-210[178]) -232.40 (-253[178]) -204.50 -152.38 -4.00[178] -139.0[178] 

a The corresponding values of previous calculations for monolayer graphene and MoS2 are given for the sake of comparison. The PBE adsorption energy of 

ref [178] for MoS2 monolayer appears to be too small, this is because ref [178] did not consider CO2 orientation, a similar value was obtained when we 

considered CO2 orientation (Table 4.2). Similarly, the DFT-D2 adsorption energy of ref  [228] for graphene monolayer is too small due to the same reason. 

But the revPBE and optPBE adsorption energies of the MoS2 monolayer are in good agreement with the adsorption energy of ref [178]. 
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4.3.4 Structural Parameters 

The optimized adsorption configuration of CO2 on the most stable multi-layered structures 

determined by PBE calculations and the stacking type of the structures are shown in Figure 

4.5. The bond length (C═O), angle of CO2 molecule, interlayer distances, C═C, Mo=S 

bond lengths and the molecular distance are presented in this figure. To further understand 

the interaction between CO2 and the surface, several structural parameters are calculated 

and compared with previous studies. Calculated bond length and angle for free CO2 

molecule are 1.177 Å and 179.87o respectively, which is in line with 1.16 Å and 180o from 

experiment [245], and 1.175 Å and 178o from previous theoretical calculation [236]. Based 

on experimental values, bond angles of adsorbed CO2 decreased by about 0.05o - 0.13o, 

depending on the structures of the nanocomposite (Table 4.8). There is no chemical 

bonding observed, and interactions are dominated by weak vdW forces. In other words, the 

entire adsorption is purely physisorption due to small adsorption energy and large 

separation height (molecular distance). Moreover, only the stable configurations obtained 

from PBE calculations are presented. This is because the inclusion of vdW interactions 

slightly changes the stable configurations. 
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Figure 4.5: The most stable configuration of the multilayered structures with adsorbed 

CO2. (a-d) are the top views of GMoS2, MoS2G, MoS2B and GrapheneB and (e-f) are side 

views of the same structures respectively. Colour code: Mo, blue, S, yellow, C, grey, and 

O, red. The lines define the interlayer distances, bond lengths, molecular distance while the 

cured lines define the bond angle. AA stacking type is chosen for both MoS2B and 

GrapheneB. This is because AA stacking of graphene has shown to be more preferable for 

intercalation of molecules according to ref [246] and ref [247]. Although the binding 

energy of  AB stacking of graphene bilayer is lower than AA stacking, which makes AB 

stacking more stable than AA stacking, but AA stacking intercalation structures are more 

favourable than AB stacking ones ref [247].  For the hybrid structures, the stacking type is 

chosen according to ref [239], where one C atom in the unit cell of graphene sits exactly 

below a Mo atom. It is reported by ref [233] that another configuration called TS, where 

the stacking is such that a C atom sits below an S atom, is equivalent in both the binding 

and electronic properties. 
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Table 4.8: Amount of charge transferred to CO2 molecule (single atom and CO2 molecule), amount of charge transferred from adjacent 

Mo, S and C atoms on the surface nearer to adsorbed CO2 molecule, and the change in bond length and bond angle after CO2 adsorption 

(length and angle, with angle change in parentheses)a 

 

Structures 

Amount of charge transferred (e) Bond Length (Å)   Angle (deg)   

O1 C O2 CO2  Mo S Cg C═O O═C═O 

GMoS2 -0.001 -0.018 -0.009 -0.028 0.001 -0.002 -0.001 1.18 179.95 (0.05) 

MoS2G 0.804 0.036 -0.030 0.810 0.000 0.000 -0.003 1.18 179.93 (0.07) 

MoS2B 0.035 -0.033 0.015 0.017 0.000 0.000 N/A 1.18 179.92 (0.08) 

GrapheneB 0.021 -0.012 -0.016 -0.007 N/A N/A -0.004 1.18 179.92 (0.08) 

G5x5 0.001 0.020 -0.015 0.006 N/A N/A -0.004 1.18 179.89 (0.11) 

M4x4 0.035 -0.047 0.002 -0.010 0.000 0.084 N/A 1.18 179.87 (0.13) 

a Bader charge analysis is used for the charge transfer calculations. Cg is the adjacent carbon atom of graphene surface that is nearer to the 

adsorbed CO2 molecule, while Mo and S are adjacent molybdenum and sulphur atoms of MoS2 surface that are nearer to the adsorbed CO2 

molecule. The adjacent atoms were chosen arbitrary based on their proximity to the adsorbed CO2 molecule. The negative charge denotes 

electron gain. 
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Bader charge analysis shows that the interaction between CO2 and these surfaces causes 

charge transfer and redistributions (Figure 4.6). The amount of charge transferred from the 

Bader charge analysis is summarized in Table 4. It can be seen that while 0.028 e of charge 

is transferred to CO2 in GMoS2 surface where graphene is the bottommost layer, 0.810 e 

of charge is transferred from CO2 to MoS2 where MoS2 is the topmost layer. This could 

indicate that the modality of the atom arrangement (C-Mo-S-O and Mo-S-O-C) in both 

structures affects the charge transfer between the molecule and surface atoms. In order 

words, the conformational anisotropy of this structure determines to a certain point the 

charge transfer and redistribution just like in its CO2 adsorption energy. Meanwhile, in 

some cases, the adjacent S atom of MoS2 and C atom of graphene nearer to the adsorbed 

CO2 gain electrons, while the Mo atom losses an electron in all cases. This is because of 

the more electronegativity of S and C atoms compared to the Mo atom. Figure 4.6 presents 

the charge density difference plots for CO2 molecule-surfaces, obtained by the formula: 

∆𝜌 = 𝜌𝑚𝑜𝑙𝑒+𝑠𝑢𝑟𝑓 − (𝜌𝑚𝑜𝑙𝑒 +  𝜌𝑠𝑢𝑟𝑓)                                      (4.2) 

Where 𝜌𝑚𝑜𝑙𝑒+𝑠𝑢𝑟𝑓  , 𝜌𝑚𝑜𝑙𝑒  and  𝜌𝑠𝑢𝑟𝑓  are the charge densities of non-interacting 

components (CO2 and surfaces), isolated CO2 molecule and pure surface of the structures, 

respectively.  

The pink region shows the charge accumulation (electron excess) while the green region 

indicates the charge depletion (electron loss). In all the structures, it can be shown there is 

a noticeable polarization of the surfaces upon CO2 adsorption, and electrostatics interaction 

plays a role in the attractive interaction. Moreover, there is charge accumulation on GMoS2, 

MoS2G, MoS2B, GrapheneB, G5×5 and M4×4 upon CO2 adsorption, which suggests that 
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CO2 also has a charge-donor characteristic. In addition, polarization in GrapheneB and 

MoS2B structures showed to be stronger than in MoS2G, G5×5, GMoS2 and MoS2 

structures, which gives rise to larger adsorption energies. This explains why GrapheneB 

and MoS2B displayed larger adsorption energies (-241 and -195 meV, respectively) than 

the MoS2G, G5×5, GMoS2 and MoS2 (-169, -153, -145, and -126 meV, respectively) after 

spin-polarized DFT-D2 calculations mentioned earlier. 

 

Figure 4.6: Top and side view of charge density difference plots for (a) Graphene/MoS2 

hybrid, (b) MoS2/Graphene hybrid, (c) MoS2 bilayer, (d) graphene bilayer, (e) 4×4 

supercell MoS2 monolayer, and (f) 5×5 supercell graphene monolayer. The pink and green 

distribution correspond to charge accumulation (electron excess) and depletion (electron 

loss) respectively. Isosurfaces: ±5×10-5 e-1Å3. 
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4.3.5 Density of States (DOS) Plots 

To analyse the electronic properties of adsorbed CO2 interaction on the multilayer 

structures, the total and projected electronic density of state (TDOS) and (PDOS) were 

studied for graphene and MoS2 monolayer and bilayer surfaces before and after CO2 

adsorption. Figure 4.7 and Figure 4.8 shows that the DOS spectra for either valence or 

conduction band of the monolayers and bilayers surfaces do not have significant changes 

before and after adsorption. This indicates that the CO2 interaction with these surfaces is 

purely physisorption, involving weak interaction forces such as vdW and Lewis acid-base 

interaction. Subsequently, this will not affect the electronic structure of surface atoms 

significantly. Although, it is observed that the adsorption of CO2 introduces several distinct 

states at the lower-lying valence bands within the energy level of -22 eV to -25 eV, and 

offsets some peaks at the conduction bands within energy levels 2.5 – 5.0 eV. However, 

there is no noticeable modification of the DOS near the Fermi level, which also concludes 

that CO2 physisorption does not have a substantial effect on the electronic properties of 

graphene and MoS2. DOS spectra of graphene (G5×5) and MoS2 (M4×4) monolayer, 

bilayers (GrapheneB and MoS2B) and hybrid (GMoS2 and MoS2G) structures were 

compared. It is observed that the DOS spectra of the monolayer and bilayer structures are 

nearly the same. MoS2 (monolayer and bilayer) displayed a spectrum of an intrinsic 

semiconductor with a direct bandgap of 1.66 eV before and after CO2 adsorption, which 

fairly correspond with both previous experimental (1.80 eV) and computational (1.58 eV) 

results obtained for pure MoS2 monolayer, whereas graphene (monolayer and bilayer) 

exhibited a semi-metal spectrum with a small overlap between the valence and conduction 

band (zero bandgap material) [110, 226]. However, it is noted here that 5×5×1 K-point 
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mesh produced an un-converged sampling of Brillouin zone for pure graphene, and 

introduced small peaks around the Fermi level. This is attributed to the large quasiparticle 

dynamics of graphene [234], particularly at fewer K-point meshes like 5×5×1. To correct 

this anomaly, a very fine K-point mesh without increasing the computational cost was 

proposed. Accordingly, a finer MP mesh of size 40×40×1 in the unit cell and the 

tetrahedron method with Blöchl corrections was used to reproduce the Brillouin zone 

sampling of electronic states. The 40×40×1 K-point mesh centred at Г gave a faster 

convergence and accurately predicted the DOS of pure graphene. It also eliminated the 

small peaks around the Fermi level. As shown in Figure 4.7, the Dirac cone was obtained 

in pure graphene monolayer and bilayer, which is unaffected after CO2 adsorption. The 

plots are in good agreement with the work of ref [248], which tested different K-point 

meshes to generate DOS of graphene monolayer and bilayer structures. However, the DOS 

spectra of the bilayer heterostructure seem to be a simple sum of those of each constituent 

with a shift of the valence and conduction band. The conduction band shifted closer to the 

Fermi level, a characteristic of an n-type semiconductor. There is a noticeable modification of 

DOS spectra near the Fermi level, as the conduction band shifted closer to the Fermi level. This 

indicates a small bandgap opening due to the variation of on-site energy induced by MoS2 that 

is found in graphene/MoS2 bilayer heterostructures [233]. As shown in Figure 4.7 (1 and 2), 

the calculated bandgap is 0.04 eV irrespective of the modality of the atom arrangement in both 

structures. This specifies that graphene monolayer in the heterostructure loses its metallic, with 

massless electrons characteristic and become more semiconducting with a direct narrow 

bandgap; while significantly increasing the conductivity of MoS2 monolayer. This is 

comparable with other hybrid structures [233]. It is also observed that the DOS spectra of the 
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hybrid structures are the same, which indicates that the conformational anisotropy does affect 

the DOS spectra bilayer heterostructures unlike in its CO2 adsorption energy. 



  113 
 

 

Figure 4.7: Total DOS spectra before (1) and after (2) CO2 adsorption. (a) 5×5 supercell graphene monolayer, (b) 4×4 supercell MoS2 

monolayer, (c) graphene bilayer, (d) MoS2 bilayer, (e) graphene/MoS2 hybrid, and (f) MoS2/graphene hybrid. The dashed line represents 

the Fermi level. 
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Figure 4.8: Projected DOS spectra before (a) and after (b) CO2 adsorption. (G5×5) 5×5 

supercell graphene monolayer, (M4×5) 4×4 supercell MoS2 monolayer, (GrapheneB) 

graphene bilayer, (MoS2B) MoS2 bilayer, (GMoS2) graphene/MoS2 hybrid, and (MoS2G) 

MoS2/graphene hybrid. The dashed line represents the Fermi level. 
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4.4 Summary and Conclusions 

In this chapter, a comprehensive first-principles study of CO2 adsorption mechanism on 

graphene/graphene, MoS2/MoS2 bilayers and graphene/MoS2, MoS2/graphene hybrids 

using GGA-PBE is presented. CO2 adsorption energies, indicative of adsorption capacity, 

were calculated at various interlayer spacing. 7.5 Å and 8.5 Å interlayer spacing are the 

most stable conformation for CO2 adsorption on the bilayer and hybrid structures 

respectively, with the bilayers displaying higher adsorption capacities. Beyond interlayer 

spacing of 8.0 Å, CO2 adsorption was promoted by the presence of MoS2 in the hybrid. 

However, this varied with the configuration of the bilayer structure. Moreover, the most 

active adsorption site was determined by varying CO2 molecule orientations. A parallel 

CO2 attack at the edge position of the surface exhibited the most adsorption energies. 

Parallelly inclined orientations also showed promising adsorption potential, however, this 

varied in attack positions for each nanocomposite. The total electronic density of state 

analysis reveals that CO2 interaction with these surfaces is purely physisorption, which 

mainly involves weak interaction forces. The Bader charge analysis indicates that there is 

charge transfer and redistribution between the substrate and the adsorbate. In addition, it 

was demonstrated that conformational anisotropy could affect CO2 adsorption and other 

properties due to the modality of the atom arrangement (C-Mo-S-O and Mo-S-O-C) in both 

heterostructures.  

In general, the modification of interlayer spacing and structural configuration during the 

synthesis route is the key to enhancing the adsorption performance of these 

nanocomposites. This is attainable given the improving successes in atomic-level studies 
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and the combination of design of experiments like nanoparticle tracking analysis. Finally, 

the incorporation of vdW interactions boosted the adsorption energies; thus, portraying the 

importance of doping and functionalization in improving the adsorption performance of 

these composites and the monolayer structures (See Chapter 5). 
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CHAPTER 5 

Investigating N-Doping Enabled Defect-Engineering of 

MoS2 for Enhanced and Selective Adsorption of CO2 

5.1 Introduction 

The previous chapter detailed an excellent CO2 adsorption performance on pristine 

monolayer graphene and MoS2 when different dispersion schemes are employed. However, 

in a bid to  mitigate global climate change caused by anthropogenic CO2 emission [24], 

there is a need to continue with the quest to develop highly effective capture materials that 

can overcome the cost implications of existing capture technologies [9]. It was realized 

from a recent literature review regarding the growing efforts in utilizing the two-

dimensional (2D) transition-metal dichalcogenides (TMD) as they involve a comparatively 

simple molecular combination and can be fine-tuned to improve its sensing performance 

towards analty gas [249-251]. Additionally, TMDs are innately suitable for electronic 

applications because of low power consumption and have extraordinary physical, optical 

and electrical properties like maximum surface to mass ratio, low noise, high sensitivity 

and increased selectivity [13]. Inspite of numerous reports available in context to pristine 

TMDs based CO2 adsorbent materials; there is a sparse number of reports regarding the 

development of CO2 sensitive materials, which are extremely selective, stable and sensitive.  

Monolayer molybdenum disulphide (MoS2) is one of the two-dimensional (2D) transition-

metal dichalcogenides (TMD) that have been the focus of considerable interest over the 
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past two decades [108] due to much success in applications in electronics, energy storage, 

sensing, and photoluminescence [109]. As in the well-studied cases of graphene and 

graphene oxide (GO) [252-256], the high surface to volume ratio of mono and a few layers 

of TMD can be exploited for gas sensing applications.  Detection of CO2 using highly 

reduced GO flakes has been shown to be effective as the low adsorption strength of CO2 

on GO flakes surface results in easy desorption of gas molecules without light assistance 

[257]. Unlike graphene which has a zero bandgap, MoS2 is a semiconductor with a bandgap 

ranging from 1.2 eV (indirect) in bulk [19] to 1.9 eV (direct) in monolayer [110]. This 

change in band gap gives rise to the novel photoluminescence and electronic properties of 

the MoS2 monolayer and might unlock the potential of this material as a gas sensor and as 

an alternative material for CO2 capture.  

Calculations based on density functional theory (DFT), show that pollutant gases such as 

NO2, NO and SO2, can strongly interact with MoS2 surfaces owing to the charge transfer 

mechanism between gas molecules and MoS2, which explains its gas sensing properties 

[258, 259]. DFT calculations also show that MoS2 adsorbs H2 molecules, which prefer to 

bind with the S atoms of the monolayer thus enhancing its conductivity [260].  For non-

polar gas molecules, like CO2 and CH4, the perfect MoS2 surface cannot offer strong 

adsorbing sites, and the presence of defects, especially S vacancies, is essential to result in 

the possibility for these molecules to adsorb on MoS2 [20]. Another important feature is 

the large surface area created when the bulk is thinned into layers, with the surface area of 

exfoliated MoS2 flakes having a high density of edges which are potential active sites for 

electrochemical applications in sensing and energy storage, in particular for CO2 storage 
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[108, 109]. As the edge sites of MoS2 flakes are more reactive than the surface, the 

orientation of the flakes can be used to tune their response to target specific gases.  

To date, numerous strategies have been employed for the fine-tuning of the physical and 

chemical properties of MoS2 and other TMD materials [16-19]. Both experimental and 

theoretical studies have been used to investigate point defects in the MoS2 monolayer [159, 

160]. These studies have revealed that point defects are usually more reactive than the sites 

present on a perfect surface. The single sulphur vacancy (S-vacancy) point defect is more 

easily formed than anti-site defects [159] and the edge is usually less stable and more prone 

to doping [161]. The results showed that the defective MoS2 surface improved the 

adsorption strength and catalytic activity of the MoS2 layer [160, 161].  

An alternative way to improve CO2 uptake capacity is to create basic or redox-active 

surface sites by incorporating nitrogen into the surface framework, which manipulates its 

conductivity and charge density [19, 22, 23]. This promotes the transfer of electrons 

between the surface and CO2, therefore enhancing the energy storage activities [162]. A 

recent DFT study proposed that nitrogen doping in monolayer MoS2 leads to a high 

electronic state density around the N and Mo atoms and therefore enhancing its electronic 

conductivity [19]. The synergistic effect of molecular doping and vacancy defects may 

further enhance the CO2 adsorption activity of MoS2. However, despite the numerous 

investigations on molecules interacting with pristine [178, 179] and defective [160, 161] 

monolayer MoS2, there has not been an extensive study on CO2 adsorption on N atom 

doped MoS2, which has the potential to pave the way towards developing an engineered 

MoS2 nanosheet with sufficient active sites for enhanced CO2 adsorption capacity.  
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In this chapter, a fundamental understanding of exploiting nitrogen doping (N-doping) for 

the preparation of defect-rich MoS2 with enhanced CO2 adsorption capacity is presented. 

The first-principles DFT study was carried out to investigate CO2 adsorption on defect-free 

monolayer MoS2 as well as MoS2 surface with different types of vacancies (single and 

double vacancies) with and without N-doping. The influence of different types of vacancies 

and levels of N-doping on the structural and electronic properties of the MoS2 monolayer 

was investigated. In addition, how N-doping and various types of vacancies govern the 

electron transfer rate, as well as the efficacy for CO2 adsorption, were explored. Infrared 

(IR) spectroscopy was also performed to probe the structure of the surface adsorbates. The 

adsorption of nitrogen and water molecules was investigated to ascertain the selective 

adsorption of CO2.  

5.2 Computational Methods and Models 

This section details the simulation models and methods employed to obtain the single and 

double vacancies as well as non-defective MoS2 planes and their decoration with N atoms 

by substitution route to form N-doped MoS2 systems in different types. The binding energy 

of the N atom(s) on the MoS2 surface and adsorption energy as well as other calculation 

details are also discussed. 

5.2.1 Computational Models 

A simulation box of a periodic (4×4×1) supercell of the MoS2 monolayer (PMoS2) 

previously used in Section 4.2.1 (Chapter 4) is used as an initial computational model. 
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The lateral value of the box is 12.76 Å × 12.76 Å [261]. A large vacuum layer of 15 Å in 

the direction to the interface is used as an isolated slab boundary condition to avoid 

interlayer interactions. The positions of all the atoms in the supercell were fully relaxed 

during structural optimization for all the supercells with or without defects.  

In order to simulate the vacancy defect MoS2 systems, one or two adjacent Mo or S atoms 

were removed to create a stable single or double vacancy-defected MoS2 (Figure 5.1) 

consistent with the literature [226]. Also, Mo or S atoms were substituted with N atom (s) 

to simulate N-doped MoS2 defect complex systems as shown in Figure 5.1. Also, 10 

different simulation boxes consisting of non-defective and defective periodic (4×4×1) 

supercell of MoS2 monolayer, starting with pristine MoS2 (PMoS2) are investigated. Five 

different N substitutional alone systems are created by substituting S, Mo, or S and Mo 

atoms with N atom (s). First, one, two or three S atoms are replaced by a corresponding 

number of N atoms to form single S (MoS2_1NS), double S (MoS2_2NS) or triple S 

(MoS2_3NS) N substitutional sites, respectively. A Mo atom is substituted by an N atom to 

create single Mo (MoS2_1NMo) N substitutional sites. In addition, Mo and S atoms are 

replaced by two N atoms to form a MoS double (MoS2_1NMo_1NS) N substitutional site. 

Subsequently, S single (MoS2_1VS) or MoS double (MoS2_1VMo_1VS) vacancy is created 

by removing one S or adjacent Mo and S atoms from the supercell. Finally, we create N 

substitutional S or Mo vacancy defect complex, namely S and Mo sites. S sites are created 

by substituting one S atom in a single S vacancy with an N atom (MoS2_1VS_1NS). It is 

worth mentioning that Mo vacancy (single and double) and double S vacancies are not 

considered in this study. A theoretical study has shown that 1 Mo-vacancy is not an active 

site for CO2 molecule and double S vacancy bears close semblance to 1 S-vacancy in terms 
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of CO2 adsorption [18]. The Mo site is formed by replacing three neighbouring S atoms in 

a unit cell with three N atoms and removing adjacent Mo atoms (MoS2_1VMo_3NS). It 

should be noted that single Mo vacancy, double S vacancy and other possible N-doping 

sites were tested, but the stable structures are presented in Figure 5.1. Four different CO2 

orientations were also considered for CO2 adsorption on the structures, which is presented 

in Table 5.4. 

5.2.2 Computational Methods 

The simulations use spin-polarized DFT-D2 calculations using Grimme’s [216] method, 

as implemented in the Vienna ab initio simulation package (VASP) [211, 212]. This 

approach explained in Section 3.6 (Chapter 3), adds as a semi-empirical pairwise force 

field to the conventional first-principles plane-wave DFT calculations. The reason for using 

spin-polarized DFT-D2 correlation is that is in agreement with experimental values given 

for CO2 adsorption on perfect monolayer MoS2 from the benchmark studies on different 

dispersion schemes to understand the effects of vdW forces on the adsorption properties in 

Section 4.3 (Chapter 4). Hence, it takes dispersion interactions into consideration, and it 

accurately describes the interactions for adsorption systems [223]. The exchange-

correlation potential is treated with the generalized gradient approximation (GGA) 

functional of Perdew, Burke and Ernzerhof (PBE) [215]. A 500 eV cutoff energy was used 

for the plane-wave basis set. Г- centre meshes of 5x5x1 and 9x9x1 Monkhorst-Pack [224] 

k-point are used for sampling the Brillouin zone during geometry optimization and density 

of state calculations, respectively. The Gaussian smearing width was set to 0.2 eV. For 

geometry relaxation, we used the method of conjugate gradient energy minimization with 
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convergence criterion for the energy of 10-6 eV between two consecutive steps, and the 

maximum Hellmann-Feynman force exerting on each atom less than 0.01 eV/Å upon ionic 

relaxation. In order to test for cutoff energy and k-point grid is required convergence, two 

denser Monkhorst-Pack grids (6x6x1 and 7x7x1) and cutoff energy (600 and 700 eV) were 

tested for all the simulated systems. The results were compared for several selected 

parameters. It was found that the results from 5x5x1 Monkhorst-Pack grids were very 

similar to those for the 6x6x1 and 7x7x1 Monkhorst-Pack grids. The total energy was 

converged to ˂10 meV. Hence, we believe that 5x5x1 Monkhorst-Pack is dense enough 

for a 4x4x1 MoS2 monolayer and that 500 eV cutoff energy is suitable for the plane-wave 

basis set. Using Bader charge analysis, charge transfer between molecules and the substrate 

is obtained [225]. All calculations are performed under the same relaxation criteria.  

The frequencies of the phonon modes for the physisorbed and dissociated state have been 

calculated through the finite difference method using a displacement of 0.015, and by 

fixing all of the atoms of the MoS2 monolayer. This approach has shown to introduce little 

or no error in the computed frequencies and intensities of the adsorbed molecules and 

results in a significant reduction in computational cost [262]. The vibrational modes of the 

molecules in the gas phase were also computed to compare with the different adsorption 

configurations.    

5.2.3 Calculation Details 

The binding energies of N atom(s), EbN, on the MoS2 surface were calculated according to 

the reference [226]. 

𝐸𝑏N = 𝐸N+MoS2
− ( 𝐸N +  EPMoS2 

)    (5.1) 
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where, E𝑁+𝑀𝑜𝑆2
 is the optimized total energy of the system N atom(s) + (4×4×1) supercell 

of MoS2 monolayer (pristine MoS2), E𝑁is the ground-state energy of the free N atom(s) 

calculated in the same supercell with the same parameters and E𝑃𝑀𝑜𝑆2 
is the total energy of 

the (4×4×1) supercell of MoS2 monolayer (pristine MoS2). A negative E𝑏𝑁 value indicates 

an exothermic process. The higher the value, the stronger the binding of the N atom(s) on 

the (4×4×1) supercell of the MoS2 monolayer.  

On the contrary, the binding energies of N atom(s) on the vacancy defect MoS2 surface 

will be affected strongly by vacancy formation energy Ev and can be calculated using Eq. 

(5.2).  

                  𝐸𝑏𝑁 = (𝐸𝑁+𝑀𝑜𝑆2
−  ( 𝐸𝑁 + 𝐸𝑃𝑀𝑜𝑆2 

)) − 𝐸𝑣   (5.2) 

𝐸𝑣 = 𝐸𝑥 + 𝐸𝑀𝑜𝑆2+𝑥
− 𝐸𝑃𝑀𝑜𝑆2

    (5.3) 

Ev was calculated using the approach defined in Ref. [226]. That is, by subtracting the total 

energy of the pristine structure (without any vacancy) (𝐸𝑃𝑀𝑜𝑆2
) from the sum of the total 

energy of a structure with a particular type of vacancy (𝐸𝑀𝑜𝑆2+𝑥
) and the total energy (ies) 

of the removed atom (𝐸𝑥, x is the removed atom, S or Mo). Negative Ev indicates stability. 

The isosurfaces of the spin-charge density difference for the defective MoS2 

monolayer,∆ρ𝑠, was obtained using Equation (5.4): 

∆ρ𝑠 = ∆ρ𝑁+𝑀𝑜𝑆2 − ( ∆ρ𝑁 +  ∆ρ𝑀𝑜𝑆2)    (5.4) 
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where ∆ρ𝑁 and  ∆ρ𝑀𝑜𝑆2is the charge densities of the free N atom (s) and defect MoS2 

monolayer without N atom (s),  respectively, and ∆ρ𝑁+𝑀𝑜𝑆2 is the total charge density of 

defect MoS2 monolayer with N atom (s). 

The adsorption energy (EAE) is calculated as, 

𝐸𝐴𝐸 = 𝐸𝑆𝑢𝑟𝑓+𝐶𝑂2
− (𝐸𝑠𝑢𝑟𝑓 +  𝐸𝐶𝑂2

)    (5.5) 

Where, E𝑠𝑢𝑟𝑓  and E𝑆𝑢𝑟𝑓+𝐶𝑂2
 are the total energies of the surface (pristine or the defect 

monolayer MoS2) and that with the adsorbed CO2 molecule respectively, and E𝐶𝑂2
 is the 

total energy of the isolated CO2 molecule. A negative value of E𝐴𝐸  indicates that the 

adsorption is exothermic, which means that the adsorption of CO2 molecule on the surface 

of the structure is favoured energetically, vice versa.  

To analyse the electronic property of the defect structures upon CO2 adsorption, the charge 

density difference, ∆ρ𝑑𝑓, were calculated using Equation (5.6) 

 

∆ρ𝑑𝑓 = ∆ρ𝑆𝑢𝑟𝑓+𝐶𝑂2
− ( ∆ρ𝑆𝑢𝑟𝑓 +  ∆ρ𝐶𝑂2

)    (5.6) 

 Where∆ρ𝑆𝑢𝑟𝑓+𝐶𝑂2
,  ∆ρ𝑆𝑢𝑟𝑓  and ∆ρ𝐶𝑂2

 are the charge density of CO2-MoS2 adsorption 

system, MoS2 substrate and CO2 molecule, respectively. 
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5.3 Results and Discussion 

This section discusses the influences of different types of vacancies and levels of N doping 

on the structural and electronic property of the MoS2 monolayer. In addition, how N doping 

and various types of vacancies govern the electron transfer rate, as well as the efficacy for 

CO2 adsorption, were explored. Infrared (IR) spectroscopy was also performed to probe 

the structure of the surface adsorbates. Thereafter, the adsorption of nitrogen and water 

molecules was investigated to ascertain the selective adsorption of CO2. 

5.3.1 Structural Geometry of Pristine Monolayer MoS2 and Formation 

of Vacancy Defects and Nitrogen Doped (N-Dope) Monolayer MoS2, with 

the N Dopant, filled into the Single or Double Sulphur/Molybdenum 

Vacancies 

The structural parameters of the optimized pristine monolayer MoS2 in the present work is 

in fair agreement with the experimental value and previous theoretical values as shown in 

Table 5.1. The slight discrepancy is due to the pseudopotential used in this work. 
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Table 5.1: Structural geometry of pristine monolayer MoS2. 

Structural geometry Experimental Theoretical (DFT GGA) Current work 

a=b (Å) 3.20 [263] 3.12  [179], 3.18  [160, 178, 264], 

3.19 [17, 265], 3.20 [226], 3.22 

[261] 

3.19 

band gap (Eg), eV 1.9 [110] 1.70 [17], 1.58 [226] 1.79 

S-S bond length (Å)  3.13 [17, 226],  3.11 

Mo-S bond length (Å)  2.42 [17, 226] 2.41 

S-Mo-S bond angle (˚)  80.65 [17], 80.65 [226] 80.39 

 

In total, 10 possible surface configurations consisting of non-defective and defective 

periodic (4×4×1) supercell of the MoS2 monolayer were investigated. The corresponding 

stable localized configurations for N doping and vacancies are shown in Figure 5.1. 
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Figure 5.1: Relaxed local geometric configurations of MoS2 (a) pristine (b) one S atom 

substituted with an N atom (c) two S atoms substituted with two N atoms (d) three S atoms 

substituted with three N atoms (e) one Mo atom substituted with one N atoms (f) Mo and 

S atoms substituted with two N atoms (g) MoS2 with 1 S-vacancy (h) one S atom 

substituted with one N atoms in MoS2 with 1 S-vacancy (i) three neighbouring S atoms in 

a unit cell substituted with three N atoms in 1 Mo-vacancy defect and (j) 1Mo and 1S 

vacancy-defected MoS2. Colour code: Mo, blue, S, yellow, and N, green. The lines define 

the lengths given in Å. 
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5.3.2 Properties of Simulated Surface Configurations 

This section discusses the relative properties (atomic, electronic and magnetic) of the 

simulated surface configurations prior to evaluating the adsorption of CO2. Firstly, the 

simulation results of the single (MoS2_1VS) and double vacancy (MoS2_1VMo_1VS) defect 

systems are discussed. To reveal the effects of N atoms and vacancy defects on the 

structural properties of the adsorbent, the results of the N substitutional and N-doped 

vacancy (Mo and S) defect systems are compared with that of the optimized MoS2 

monolayer. 

5.3.2.1 Vacancy Energies (EV), Atomic, Electronic and Magnetic 

Properties of Vacancy Defect MoS2 Configurations  

This subsection details the changes in the atomic, electronic and magnetic properties of 

MoS2 configuration due to vacancy defects, that is, MoS double vacancy defect 

(MoS2_1VMo_1VS) and S single vacancy defect (MoS2_1VS). The results were compared 

with the previous theoretical results in order to validate vacancy defects on the MoS2 

monolayer 

5.3.2.1.1 Vacancy Energies (EV) and Atomic Properties  

In Table 5.2, the calculated results for the vacancy formation energies EV, atomic, 

electronic and magnetic properties of the vacancy defect structure are presented. Eq. (5.3) 

and (5.6) in subsection 5.2.3 were employed to calculate Ev, charge transfer and spin 

density charge difference in order to examine the magnetic properties at the proximity of 

MoS and S vacancies. The calculated vacancy energies, EV, are in good agreement with 
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the previous theoretical study [226]. Table 5.2 shows that Mo atoms around the MoS 

vacancy (MoS2_1VMo_1VS) gained more electrons than the ones around the S vacancy 

(MoS2_1VS). Also, the S atoms around the MoS vacancy gained more electrons than the S 

atom around the S vacancy. However, in comparison with the Mo atom around MoS 

vacancy, the amount of charge transferred to Mo atoms around the MoS vacancy is higher 

than the charge received by the surrounding S atoms. This is because, after reconstruction 

around the vacancy upon optimization, the five S atoms having dangling bonds are less 

negatively charged, and the surrounding Mo atoms without dangling bonds are less 

positively charged compared to those in the pristine MoS2 sheet. Unlike in the MoS 

vacancy, the three unsaturated Mo atoms without dangling bonds and the surrounding S 

atoms lose their electrons to the vacancy sites, which becomes more negatively charged. 

Mo atoms become more positively charged while the S atoms become less negatively 

charged. This explains why CO2 strongly binds on MoS2_1VS site than on 

MoS2_1VMo_1VS as stated in subsection 5.3.3.2. This statement is in good agreement with 

the work of ref [18], which proposed that a monolayer of MoS2 with point defects can be 

used as the sorbent for non-polar gas molecules adsorption.   

The calculated Mo-S bond length for the vacancy defect sheets are in good agreement with 

Ref. [160]. The S-S height, which is that height between two opposite S atoms in a unit 

cell closer to the defect sites, increases from 3.117 Å to 3.120 Å in MoS2_1VS, but 

decreased to 3.098 Å in MoS2_1VMo_1VS. Also, the results of the electronic structure 

calculations show that MoS and S vacancy defects do not induce magnetism or 

reconstruction, with a total magnetic moment of 0.00 µB, agreeing well with previous 

theoretical studies [160, 226]. This is because, charge transfer in the close range of S and 
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MoS vacancies are insignificant as compared to those of the perfect structures, and thus, 

do not induce any magnetic moment. 

Table 5.2: Summary of calculated results for Vacancy defect MoS2 configurations. 

Model MoS2_1VS MoS2_1VMo_1VS Reference g 

Ev, eV  5.90 13.79 5.89/17.39 

[226] 

QS
a, e  0.02 -0.04  

QMo
b, e 0.07 -0.06  

Mc, µB NM NM NM [160, 

226] 

Eg
d (eV) 1.05 0.46  

hS-S
e, Å 3.12 3.10  

dMo-S
f, Å 2.38 2.34 2.38 [160] 

a QS and b QMo stands for the average total charge obtained by the S and Mo atoms, respectively, nearer to the 

vacancy sites. Negative charge means charge the S and Mo atoms gains electron from the vacancy defect site.  

cM, is the net magnet moment 

dEg, is the direct energy band-gap.          

e dMo-S, is average distance between the Mo and S atoms close to the vacancy defect site, f hS-S, is height 

between two opposite S atoms in the unit cell around the vacancy defect.  

g Reference, are the results for MoS2_1VS and MoS2_1VMo_1VS models, respectively, from Ref. [160, 226]. 

*NM, means nonmagnetic state, which shows that MoS and S vacancy defects exhibit a nonmagnetic state 

with total magnetic moment (µ = 0 µB).  
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5.3.2.1.2 Electronic and Magnetic Properties  

Furthermore, electronic structure calculations also show that vacancy defects give rise to 

states in the bandgap that localized at atoms around the vacancy (see Figure 5.2a). Both 

the bandgap and the electronic properties of monolayer MoS2 are modified by these atoms. 

The calculated direct energy bandgap (Eg) for MoS2_1VS is 1.05 eV, which is narrower 

than the 1.79 eV of the pristine structure due to the defective states mainly introduced by 

the three unsaturated Mo atoms near the 1 S-vacancy. This is similar to the bandgap result 

in Ref. [160]. However, a much narrower direct energy bandgap of 0.46 eV is obtained in 

the MoS2_1VMo_1VS structure, due to an increase in the defective states introduced by the 

five unsaturated S atoms having dangling bonds near the MoS vacancy (Figure 5.2b). 
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Figure 5.2: (a) Top and side views of Isosurfaces of spin density difference of (a) 1 S-

vacancy and double MoS vacancy with isosurface taken as ±0.00015 e/Bohr3. The light 

blue and pink colours represent the increase and decrease of electron density, respectively. 

(b) The TDOS (top panel) and PDOS (bottom panel) projected on the p and d orbitals of 

respective S and Mo atoms near the MoS and S vacancy sites. The positive and negative 

values of DOS illustrate the spin-up and spin-down states, respectively. The vertical dashed 

line corresponds to the Fermi level. 

5.3.2.2 Properties of N-Doped Defective and Non-Defective MoS2 

Monolayer 

This subsection discusses the novelties of the modified MoS2 monolayer and the changes 

in its structural and electronic property due to modification. The optimum binding energies 

of the N dopants were determined from a comprehensive analysis aided by geometry 

optimization and energy minimization explained in Section 5.2.2.  
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5.3.2.2.1 Binding Energies and Atomic Properties 

The binding energy and bond length of N-doped monolayer MoS2 at different sites using 

the DFT calculations illustrated in Figure 5.1 are presented in Table 5.3. The binding 

energies of N atom(s) on the MoS2 surface were calculated using Eq. (5.1), while the 

binding energies of N atom(s) on the vacancy defect MoS2 surface were calculated using 

Eq. (5.2) and (5.3) as explained in subsection 5.2.3. The binding energies of all N-doped 

MoS2 surfaces are negative (exothermic process), which suggests that it is viable for N 

atoms to be filled into the MoS2 surfaces. Among the N-doped MoS2 monolayers, the 

MoS2_1NMo_1NS displayed the highest binding energy of -11.49 eV upon optimization. 

Similarly, the MoS2_1NMo showed a relatively high binding energy (-8.07 eV), but lower 

than that of MoS2_1NMo_1NS due to fewer N atoms. The reason is that the replacement of 

Mo and/or S atoms in the MoS2 sheet by N atoms (MoS2_1NMo_1NS and MoS2_1NMo), 

further creates a local reconstruction on the S layer in adjacent site (Figure 5.1) in an 

energetically favourable manner during optimization.  

The relatively large binding energy and stable localized configurations of MoS2_1NMo_1NS 

and MoS2_1NMo when compared with that of 1 S-vacancy MoS2 monolayer, 

MoS2_1VS_1NS (1.92 eV) can be explained by the designed optimization principle. While 

the vacancy in MoS2_1VS_1NS configuration was intentionally created before optimization, 

the vacancies in MoS2_1NMo_1NS and MoS2_1NMo configurations were systematically 

induced after structural optimization. In other words, the vacancies in MoS2_1NMo_1NS 

and MoS2_1NMo configurations occurred during structural relaxation without any missing 

atoms. As a result, the binding energy (computed from Eq. (5.1)) for the latter will be larger 

than the former (computed from Eq. (5.2)) since Eq. (5.1) does not account for vacancy 
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formation energy. Although the vacancies in MoS2_1NMo_1NS and MoS2_1NMo 

configurations occurred without any missing atoms, however, the breakage of the Mo-S 

covalent bond led to the formation of 2S, 1N and 3S unsaturated atoms having dangling 

bonds in their respective systems. Thus, the reconstruction around N-substitutional atoms 

upon optimization occurred at high exothermic energy. Furthermore, it was observed that 

the binding energy increased with the number of N-substitutional atoms. This can be 

attributed to the enhanced electrostatic attraction from the introduction of the N atom, 

which is more electronegative than Mo and S atoms. Table 5.3 also depicts that the binding 

energy (and thus the electrostatic attractions) was higher in vacancy defect N-doped 

configurations than in configurations without defects. This posits that the absence of 

vacancy defect lessens the electrostatic component of the interaction.  

Larger binding energy was obtained when the vacancy is created along the S atom of the 

MoS2 than the Mo atom. This is because the S atom is above the Mo atom and slightly 

lower than the N atom in the electronegativity trend. Hence, the absence of S atom in the 

MoS2 layer will lessen the repulsive component of the attraction. Subsequently, this tends 

to increase the electrostatic attraction between the defected nanosheet and relatively higher 

electronegative N atom. As a result, it is expected that the S vacancy MoS2 systems will 

form more stable configurations [160]. The impact of the vacant site on the binding energy 

was elucidated by comparing the binding energy for configuration with single S and Mo 

vacancies. Specifically, higher binding energy was obtained in configurations with single 

S vacancy (such as MoS2_1NMo) than in configurations with Mo vacancy (such as 

MoS2_1VMo_3NS), even though MoS2_1NMo_1NS had a lesser number of N atoms. The 
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comprehensive details of why S vacancy MoS2 systems form a more stable structure than 

MoS vacancy systems have been given elsewhere [226].  

Table 5.3: Summary of N-doped MoS2 configurations. 

Model  EbN, eV Eg
a, eV QN

b, e MN
c, µB dMo-S

d, Å dN-Mo
e, Å  hN-S

f, Å 

MoS2_1NS -0.88 1.71 -0.81 0.23 (0.83) 2.45 2.02 2.69 

MoS2_2NS -1.63 1.67 -1.56 0.00 (*NM) 2.44 2.02 2.68 

MoS2_3NS -2.47 1.62 -2.23 0.00 (NM) 2.43 2.04 2.66 

MoS2_1NMo -8.07 1.18 -0.84 0.34 (0.82) 2.39 1.78 3.11 

MoS2_1NMo_1NS -11.49 0.94 -1.72 0.00 (NM) 2.35 1.92 2.74 

MoS2_1VS_1NS -1.92 0.90 -0.95 0.17 (0.61) 2.38 2.01 2.70 

MoS2_1VMo_3NS -8.05 0.91 -2.21 0.20 (2.20) 2.43 1.93 2.63 

a Eg is the calculated direct energy band gap 

b QN stands for total charge obtained by the N atoms. Negative charge means charge was transferred from 

MoS2 surface atoms to the N atom, and vice versa. 

cMN, is the net magnetic moment of the N dopant atoms. The values in brackets are the net magnet moment 

of the entire structure. 

d dMo-S, is the average distance between Mo and S atoms close to the defect sites.  

e dN-Mo, is the average distance between the N atom and its neighbouring Mo atoms.  

f hN-S, is the height of the N atom with respect to the S plane (that is, S atom of the S-layer opposite to the 

layer doped with N atom).  

*NM, means nonmagnetic state, which shows that the investigated model exhibits a nonmagnetic state (i.e. 

total magnetic moment, µ = 0 µB).     
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About the atomic properties, from Table 5.3, it can be observed that the average N-Mo 

bond length shows a small increase with the number of N dopants for both vacant and non-

vacant systems. Specifically, the MoS2_1Vs_1NS system exhibited an N-Mo bond length 

of 2.01 Å, which is similar to that of non-defective configurations despite containing an S 

vacancy. This can be related to the characteristic stretching of the Mo-Mo distance within 

the vicinity of the S vacant site, which offers a cushioning effect on the N-Mo bond by the 

vacancy site upon optimization. On the contrary, hN-S (the height of the nitrogen atom with 

respect to the S atoms) decreases with increasing numbers of N dopants for the systems. 

MoS2_1NMo displayed the largest hN-S value of approx. 3.11 Å, which is close to the 

interlayer S-S distance of pristine MoS2 (3.11 Å). This can be associated with the shortest 

dN-Mo for MoS2_1NMo when compared to the other structures. Overall, our results showed 

that the vacancy defects (single or double) created in MoS2 do not induce molecular 

structure reconstruction as witnessed in the case of carbon vacancy in graphene [236].  

The Mo atoms close to the single S vacancy slightly relaxed towards the vacancy site. 

Furthermore, dMo-S decreased from 2.41 Å (pristine MoS2) to 2.39 Å, 2.38 Å and 2.35 Å in 

MoS2_1NMo, MoS2_1VS_1NS and MoS2_1NMo_1NS, respectively, which are in agreement 

with literature [160]. However, the dMo-S was observed to increase to 2.43 Å in 

MoS2_1VMo_3NS due to the Mo vacancy, which has less effect on the surrounding Mo-S 

bonds than the S vacancy. The impact of the number of N dopants on dMo-S for 

MoS2_1VMo_3NS was similar to that for defect-free N doped systems. Mo-S bond length 

for these set of structures was observed to decrease, tending towards the dMo-S for PMoS2 

(2.412 Å) with an increase in N dopant. 
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5.3.2.2.2 Electronic and Magnetic Properties 

The electron transfer between the dopant and the surface was also investigated by 

examining the charge densities using Bader charge analysis [225]. As can be seen from 

Table 5.3, the values of QN are negative for all the considered surfaces, which indicates 

that the transfer of electrons occurred from the surficial atoms to the N atom. This is in line 

with the electronegative nature of the N atom [266]. The Pauling electronegativity of both 

Mo and S atoms of the surface are 2.16 and 2.58, respectively, which are smaller than 3.04 

for the N atom. Hence, charge transfers from the Mo and S atoms to N dopant, which 

becomes more negatively charged. The charge transfer from the surface to the N dopant 

increased with the number of N atoms present in the structure and, there is charge transfer 

from the 1 S-vacancy sites to the N dopant. For instance, the N dopant gained more charge 

in MoS2_1VS_1NS (0.95 e) and MoS2_1NMo (0.84 e) due to the formation of vacancy and 

unsaturated dangling atoms than MoS2_1NS (0.81 e) with the same number of N atoms. 

This can also be seen in MoS2_1NMo_1NS (1.72 e) and MoS2_2NS (1.56 e). Furthermore, 

N dopants gained more electron from MoS2_3NS (2.23 e) than MoS2_1VMo_3NS (2.21 e). 

This is because the neighbouring S atoms around the Mo vacancy receive less charge (as 

shown in Table 5.2) due to the missing Mo atom. Therefore, less charge is transferred to 

the surrounding N dopant from the S atoms neighbouring the vacant Mo site. This is in 

good agreement with the previous theoretical study [226]. 

In addition, the results from Table 5.3 show that MoS2_1NS, MoS2_1VS_1NS, MoS2_1NMo 

and MoS2_1VMo_3NS exhibit a magnetic moment. This is because of the fewer number of 

N atoms in MoS2_1NS and the vacancy in MoS2_1VS_1NS, MoS2_1NMo and 
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MoS2_1VMo_3NS. In contrast, MoS2_2NS, MoS2_3NS and MoS2_1NMo_1NS (with a higher 

number of N atoms) exhibit a nonmagnetic moment despite having double the amount of 

charge transfer that could enable significant disturbance and spin polarization. It is also 

observed that the excess charge transfer around the N dopants is evenly distributed among 

the N atoms. This even distribution reduces the effect of spin polarization on the surface, 

and thus, do not induce a magnetic moment. The distribution of the magnetic moment can 

be clearly seen from Figure 5.3, which is the isosurfaces of the spin-charge density 

difference for the defective MoS2 monolayer, ∆ρ𝑠, and was obtained using Eq. (5.4) as 

explained in subsection 5.2.3.    

Specifically, the significant disturbance and spin polarization in the MoS2_1NMo system 

(with total magnetic moment = 0.82 µB) originated from the p orbitals of three S atoms 

which have dangling bonds, with p orbitals of N atom contributing a magnetic moment of 

0.34 µB. Concerning the MoS2_1VS_1NS system, the total magnetic moment of 0.61 µB 

originated equally from dyz and dzx orbitals of three unsaturated Mo atoms near the single 

S vacancy, with the p orbitals of N atom contributing a magnetic moment of 0.17 µB. 

Similarly, the high induced total magnetic moment of 2.20 µB in the MoS2_1VMo_3NS 

system originated from the p orbitals of three S and three N atoms (0.20 µB) which have 

dangling bonds. For the MoS2_1NS system, p orbitals of the single N substitutional atom 

contributed a magnetic moment of 0.23 µB, while the rest of the magnetic moment 

originated equally from dyz and dzx orbitals of the Mo atoms and p orbitals S atoms that 

surround the N atom. Unlike in MoS2_1NS, MoS2_1VS_1NS, MoS2_1NMo and 

MoS2_1VMo_3NS systems, the charges in MoS2_2NS, MoS2_3NS and MoS2_1NMo_1NS 
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systems are evenly distributed in the orbitals of Mo, S and N atoms, which resulted in the 

nonmagnetic state with a total magnetic moment, µ = 0 µB.  

 

Figure 5.3: Top and side views of isosurfaces of spin density difference for the defect 

surfaces with isosurface taken as ±0.005 e/Bohr3. The light blue and pink colours represent 

areas with an increase and decrease of electron density, respectively. The colour codes for 

Mo, S and N atoms are the same as in Figure 5.1. 

Finally, to provide more insight into the electronic properties of these sites, the total (TDOS) 

and partial (PDOS) density of state were calculated. Figure 5.4 presents the characteristic 

TDOS and PDOS of the N-doped vacancy free and N-doped vacancy containing MoS2 

monolayers. N is expected to act as a source of p-type doping for the monolayer MoS2 

when it substitutes for S, due to that N has one p valence electron less than S. This leads to 

the generation of a hole in the valence band as shown in the DOS plots (Figure 5.4).  The 

calculated direct energy bandgap (Eg) for each structure is given in Table 5.3. From Table 
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5.3, the bandgaps become narrower as the number of N dopants increases for the N-doped 

vacancy-free systems. The narrow state of the bandgap compared with the pristine structure 

(1.79 eV) indicates a shift in the Fermi level is mainly due to the impurity state introduced 

by N atoms. The impurity states mainly come from the hybridization between the 2p 

orbitals of N and the 4d orbitals of its neighbouring Mo. The electron transfer due to the 

presence of nitrogen as a p-type dopant and the band bending induced by the formation of 

Mo-N covalent bond at the top-most layer, as well as the preferential sulphur removal, 

contribute to a band shift, which is commonly found in N doped MoS2 [19, 267]. 

Furthermore, it is observed that much narrower band gaps are obtained in N doped single 

S or Mo vacancy defect complexes. This can be attributed to the combined effects of the 

impurity state introduced by the N atom as a p-type dopant and the defect states as a result 

of unsaturated S or Mo atoms near the single S or Mo vacancy, respectively [226].  A 

detailed explanation of the defect states in non-doped single S or Mo vacancy defects has 

been provided in subsection 5.3.2.1.2.   
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Figure 5.4: (a) The TDOS of the defect-free and N doped monolayer MoS2. (b) The PDOS 

projected on the 3p orbitals of N dopants and the 3p and 4d orbitals of their neighbouring 

S and Mo atoms, respectively. The positive and negative values of DOS illustrate the spin-

up and spin-down states, respectively. Green, orange and blue lines represent 4d, 2p and 

3p orbitals, respectively. The Fermi level is represented by the vertical dashed line. 
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5.3.3 Investigating CO2 Adsorption Performance Modified MoS2 

Monolayer  

The evaluation of the adsorption of CO2 on the pristine and modified MoS2 monolayers as 

well as the effect of variation of initial molecular height on CO2 adsorption energies are 

detailed in this subsection. Further, infrared (IR) spectroscopy of molecules adsorbed on 

the surface is discussed to analyse the structure of the surface absorbates. Finally, how the 

N-doping enabled defect engineering of MoS2 proved to be an effective approach for the 

enhanced selective adsorption of CO2 is discussed. 

5.3.3.1 CO2 Adsorption on the Considered MoS2 Surfaces  

To investigate the adsorption of CO2 on the pristine or defect (vacancy or N-substitutional 

doping) monolayer MoS2, the adsorption energy (EAE) is calculated using Eq. (5.5) as 

described in subsection 5.2.3. The molecular height is defined as the distance between the 

carbon atom of the CO2 molecule and a reference atom of the MoS2 surface in the basal 

plane in the z-direction (i.e. N atom for N doped MoS2 surface and average z plane of S 

atoms, for non-doped MoS2 surface). It should be pointed out that top (Mo or S), hollow 

or bridge sites of the MoS2 monolayer were not emphasized in our calculations. The reason 

for this is that a theoretical study has shown that MoS2 is a poor adsorbent for CO2 

irrespective of these sites, but defective MoS2 is a good adsorbent, hence, our focus is to 

further enhance the adsorption by N doping [18]. In this regard, the CO2 molecule was 

initially placed at a height of 2.5 Å from S or Mo at the vacancy site and doped N atom(s) 

for vacancy defect and N-doped monolayer MoS2, respectively. Different orientations of 
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the CO2 molecule and lateral positions with respect to XYZ axes of the MoS2 supercell 

(Table 5.4) were also considered to obtain the most stable CO2 adsorption configurations.  

Table 5.4: Summary of adsorption energies of possible initial configurations of CO2 

adsorption on different surfaces. 

Model 

Adsorption Energies EAE (eV) 

Config. 1 Config. 2  Config. 3 Config. 4 

PMoS2 -0.139 -0.116 -0.134 -0.085 

MoS2_1NS -0.197 -0.197 -0.196 -0.106 

MoS2_2NS -0.191 -0.200 -0.187 -0.112 

MoS2_3NS -0.207 -0.205 -0.211 5.863 

MoS2_1NMo 8.484 12.28 11.655 8.853 

MoS2_1NMo_1NS -0.161 -0.186 -0.176 1.106 

*MoS2_1VS 0.004 0.003 0.003 -0.908 

MoS2_1VS_1NS -0.196 -0.184 -0.183 -0.125 

MoS2_1VMo_3NS -1.406 -1.818 -0.213 -0.073 

MoS2_1VMo_1VS -0.184 -0.252 -0.084 2.199 

*MoS2_1VS, the config. 4 results to the formation of CO gas, with one O atom of the CO2 molecule forming 

Mo-O-Mo layer at the S vacancy site. 
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Based on these test calculations, only the most stable relaxed adsorption geometric 

structures and results are presented and discussed here. Figure 5.5 presents the schematic 

structure of the most stable CO2 adsorption configurations for the pristine or defect 

(vacancy or N-substitutional doping) monolayer MoS2. Except for the MoS2_1VS, all other 

models exhibited stable CO2 adsorption when the CO2 molecule is oriented in parallel with 

the surface of the model. It is worth mentioning that MoS2_1NMo is not a stable adsorption 

configuration for CO2 molecule due to high positive adsorption energy in all the considered 

configurations, therefore is not be discussed further. 
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Figure 5.5: The schematic structure of the most stable adsorption configurations for CO2 

molecule adsorbed on the pristine and defect (vacancy or N-substitutional doping) 

monolayer MoS2 from the top (upper panel) and side (lower panel) views. The full 

descriptions of a-i have been given in Figure 5.1. The colour codes for Mo, S and N atoms 

are the same as in Figure 5.1, while, O and C atoms are shown in red and grey, respectively. 

The lines define the equilibrium molecular height between the central carbon atom of the 

CO2 molecule and a reference atom of the MoS2 surface in the basal plane in the z-direction 

yielded by optimization (i.e. N atom for N doped MoS2 surface and average z plane of S 

atoms, for non-doped MoS2 surface given in Å. 
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To further understand the molecule-monolayer interaction and to ensure adequate 

optimization of possible stable configurations, the characteristic adsorption energy curves 

for all the studied local geometric configurations were calculated. Herein, the CO2 

adsorption energies at varied initial molecular heights from 1.0 - 6.5 Å were calculated. 

The corresponding results are presented in Figure 5.6. It can be seen that the highest 

adsorption energies for all the studied structures occurred at 2.5 Å initial molecular height 

except for MoS2_1VS_1NS and MoS2_1VMo_3NS models with the highest adsorption 

energies at 1.5 to 2.0 Å molecular heights. It is shown that the curve for MoS2_1VMo_3NS 

gives the highest adsorption energy, which is 13 times higher than that of pristine MoS2 

(PMoS2).  

Further elaboration of the adsorption properties at 2.5 Å initial molecular height is given 

in Table 5.5. Table 5.5 presents the equilibrium molecular distance between the adsorbate 

and the substrate yielded by optimization (hmol-surf), along with the corresponding 

adsorption energy (E𝐴𝐸) and characteristic parameters for the considered models such as 

the amount of charge transfer (from Bader charge analysis) between MoS2 and CO2 

molecule (QCO2), and MoS2 and the nitrogen atom of the dopant (QN), characteristic 

surficial bond lengths (dMo-S, dN-Mo and hN-S,) average bond lengths (Ɩ) and bond angles (θ) 

of CO2 after adsorption, and change in CO2 bond angles (∆θ). ∆θ is the difference between 

the bond angle experimental value (180˚) [245] and the value obtained from the structural 

optimization. For example, stable CO2 adsorption on the MoS2_1NS surface displayed an 

equilibrium height of 3.085 Å with an adsorption energy of -0.197 eV. All equilibrium 

heights obtained from the models are lower than that obtained in PMoS2 (3.456 Å) with an 

adsorption energy of 0.139 eV. Also, CO2 is considered to be physisorbed on all the 
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surfaces based on the large separation heights, except the for MoS2_1VS surface, where the 

CO2 molecule was found to undergo dissociative adsorption. A detailed discussion on 

dissociation is given in the subsequent section.  

As mentioned earlier, a notable distinction was observed for the MoS2_1Vs_1Ns and 

MoS2_1VMo_3NS models with maximum adsorption energies obtained at 1.5 and 2.0 Å 

above the surface, respectively (Figure 5.6). In these models, stable adsorption is 

characterized by dissociative chemisorption of CO2 molecule with -0.614 and -2.136 eV 

adsorption energies, respectively. The results reveal that CO2 dissociated into CO and O 

on these surfaces at these initial molecular heights, and this will be investigated in 

Chapters 6 and 7. However, a repulsive interaction, indicated by the endothermic 

adsorption energy, between the CO2 molecule and all the surfaces was observed at initial 

molecular heights lower than 1.3 Å. MoS2_1VS displayed the highest endothermic energy 

barrier of 18.415 eV (Figure 5.6). This result demonstrates the increased difficulty 

associated with CO2 interaction at proximity to the vacancy site. Therefore, CO2 cannot be 

attracted to the S vacancy site but physisorbed at a certain distance from the vacancy, this 

is a common phenomenon associated with 1 S-vacancy in MoS2 nanostructures [160].     
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Figure 5.6: Adsorption energy versus molecular height. Adsorption energy as a function 

of molecular height for CO2 adsorption on the most stable local geometric configurations 

for each model. The molecular height is the distance between the central carbon atom of 

the adsorbed CO2 molecule and a reference atom of the MoS2 surface in the basal plane in 

the z-direction (That is, N atom, for N doped MoS2 surface and average z plane of top S-

layer atom, for non-doped MoS2 surface). 
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Table 5.5: Summary of calculated results for adsorption of CO2 on most stable configurations of different surfaces at 2.5 Å initial 

molecular height. 

Model EAE, eV QCO2
a, e QN

b, e cMN, µB hmol-surf
d, Å dMo-S

e, Å  dN-Mo
f, Å  hN-S

g, Å Ɩ, Å θ, ˚   ∆θ, ˚ 

PMoS2 -0.139 -0.020 - - 3.456 2.412 - - 1.177 179.698  0.302 

MoS2_1NS -0.197 -0.017 -0.958 0.213 

(0.840) 

3.085 2.443 2.019 2.694 1.177 178.713 1.287 

MoS2_2NS -0.200 -0.017 -1.894 0.000 

(*NM) 

3.136 2.439 2.012 2.681 1.177 178.712 1.288 

MoS2_3NS -0.211 -0.015 -2.814 0.000 

(NM) 

3.233 2.365 2.016 2.655 1.176 178.710 1.290 

MoS2_1NMo_1NS -0.186 -0.019 -1.702 0.000 

(NM) 

3.160 2.351 1.926 2.754 1.176 178.720 1.280 

MoS2_1V*
S -0.908 h-1.015 

(0.109) 

- - i3.003 2.421 - - 1.144 - - 
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MoS2_VS_1NS -0.196 -0.019 -0.962 0.089 

(0.544) 

3.116 2.384 2.016 2.699 1.176 178.975 1.025 

MoS2_1VMo_3NS -1.818 -0.012 -2.557 0.027 

(0.256) 

3.313 2.365 2.046 ‡1.776 1.177 178.581 1.419 

MoS2_1VMo_1VS -0.252 -0.027 - - 3.376 2.334 - - 1.179 179.369 0.631 

a QCO2 and b QN, are total charge obtained by the CO2 molecule and N atom of the dopant respectively. Negative charge means charge is transferred from MoS2 

surface atoms to the atoms of CO2 molecule, and vice versa.  

cMN, is the net magnetic moment of the N dopant atoms. The values in brackets are the net magnet moment of the entire structure. 

d hmol-surf, is the equilibrium molecular height, the equilibrium molecular height is the height between the central carbon atom of the adsorbed CO2 molecule and a 

reference atom of the MoS2 surface in the basal plane in the z-direction yielded by optimization (That is, N atom, for N doped MoS2 surface and average z plane 

of top S-layer atom, for non-doped MoS2 surface).  

e dMo-S, is the average distance between Mo and S atoms close to the defect sites nearest to the adsorbed CO2. 

f dN-Mo, is the average distance between the N atom and its neighbouring Mo atoms nearest to the adsorbed CO2.  

g hN-S, is the height of the N atom with respect to the S plane (that is, S atom of the S-layer opposite to the layer doped with N atom).  

*MoS2_1VS model, however might not be a stable system for sustainable CO2 adsorption because of the strong tendency of one O atom of CO2 to embed in the 

MoS2 surface, thus creating Mo-O-Mo layer at the S vacancy site when the CO2 molecule is oriented vertically leading to the formation of CO gas, therefore, the 

adsorption energy presented there is rather CO2 dissociation energy.  

h-1.015 (0.109) e, is the charge gained (lost) by the formed CO gas (O atom that bonded with the surface).   

i3.003 Å, is the distance between C atom of the formed CO gas and O atom that bonded with the surface. 

‡1.776 Å, is the average N-S triple bond length, that is, when CO2 adsorbed on MoS2_1VMo_3NS surface, triple bonds were formed between opposite dangling N 

and S atoms in the Mo vacancy.  
*NM, means nonmagnetic state, which shows that the investigated model exhibits a nonmagnetic state (i.e. total magnetic moment, µ = 0 µB).    
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5.3.3.2 CO2 Adsorption on Defective MoS2 Monolayer 

For MoS2_1VS, an improved adsorption efficiency of CO2 is obtained with an adsorption 

energy of -0.908 eV. This energy is much stronger than those obtained for CO2 interaction 

with some MOFs or carbon-based nanomaterials [268, 269]. As discussed earlier 

(subsection 5.3.3.1), only the MoS2_1VS model exhibited the dissociation of CO2 to yield 

lattice-embedded oxygen and CO molecule that desorb from the surface at the considered 

molecular height (Figure 5.5f). The dissociative chemisorption of CO2 on the single S 

vacancy defect can be associated with the perpendicular orientation of the CO2 molecule 

and the increased covalent attractions. The covalent attraction was observed to be higher 

around the vacancy defect sites due to the three dangling Mo atoms. The O atom of the 

CO2 molecule possesses an excess negative charge due to its higher electronegativity when 

compared to the central C atom. As a result, the O atom is strongly attracted to the more 

positively charged vacant site, due to the enhanced charge transfer from the excess 

positively charged dangling Mo atoms (QMo = 0.07 e) to the single S-vacancy defect sites 

(Table 5.2).  

This explains why the CO2 molecule tends to distance itself from the vicinity of single S 

vacancy defect of MoS2 monolayer when linear CO2 is placed horizontally along the z-axis 

since the positively charged central C atom of CO2 is not electrostatically attracted to the 

positively charged dangling Mo atoms of single S vacancy defect. As a result, the large 

electropositive central C atom may make it difficult for CO2 to grab electrons from the 

MoS2_1VS defect site and thus prevent the strong interaction between them. As shown in 

Table 5.4, the repulsive interaction between CO2 and MoS2_1VS when linear CO2 
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molecule is horizontally oriented along the z-axis is reflected in the positive adsorption 

energy. This is one reason why the pristine MoS2 surface does not strongly interact with 

CO2 molecule as the layer of negatively charged S atoms shields the inner positively 

charged Mo atoms. Subsequently, a lesser interaction is observed on the pristine surface 

when CO2 is perpendicularly oriented to the surface.  The calculated energy of -0.908 eV 

is far larger than the value reported in Ref. [160] for CO2 adsorption on the single SV defect 

site. This reported study suggested that CO2 only physisorbed on MoS2_1VS. Part of the 

discrepancy can be attributed to the perpendicularly orientated CO2 molecule and the effect 

of lateral interaction between the O of CO2 pointing towards the S vacant site and the 

surface.  

Furthermore, as shown in Figure 5.5f, the lattice-embedded oxygen and three dangling Mo 

atoms are linked by three newly formed O-Mo covalent bonds, whose average length is 

2.081 Å, shorter than the Mo-S bond length. The formation of these bonds leads to the 

elongation of the surrounding Mo-S bonds from 2.412 to 2.421 Å as shown in Table 5.5. 

Bader Charge analysis shows 0.109 e charge transferred from the lattice-embedded oxygen 

to the detached CO, which obtained 1.015 e total electron charge. The distance between 

the C atom of the detached CO molecule and the lattice-embedded O atom is 3.003 Å. This 

value is smaller than 3.500 Å reported in Ref. [178] for CO physisorption on perfect MoS2 

surface, which indicates a strong physisorption state. The C-O bond length is calculated to 

be 1.114 Å, which is in excellent agreement with the experimental value of 1.13 Å [245].  

Pertaining to MoS2_1VMo_1Vs, the adsorption of CO2 resulted in moderate adsorption 

energy of -0.252 eV, which corresponds to a physisorption process. CO2 physisorption is 

therefore energetically favoured in MoS2_1VMo_1Vs by -0.113 eV over the PMoS2 and 
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notably lesser by -0.656 eV when compared to the dissociative adsorption on MoS2_1VS. 

The large difference in the adsorption energies between MoS2_1VS and MoS2_1VMo_1Vs 

can be attributed to the missing Mo atom in the MoS2_1VMo_1Vs surface, which reduces 

the electrostatic and covalent components of the interaction between the O atom of CO2 

and the vacant site. The adsorption distance of MoS2_1VMo_1Vs is 3.376 Å, which is also 

shorter than that obtained for PMoS2, and the CO2 molecule adopts a tilted orientation, 

with O atom pointing to the MoS defect as shown in Figure 5.5i. The bond length of the 

physisorbed CO2 slightly increased while the bond angle decreased by ~0.6˚ with respect 

to the linear CO2 in the gas phase (Table 5.5). From the Bader charge analysis, 0.027 e 

charge is transferred from MoS2_1VMo_1Vs surface to CO2 molecule, which is comparable 

to that obtained with the perfect surface. Thus, this proves that the CO2 molecule gives a 

moderate interaction with the MoS2_1VMo_1Vs defect. The calculated adsorption energy 

of -0.252 eV is close to the value of -20.5 kJ/mol (-0.213 eV) reported by Ref. [18].  

To analyse the electronic properties of the defect structures upon CO2 adsorption, the 

density of state (DOS) and charge density difference were calculated. The charge density 

difference, ∆ρ𝑑𝑓, is defined in subsection 5.2.3 Eq. (5.6). Figure 5.7 presents the TDOS 

and PDOS of the adsorption system. The PDOS were projected on the relevant orbitals: p 

and d orbitals of the respective S and Mo atoms near the MoS and S vacancy sites, p orbital 

of N dopants, and the s and p orbitals of the CO and CO2 molecules, and lattice embedded 

O atom. As can be seen in Figure 5.7b, when CO2 is physisorbed on the MoS vacancy site 

(MoS2_1VMo_1VS), there is an orbital coupling between the p orbital of CO2 and the d 

orbital of the Mo atom, which is in agreement with a previous study [18]. There are no 

significant changes in the DOS spectra of either valence or conduction band of 
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MoS2_1VMo_1VS upon CO2 adsorption just like in the perfect surface. The narrower 

bandgap near the Fermi level, when compared to the pristine surface, is due to the defect 

states introduced because of vacancy formation (see Figure 5.2b). Contrarily, after CO2 

dissociated on MoS2_1VMo_1VS, the lattice embedded O atom acts as coverage on the S 

vacancy site, thus there is a modification of the bandgap near the Fermi level (see Figure 

5.7a). The defect states introduced because of unsaturated Mo atoms near the 1 S-vacancy 

is now eliminated by the lattice embedded O atom, forming 3 saturated Mo-O bonds. Hence, 

the bandgap near the Fermi level of this stable structure is normalized and compares with 

that of the perfect surface. This result agrees with reported studies that atmospheric oxygen 

heals vacancies and other defects resulting from a sulphur vacancy in MoS2 [270, 271].   

 

Figure 5. 7: (a) The TDOS and (b) The PDOS projected on the p and d orbitals of 

respective S and Mo atoms near to the MoS and S vacancy sites, p orbital of N dopants and 

the s and p orbitals of the physisorbed CO and CO2 molecules, and lattice embedded O 

atom. MoS2_1VS, MoS2_1VMo_1VS and MoS2_1VMo_3NS represent 1 S-vacancy, 1Mo- 

and 1S-vacancy, and tertiary nitrogen-doped 1 Mo-vacancy MoS2 monolayers, 

respectively. The vertical dashed line corresponds to the Fermi level.  
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The isosurfaces of spin density difference for the CO2 molecule adsorption on the defect 

surfaces (MoS2_1VS and MoS2_1VMo_1VS) are presented in Figure 5.8. There is a charge 

difference re-distribution in the middle region between the CO2 molecule and 

MoS2_1VMo_1VS substrate (Figure 5.8b), with much noticeable polarization of the 

MoS2_1VMo_1VS sheet upon CO2 adsorption. This indicates a stronger covalent character 

when compared to the perfect surface. This explains why the MoS2_1VMo_1VS gives 

higher adsorption energy than the PMoS2. Meanwhile, there is more charge transfer and 

stronger interaction between the MoS2_1VS surface with the lattice-embedded O atom and 

CO molecule (Figure 5.8a), which can be compared to that of Lewis acid interaction. The 

electrophilic C atom of CO makes the molecule Lewis acidic and interacts with lattice 

embedded O atom through electron acceptor-donor type interaction. A total electron charge 

of about 1.015 e is transferred from the surface to the CO molecule, with the embedded O 

atom contributing a considerable 0.109 e. The interaction of CO with the MoS2_1VS is 

favoured by -0.968 e when compared to the total amount charge received by CO2 molecule 

from both PMoS2 and MoS2_1VMo_1VS vacancy surfaces. The high amount of charge 

transfer to the CO molecule and the stability of the electronic structure of 1 S-vacancy 

MoS2 due to the presence of O atom provides evidence of n-type doping and the effect of 

O atom on stabilizing the electronic properties of MoS2. Hence, this large electron transfer 

significantly changes the electronic transport properties of MoS2_1VS. 



  157 
 

 

 

Figure 5. 8: Top and side views of isosurfaces of spin density difference of (a) 1 S-vacancy, 

(b) 1 Mo and 1 S vacancy and (c) tertiary nitrogen-doped 1 Mo-vacancy, with isosurface 

taken as ±0.00015 e/Bohr3. The light blue and pink colours represent the increase and 

decrease of electron density, respectively.  

5.3.3.3 CO2 Adsorption on N-doped Defected MoS2 Monolayer 

From the results presented in Table 5.5, it is evident that the MoS2_1VMo_3NS site 

possesses the highest activity for CO2 adsorption (EAE =-1.818 eV) amongst all of the 

considered N-doped models, which is significantly higher than the defective MoS2 

monolayers (MoS2_1VS and MoS2_1VMo_1VS). Therefore, to understand the effect of 

nitrogen doping on vacancy MoS2, the adsorption characteristic of MoS2_1VMo_3NS is 

investigated. Also, the adsorption properties of CO2 molecule on MoS2_1VMo_3NS sites 

are calculated and compared with that of the perfect MoS2 and non-doped vacancy surfaces. 

As shown in Figure 5.5, CO2 physisorbed on MoS2_1VMo_3NS has an equilibrium 

molecular height of 3.313 Å with its molecular axis parallel to the MoS2_1VMo_3NS basal 
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plane. This parallel adsorption configuration is similar to that of CO2 adsorption on the 

pristine MoS2 surface, except that the CO2 physisorbed on the perfect surface displayed an 

equilibrium molecular height of 3.456 Å. The physisorption of CO2 molecule on the N 

doped vacancy site stretches out the surficial N atoms resulting in an increase in dN-Mo from 

1.93 Å (Table 5.3) to 2.046 Å (Tables 5.5). 

The interaction between CO2 and MoS2_1VMo_3NS surface yields stronger CO2-surface 

interactions compared to pristine MoS2 (PMoS2) or the other defect (vacancy or N-

substitutional doping) sites. Specifically, the CO2 adsorption physisorption energy is 

approximately 13 times as strong as that on a PMoS2. The superior adsorption performance 

is also illustrated by the difference in the equilibrium molecular height between 

MoS2_1VMo_3NS and PMoS2. The difference can be explained by their bonding nature 

with CO2. The positively charged central carbon atom of the CO2 molecule is attracted 

electrostatically to the negatively charged tertiary nitrogen atoms surrounding the Mo 

vacancy. The absence of a Mo atom lessens the repulsive component of the interaction. As 

shown in Table 5.2, the adsorption energetic configuration for the CO2 molecule on 

MoS2_1VMo_3NS is obtained when the linear CO2 molecular axis is placed parallel to the 

surface. Less or repulsive interaction is observed when linear CO2 is perpendicularly 

oriented to the surface, with the O atom pointing to the MoS2 basal plane. The result 

indicates that for pristine MoS2 surface, CO2 physisorption mainly occurs on the basal 

plane through vdW interaction, whereas the N atoms surrounding the Mo vacancy site in 

MoS2_1VMo_3NS promotes the physical interaction between CO2 molecules through non-

covalent interaction and enhanced electrostatic interaction on the N doped Mo vacancy 

sites. This result demonstrates that N doping could boost the effective surface for CO2 
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adsorption by facilitating both vdW and electrostatic interactions. This phenomenon is 

quite similar to CO2 physisorption on N doped carbon surface [228].  

Furthermore, the geometric structures of the CO2 molecule adsorbed on MoS2_1VMo_3NS 

were calculated to understand the surface-molecule interactions. The bond length and bond 

angle of the physisorbed CO2 molecule were calculated and compared related to the values 

in the gas phase. As shown in Table 5.5, the bond angle of the physisorbed CO2 molecule 

changed compared to the gas phase CO2. The calculated bond angle of physisorbed CO2 is 

178.68o, which decreased by 1.42o with respect to the gas phase CO2 molecule [245]. The 

decrease in CO2 bond angle makes the optimized state highly exothermic with a difference 

in adsorption energy of about -1.7 eV with respect to the pristine surface, where the bond 

angles remain almost unchanged after adsorption. Table 5.5 also shows that the bond 

length of the physisorbed CO2 molecule is unchanged compared to the gas phase CO2 

molecule.  Therefore, the geometric structure of the CO2 molecule is not affected when it 

is adsorbed on N doped 1 Mo-vacancy site, indicating only physical interaction.  

Similar to the perfect and MoS2_1VMo_1VS surfaces, the DOS analysis shows that there 

are no significant changes in the DOS spectra of either valence or conduction band of 

MoS2_1VMo_3NS upon CO2 adsorption. However, the bandgap near the Fermi level was 

observed to be narrower than that for the pristine surface since the introduction of the N 

atom and 1 Mo-vacancy induces impurity and defect state, respectively, as explained in 

subsection 5.3.2.2.2. The only observed effect of the adsorption is the orbital coupling 

between the p orbital of the CO2 molecule and the d orbital of the Mo atom, as shown in 

Figure 5.7b. 
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Bader charge analysis reveals that the interaction between the CO2 molecule and 

MoS2_1VMo_3NS surface also resulted in charge transfer and redistribution. As shown in 

Table 5.5, while 0.020 e is transferred to CO2 on the pristine surface, only 0.012 e is 

transferred to CO2 when 1 Mo-vacancy is doped with N atoms. The difference in the charge 

transfer supports the Lewis-acid interaction analogy between CO2 and MoS2_1VMo_3NS 

surface but is less noticeable when compared to the pristine and non-doped vacancy 

surfaces. Moreover, the reactive surface N atoms gain more electrons after CO2 adsorption 

compared to the electrons gained by the N dopants before adsorption. Specifically, the total 

electron gained by the N dopant before and after CO2 adsorption is 2.21 e (Table 5.3) and 

2.557 e, respectively. Thus, the N dopants become more negatively charged after 

adsorption with an additional charge of 0.347 e. Also, as the surface N atoms become 

negatively charged, less charge is transferred to the CO2 molecule and higher adsorption 

energy is obtained, different from the behaviour observed in pristine (PMoS2) and non-

doped vacancy (MoS2_1VS and MoS2_1VMo_1VS) surfaces. This is attributed to the 

electron transfer from the oxygen atom of CO2 molecules and indicates that the CO2 

molecule binds strongly onto the N doped vacancy site by transferring some of the 

electrons of the O atom. These results further demonstrate that nitrogen doping of MoS2 

belongs to the p-type doping, which agrees with reference [267].   

This conclusion drawn based on Bader charge analysis can be confirmed by the charge 

density difference, ∆ρ𝑑𝑓. As shown in Figure 5.8c, charge difference redistributes in the 

middle region between CO2 molecule and MoS2_1VMo_3NS substrate, with much more 

noticeable polarization of the MoS2_1VMo_3NS sheet upon molecules adsorption, 

indicating a stronger covalent character, when compared to the perfect surface and the 
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MoS2_1VMo_1VS. The light blue and pink colours represent an increase and decrease of 

charge electron density, respectively. When CO2 is physisorbed onto the surface, the 

reactive surface N atoms receive electrons from the region between the CO2 central carbon 

atom and itself to strengthen the interaction between CO2 and the surface. The increase in 

the pink colour (decrease of electron density) in the middle region between the CO2 and 

MoS2_1VMo_3NS surface compared to the cases of defect-free and non-doped defective 

surfaces, indicates less charge transfer to CO2 upon the adsorption on MoS2_1VMo_3NS. 

Also, the increase in the light blue colour (an increase of electron density) on the surface 

N atoms compared to MoS2_1VMo_3NS surface before adsorption (Figure 5.3), shows the 

reactive surface N atoms gained more electrons after CO2 adsorption. As a result, a large 

region of electron depletion appears near the oxygen atoms and there is lower electron 

density surrounding CO2 compared to that of CO2 on the perfect surface. For the magnetic 

properties, upon CO2 adsorption, the magnetic moment of the surface N atom is 

significantly reduced to 0.027 µB, while the net magnetic moment locates on the adsorbed 

CO2 molecule as shown in Figure 5.8c. This significant impact on the magnetic moment 

of MoS2_1VMo_3NS upon CO2 adsorption proposes MoS2_1VMo_3NS as a suitable CO2 

sensing device. These results suggest that CO2 interacts strongly with the Mo vacancy site 

when the surrounding S atoms are substituted with N atoms. In general, the adsorption 

efficacy of the MoS2 surface can be promoted by any measure that can enhance the 

electrostatic interaction between the CO2 molecule and the surface complex, other than 

vdW interactions. This can be revealed by the electron charge distribution and magnetic 

moment-induced polarization. The qualitative difference between adsorption mechanisms 

associated with CO2 on the perfect surface and non-doped vacancy defect sites, and 
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nitrogen-doped Mo vacancy defect sites stresses the importance of nitrogen doping on 

vacancies for CO2 adsorption in the MoS2 system.  

5.3.3.4 Infrared (IR) Spectroscopy of CO2 Adsorption on MoS2_1VS, 

MoS2_1VMo_1VS and MoS2_1VMo_3NS Surfaces  

Calculation of the infrared (IR) spectroscopy of molecules adsorbed on the surface in 

conjunction with the experimental measurements can provide a valuable approach to probe 

the structure of the surface absorbates.  The vibrational frequencies of the CO2 molecule 

adsorbed on MoS2_1VS, MoS2_1VMo_1VS and MoS2_1VMo_3NS surfaces were calculated 

and compared to the gas phase. As shown in Table 5.6, the vibrational frequencies of the 

asymmetric (v3) and symmetric (v1) stretching modes for gas phase CO2 was calculated to 

be 2361 cm-1 and 1328 cm-1, respectively. The bending frequencies (v2) for gas phase CO2 

is calculated to be 633 cm-1. The calculated value is in good agreement with the 

experimental value [245, 272]. The discrepancies between the DFT calculated vibrational 

frequencies and the true vibrational frequencies arise from the harmonic treatment of the 

DFT vibrations and the inexact nature of DFT in solving the Schrödinger equation, which 

are common in quantum chemistry calculations [273]. To correct the discrepancies, the 

DFT results are often multiplied by a scaling factor (in the range of 0.95-0.99 for typical 

GGA) to match the experimental measurements [273]. In this study, we used a scaling 

factor of 0.989.   

The computed asymmetric stretching modes (v3) for physisorbed CO2 molecule on 

MoS2_1VMo_1VS and MoS2_1VMo_3NS surfaces are 2353 cm-1 and 2355 cm-1, respectively. 

These values downshift by 8 cm-1 and 6 cm-1 to the value calculated in gas phase CO2. The 
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calculated symmetric stretching modes (v1) for physisorbed CO2 on MoS2_1VMo_3NS 

surface, 1317 cm-1, downshifts by 11 cm-1 with respect to the calculated symmetric 

stretching mode of gas phase CO2. The calculated symmetric stretching mode for 

physisorbed CO2 on MoS2_1VMo_1VS is 1315 cm-1, which downshifts by 13 cm-1 with 

respect to the calculated symmetric stretching mode of CO2 in the gas phase. The slight 

downshift in the vibrational frequencies of the physisorbed CO2 molecule indicates that the 

C═O bonds are slightly weakened when the CO2 molecule interact with MoS2_1VMo_1VS 

and MoS2_1VMo_3NS sites.  

Moreover, upon interaction with the MoS2_1VMo_3NS site, the CO2 deformation mode (v2) 

of 633 cm-1 remain unchanged with respect to the computed value in the gas phase. Upon 

interacting with the MoS2_1VMo_1VS site, the deformation mode (v2) of CO2 is 623 cm-1
, 

which downshifts by 10 cm-1 compared to the v2 mode in the gas phase. This downshift is 

responsible for the slight increase in C═O bond length as shown in Table 5.5. Together 

with the fact that the bond length and vibrational frequencies of CO2 slightly changed, it 

can be concluded that C═O bonds are slightly weakened when the CO2 molecule is 

physisorbed on MoS2_1VMo_1VS and MoS2_1VMo_3NS sites. This confirms that there is no 

chemical bonding, and interactions are dominated by weak vdW forces.  

The vibrational mode of CO molecule formed upon CO2 interaction with MoS2_1VS site 

is also calculated. The most intense frequency value, 2119 cm-1, corresponds to the C≡O 

stretching mode (Table 5.6), which is in excellent agreement with the experimental value 

[245, 272]. This value is lower than the C═O bonds in the gas phase CO2. In addition to 

the decrease in C–O bond length and the formation of a triple bond, we can conclude that 

the dissociation of CO2 on the MoS2_1VS site leads to the formation CO of molecule. To 
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the authors’ knowledge, in terms of experimental and computational comparison, there are 

no direct vibrational frequencies of CO2 molecule physisorbed on the non-doped vacancy 

and tertiary N doped Mo vacancy MoS2 sites. It is reasonable to compare the computed 

modes with CO2 molecule in the gas phase, to understand how these modes shifted upon 

interacting with the surfaces.   
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Table 5.6: Calculated Vibrational Frequencies (cm-1) for CO2 molecule adsorption on 

MoS2_1VS, MoS2_1VMo_1VS and MoS2_1VMo_3NS sites. Calculated and Experimental 

values of gas-phase CO2 molecule are included for comparison. 

Molecule Gas-phase Physisorption on 

MoS2_1VMo_1VS / 

MoS2_1VMo_3NS 

Dissociation 

on 

MoS2_1VS 

Experimental Theoretical Current  

work 

  

C═O 

stretching 

Asymmetric 

(v3) 

Symmetric 

(v1) 

 

2349 [245, 

272] 

1333 [245, 

272] 

 

2360 [236] 

1321 [236] 

 

2361 

1328 

 

2353/2355 

1315/1317 

 

C═O 

bending (v2) 

667 [245, 272] 638 [236] 633 623/633  

C≡O 

stretching 

2131 [245, 

272] 

   2119 
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5.3.3.5 Selective Adsorption of CO2, N2 and H2O  

An effective CO2 adsorbent should selectively adsorb CO2 molecule over other competitive 

gaseous molecules, such as N2. Since our interest is on selectivity, only the binding energies 

of all the molecules on pristine and defect MoS2 monolayer sites are compared and 

discussed here. This is important for testing the trapping and catalytic activity of the MoS2 

sites. The highest adsorption energies between each substrate and the adsorbate (CO2, N2 

and H2O) are compared in Figure 5.9a.  It can be seen that the N2 adsorption is weaker 

than CO2 adsorption for all surfaces except MoS2_1NMo_1NS, in which N2 is dissociated 

with high dissociation energy rather than adsorbing on the surface. The weaker adsorption 

energy of N2 is attributed to its smaller quadrupole moment and polarizability properties 

than those of CO2. Also, MoS2_1VS exhibits a weaker interaction with N2 than pristine 

MoS2 and the defective surfaces. The interaction between N2 and MoS2_1VS is repulsive 

as shown by the positive adsorption energy value, whereas CO2 interacts exothermically 

with MoS2_1VS, leading to dissociation of CO2 molecule. This result implies that 

MoS2_1VS is a good adsorbent for CO2 activation and not effective for N2 adsorption.  

It is clear that the selective adsorption of CO2 over N2 is based on different binding 

affinities on the adsorbent surface. Therefore, the ratio and difference of the highest 

adsorption energies for CO2 and N2 can be indicators of selective adsorption (Figure 5.9b). 

From Figure 5.9b, MoS2_1VS and PMoS2 exhibit a relatively higher ratio of adsorption 

energy, while MoS2_1NS, MoS2_2NS, MoS2_3NS and MoS2_1VS_1NS exhibit a similar 

ratio of adsorption energy. The highest ratio of 5.1 is obtained for the MoS2_1VS surface, 

while the lowest ratio of 0.5 is obtained for MoS2_1NMo_1NS. Although the highest 
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adsorption energies for CO2 and N2 molecules are obtained for, MoS2_1VMo_3NS structure 

(see Figure 5.6 and Figure 5.10a, respectively), but the smaller ratio of 1.0 compared to 

the values obtained for other structures. When the difference of adsorption energies for 

CO2 and N2 is compared, the MoS2_1VS site appears to be a more suitable adsorbent for 

selective adsorption and separation of CO2 over N2. 

The adsorption of an H2O molecule on the same surfaces is also compared to CO2 

adsorption to predict the stability of the defect and defect free MoS2 monolayers towards 

the H2O contaminant. Figure 5.9c presents the ratio and difference of the highest 

adsorption energies for CO2 and H2O in each studied surface. Unlike the N2 adsorption, 

H2O was found to bind more strongly on all the surfaces than CO2 except on the MoS2_1VS 

monolayer. The stronger adsorption of the H2O molecule is characterized by its high 

polarity and quadrupole moment than those of CO2. This is because the polarity of 

molecules adsorbed on any surface represents a very important factor that influences their 

interaction with the electric field of the surface. In other words, adsorbates that have the 

high quadrupole moment, such as H2O, interact strongly with the electric field of the MoS2 

monolayer and this favours their adsorption.  

The highest ratio of 3.5 is obtained for MoS2_1VS, whereas an adsorption ratio less than 

one is obtained for other surfaces. Also, by comparing the difference in adsorption energies 

for CO2 and H2O, it is evident that MoS2_1VS favours CO2 adsorption over H2O. The 

positive difference in the adsorption energies and low ratio of adsorption energies of CO2 

over H2O for the pristine, N-substitutional and double vacant systems indicate that they 

exhibit excellent selective adsorption of H2O over CO2 molecule. Therefore, the presence 

of H2O could significantly decrease the adsorption capacity of these MoS2 monolayer 
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systems towards selective adsorption and separation of CO2. Although the results showed 

that the MoS2_1VS site is a suitable adsorbent for selective adsorption and separation of 

CO2, the optimization of the MoS2 monolayers structural characteristics and the 

experimental conditions that will ensure the removal of water vapour to the lowest value 

might enhance substantially their CO2 adsorption capacity and thereby might give rise to 

the excellent adsorbents that may be used to capturing the industrial emissions of CO2. 

Finally, CO2 appears to bind stronger on the MoS2_1VMo_3NS site than N2, making it a 

suitable adsorbent for selective adsorption and separation of CO2 over N2, but for the 

application of CO2 storage, the existence of H2O may affect the partial charge distribution 

of the nitrogen-doped vacancy sites.  

All the calculated results for the most stable adsorption configurations of N2 and H2O 

molecules on different surfaces are summarized in Table 5.7 and Table 5.8. Also, the 

adsorption energy curves of N2 and H2O molecules over the studied local geometric 

configurations were calculated as shown in Figure 5.10. 
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Figure 5. 9: Investigation of CO2 adsorption selectivity over N2 and the effect of moisture 

content (a) The adsorption energies of CO2, N2 and H2O molecules for the most stable 

adsorption configurations compared at 2.5 Å molecular height, (b) ratio and difference of 

adsorption energies between CO2 and N2 molecules, (c) ratio and difference of adsorption 

energies between CO2 and H2O molecules.  
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Figure 5. 10: Adsorption energy versus molecular height. Adsorption energy as a function 

of molecular height for (a) N2 and (b) H2O molecules adsorbed on all the studied most 

stable local geometric configurations calculated by the same method applied for CO2 as 

represented in Figure 5. [Here, molecular height is the distance between a reference atom 

of the MoS2 surface in the basal plane in the z-direction (i.e. N atom, for N doped MoS2 

surface and average z plane of top S-layer atom for non-doped MoS2 surface) and the (a) 

nearest N atom of the adsorbed N2 molecule, and (b) central O atom of the adsorbed H2O 

molecule, respectively. Molecular Height is the same as explained in Figure 5.6.   

 

 

 

 

 

 

 

 



  171 
 

Table 5.7: Summary of calculated results for adsorption of N2 on most stable configurations of different surfaces at 2.5 Å initial 

molecular height. 

Model ∆EAE, eV QN2
a, e QN

b, e hmol-surf
c, Å dMo-S

d, Å dN-Mo
e, Å  hN-S

f, Å Ɩ, Å ∆l   

PMoS2 -0.079 -0.009 - 3.657 2.412 - - 1.114 0.000 

MoS2_1NS -0.139 -0.012 -0.943 3.014 2.446 2.015 2.687 1.114 0.000 

MoS2_2NS -0.144 -0.013 -1.882 3.014 2.448 2.018 2.677 1.114 0.000 

MoS2_3NS -0.148 -0.012 -2.806 3.097 2.478 2.036 2.660 1.114 0.000 

MoS2_1NMo_1NS -0.391 -0.152 -1.155  2.362 2.154 2.841 1.148 0.034 

MoS2_1VS -0.178 -0.242 -  2.386 - - 1.131 0.017 

MoS2_1VS_1NS -0.132 -0.012 -0.951 3.054 2.441 2.019 2.694 1.114 0.000 

MoS2_1VMo_3NS -1.744 -0.007 -2.549 3.031 2.367 2.044 ‡*1.777 1.114 0.000 

MoS2_1VMo_1VS -0.181 -0.016 - 3.687 2.365 - - 1.114 0.000 
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a QN2 and b QN, are total charge obtained by the N2 molecule and N dopant atom respectively. Negative charge means charge is transfer from MoS2 surface atoms 

to the atoms of N2 molecule, and vice versa.  

c hmol-surf, is the equilibrium molecular height, the equilibrium molecular height is the nearest distance between the N atom of the adsorbed N2 molecule and a 

reference atom of the MoS2 surface in the basal plane in the z-direction yielded by optimization (That is, N atom, for N doped MoS2 surface and average z plane 

of top S-layer atom, for non-doped MoS2 surface).  

d dMo-S, is the average distance between Mo and S atoms close to the defect sites nearest to the adsorbed N2. 

e dN-Mo, is the average distance between the N atom and its neighbouring Mo atoms nearest to the adsorbed N2.  

f hN-S, is the height of the N atom with respect to the S plane (that is, S atom of the S-layer opposite to the layer doped with N atom). 

‡*1.777 Å, is the average N-S triple bond length, that is, when N2 adsorbed on MoS2_1VMo_3NS surface,  triple bonds were formed between opposite dangling N 

and S atoms in the Mo vacancy.  
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Table 5.8: Summary of calculated results for adsorption of H2O on most stable configurations of different surfaces at 2.5 Å initial 

molecular height. 

Model ∆EAE, eV QH2O
a, e QN

b, e hmol-surf
c, Å dMo-S

d, Å  dN-Mo
e, Å  hN-S

f, Å Ɩg, Å θh, ˚   ∆θ, ˚ 

PMoS2 -0.146 -0.021 - 3.459 2.413 - - 0.974 103.777 0.723 

MoS2_1NS -0.337 -0.017 0.990 2.800 2.444 2.023 2.692 0.981 104.442 0.058 

MoS2_2NS -1.193 0.245 -1.647  - 2.420 2.115 2.725 - - - 

MoS2_3NS -1.639 ~0.000 -2.867 3.041 2.475 2.035 2.663 0.977 102.192 2.308 

MoS2_1NMo_1NS -0.391 -0.044 -1.174 - 2.465 2.037 2.713 - - - 

MoS2_1VS -0.262 -0.507 - - 2.401 - - - - - 

MoS2_1VS_1NS -0.298 -0.020 -0.998 3.459 2.437 2.022 2.703 0.980 103.974 0.526 

MoS2_1VMo_3NS -1.966 0.001 -2.637 2.869 2.366 2.046 ‡* 1.776 0.979 103.053 1.447 

MoS2_1VMo_1VS -1.057 -0.754 - - 2.344    -  

a QH2O and b QN, are total charge obtained by the H2O molecule and N dopant atom respectively. Negative charge means charge is transferred from MoS2 surface 

atoms to the atoms of H2O molecule, and vice versa.  
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c hmol-surf, is equilibrium molecular height, the equilibrium molecular height is the nearest distance between the central O atom of the adsorbed H2O molecule and a 

reference atom of the MoS2 surface in the basal plane in the z-direction (That is, N atom, for N doped MoS2 surface and average z plane of top S-layer atom, for 

non-doped MoS2 surface),   

d dMo-S, is the average distance between Mo and S atoms close to the defect sites nearest to the adsorbed CO2. 

e dN-Mo, is the average distance between the N atom and its neighbouring Mo atoms nearest to the adsorbed CO2.  

Ɩg and θh, is the average bond length and bond angle of H2O after adsorption, respectively, ∆θ is the change in H2O bond angle 

f hN-S, is the height of the N atom with respect to the S plane (that is, S atom of the S-layer opposite to the layer doped with N atom). 

‡*1.776 Å, is the average N-S triple bond length, that is, when H2O adsorbed on MoS2_1VMo_3NS surface,  triple bonds were formed between opposite dangling N 

and S atoms in the Mo vacancy.  

 

 

 



  175 
 

5.4 Summary and Conclusions 

It can be concluded that all of the considered surfaces with vacancy defects and N-doping at the 

vacancy site exhibit superior adsorption activity, selectivity and stability except for the N-

substituted Mo atom (MoS2_1NMo) surface. Among the 10 different surface models studied, the 1 

sulphur-vacancy (MoS2_1VS) and tertiary nitrogen-doped 1 Mo-vacancy (MoS2_1VMo_3NS) 

exhibit strong binding energies of -0.908 and -1.818 eV, respectively. These values are 

approximately 7 and 13 times as strong as that of a pristine MoS2 surface. The results reveal that 

CO2 mainly adsorbs on the basal plane of pristine MoS2 surface because of vdW interactions, while 

the vacancy defect and N doping perturb the local electron density of MoS2 surfaces and greatly 

promote CO2 adsorption with covalent and electrostatic interactions. Among various vacancy 

defects, MoS2_1VS improved the adsorption efficiency of CO2 through dissociative chemisorption, 

leading to the reduction of CO2 to CO gas. This phenomenon is promoted by the perpendicular 

orientation of the CO2 molecule after geometric optimization, which increased the covalent 

attractions at the vacant site. Meanwhile, a double molybdenum and sulphur (MoS) vacancy defect 

(MoS2_1VMo_1VS) facilitates CO2 physisorption by enhancing the vdW interactions between CO2 

and the basal plane of the vacancy site. The promotional effects of tertiary nitrogen doping of 1 

Mo-vacancy on CO2 physisorption can be attributed to the enhanced electrostatic interactions.  

In addition, MoS2_1VS and MoS2_1VMo_3NS surfaces showed stronger selective adsorption of 

CO2 over N2. Due to stronger adsorption, the energy of H2O over CO2 at the tertiary nitrogen-

doped 1 Mo-vacancy site, application of this material for CO2 storage may be limited by moisture, 

by affecting the partial charge distribution of the nitrogen species at the vacancy site. The results 

in this study are expected to be helpful to reveal the CO2 adsorption mechanism and develop CO2 
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adsorbents based on MoS2 materials containing nitrogen. These will provide new insights for 

improved molecular adsorption on heteroatom-doped MoS2 surfaces, which has been witnessed 

on carbon surfaces. On this note, the study of the effect of vacancy defects and nitrogen doping on 

the dissociation of CO2 and H2O over MoS2 monolayers is studied at an operating temperature of 

only 300 ˚C was achieved (see Chapter 6 and 7). 
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CHAPTER 6 

Investigating the Effect of Vacancy Defects and Nitrogen 

Doping on the Adsorption and Dissociation of CO2 and H2O 

over Mos2 Monolayers 

6.1 Introduction 

Due to global climate change caused by the emission of greenhouse gases such as anthropogenic 

CO2 [3, 35], the hydrogenation of CO2 into carbon-based fuels and chemicals has become an 

attractive approach for mitigating CO2 emissions via the utilization of CO2 on a large-scale [2, 

274-277]. In this approach, the dissociation of H2O plays an important role as it acts as either a 

hydrogen source or a reactant[275]. However, under ambient conditions, the conversion efficacy 

of conventional catalysts is limited by the low local concentration of CO2 at the active sites and its 

inherent stability [2]. Under ambient conditions, H2O conversion is hindered by its thermodynamic 

energetics, low Faradaic efficiency (FE), and poor selectivity [24]. In both cases, these features 

slow down the conversion kinetics involving the transformation of CO2 to CO [2, 278] and the 

conversion of H2O to OH* and H* [279]. To offset these limitations, there is a need to develop bi-

functional catalysts that can simultaneously promote CO2 conversion and H2O dissociation by 

improving the reaction kinetics at low temperatures.  

Recently, metal- and metal oxide-based catalysts have been found to have the greatest catalytic 

efficiency for the conversion of CO2 and H2O dissociation on an industrial scale [280-283]. 
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However, the low conversion of CO2 and H2O, and insufficient stability at 493-573 K restrict the 

application of these catalysts [280, 281, 284, 285]. Furthermore, the high cost of these precious 

metals [280, 281], and the high requirement of overpotential and current density [286, 287] hinder 

their industrial application. Therefore, there is still a need for significantly improved catalytic 

efficiency and selectivity to achieve viable transformation of CO2 on an industrial scale [287]. 

Due to its layered structure and unique electronic configuration, molybdenum disulphide (MoS2) 

has been identified as a promising candidate for the catalytic conversion of CO2 [157, 158]. 

However, the low electron transfer of the basal plane of MoS2 can lead to slow catalytic kinetics 

[14, 15]. One of the methods to attenuate its catalytic sluggishness is the introduction of point 

defects [21], which are usually more reactive than the sites on a perfect surface. Another method 

of promoting its intrinsic catalytic characteristics is to create basic or redox-active surface sites by 

incorporating nitrogen into a surface framework [19, 22, 23] or introducing a promoter cation [24, 

25]. These manipulate its conductivity and charge density to activate the inert S atoms in the basal 

plane, thus, promoting electron transfer [162]. Theoretical and experimental studies have shown 

that catalytic properties of transition-metal surfaces are improved when doped with metals (Fe, Co, 

Ni and Cu) [165, 275] or non-metals (N, P, O, Se, Cl) [19, 22, 23]. Generally speaking,  catalytic 

behaviour is determined by the structure of the catalyst particle [288] and the barrier at which the 

reaction proceeds readily at room temperature [165]. Hence, the existence of activation barriers 

can impose additional constraints and poses a fundamental limitation to the catalytic efficiency of 

transition metal-based catalysts for CO2 conversion and H2O splitting [289, 290] under ambient 

conditions. Therefore, to develop catalysts that are high-performance in CO2 reduction and water 

splitting at low activation barriers and good electronic conductivity it is necessary to modify the 

electronic properties and boost the catalytic performance of MoS2, for example, to substitute S 
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atoms with N atoms [291]. By observing the impact of N dopants on various vacancies over MoS2 

in Chapter 5, it was discovered that the type of vacancy defect and the number of N active sites 

affect the adsorption performance of MoS2. The removal of the Mo atom from a unit cell of the 

MoS2 surface creates a large hole with six unsaturated edge S atoms, thus making it available for 

substitutional doping. However, to the best of our knowledge, the tertiary N-doping of single-

vacancy MoS2 for CO2 reduction and H2O splitting has not been reported.  

In this chapter, we employ a range of computational chemistry tools to investigate the adsorption 

and dissociation of CO2 and H2O on tertiary N-doped, single Mo vacancy MoS2 

(MoS2_1VMo_3NS). An in-depth, first principles-based investigation of CO2 reduction (CO2 → 

CO− + H+) and water splitting (H2O → OH− + H+) mechanisms, in terms of thermodynamic 

stability, active sites, activation barriers and rate of reactions on MoS2_1VMo_3NS are carried out.  

6.2 Computational Methods and Models 

In this section, the computational details, which include, the simulation models and methods 

employed to investigate the effect of vacancy defects and nitrogen doping on the adsorption and 

dissociation of CO2 and H2O over MoS2 monolayers are detailed. A range of computational 

chemistry tools as well as other calculation details is also discussed. 
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6.2.1 Computational Details 

Computational methods and technical details of the simulations of gas adsorption on MoS2 used in 

this study are detailed in Chapter 5. In Chapter 5, it has been found that MoS2_1VMo_3NS shows 

excellent adsorption stability. Therefore, the present study was restricted to this adsorption site. 

Briefly, a MoS2_1VMo_3NS site is formed by replacing three neighbouring S atoms in a unit cell 

with three N atoms and removing the adjacent Mo atom. A water coverage of 0.25 ML (i.e. one 

H2O molecule per unit cell) was used to represent water adsorption on a monolayer. The spin-

polarized DFT-D2 calculations were performed for the simulated adsorption configurations using 

Grimme’s [216] method, as implemented in the Vienna ab initio simulation package (VASP) [211, 

212]. All calculations were performed under the same relaxation criteria. 

The frequencies of the phonon modes have been calculated through the finite difference method 

using a displacement of 0.015, and by fixing all of the atoms of the MoS2 monolayer. This approach 

has been shown to introduce little or no error in the computed frequencies and intensities of the 

adsorbed molecules and results in a significant reduction in computational cost [262]. The 

vibrational modes of the molecules in the gas phase were also computed to compare with the 

different adsorption configurations.  

The evaluation of minimum-energy reaction paths (MEPs) and the transition states (TS) was 

performed using the climbing image nudged elastic band (Cl-NEB) method [184]. The finite 

temperature analysis of the dissociative adsorption system at 300 K was conducted using ab initio 

molecular dynamics (AIMD) on the Born-Oppenheimer surface. A timestep of 1.0 femtoseconds 

(fs) was employed and the temperature of the system was maintained using a Nosé-Hoover 

thermostat, which normalized particle velocities every 40-time steps. Moreover, the ab initio 
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thermodynamics method [182, 183] was applied to investigate the adsorption performance under 

non-zero temperature and pressure of the surrounding atmosphere, to analyse the thermodynamic 

stability of the considered most stable adsorption surface when exposed to a given environment. 

Further details regarding the use of the ab initio thermodynamics method are included in 

Subsection 6.2.2. 

6.2.2 Calculation Details  

The adsorption energy (EAE) is calculated as, 

𝐸𝐴𝐸 = 𝐸𝑆𝑢𝑟𝑓+𝑋 − (𝐸𝑠𝑢𝑟𝑓 +  𝐸𝑋)    (6.1) 

Where, E𝑠𝑢𝑟𝑓 and E𝑆𝑢𝑟𝑓+𝑋  are the total energies of the surface (pristine (PMoS2) or the defect 

(MoS2_1VMo_3NS) monolayer MoS2 and that with the adsorbed X (CO2, N2 and H2O) molecule 

respectively, and E𝑋  is the total energy of the isolated X molecule. A negative value of E𝐴𝐸 

indicates that the adsorption is exothermic, which means that the adsorption of X molecule on the 

surface of the structure is favoured energetically, vice versa.  

To analyse the electronic property of the PMoS2 and MoS2_1VMo_3NS structures upon CO2, N2 

and H2O adsorption, the charge density difference, ∆ρ𝑑𝑓, were calculated using Eq. (6.2) 

∆ρ𝑑𝑓 = ∆ρ𝑆𝑢𝑟𝑓+𝑋 − ( ∆ρ𝑆𝑢𝑟𝑓 +  ∆ρ𝑋)    (6.2) 

 Where ∆ρ𝑆𝑢𝑟𝑓+𝑋 ,  ∆ρ𝑆𝑢𝑟𝑓  and ∆ρ𝑋  are the charge density of X (CO2, N2 and H2O)-MoS2 

adsorption system, MoS2 substrate and X molecule, respectively. 
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6.2.3 Ab Initio Thermodynamic Calculation Details  

The ab Initio thermodynamic calculations were obtained using the following equation: 

∆𝐺𝑎𝑑𝑠(𝑇, 𝑃) = 𝐺𝑆𝑢𝑟𝑓+𝑔𝑎𝑠(𝑇, 𝑃) − 𝐺𝑠𝑢𝑟𝑓(𝑇, 𝑃) −  𝐺𝑔𝑎𝑠(𝑇, 𝑃)   (6.3) 

where,𝐺𝑆𝑢𝑟𝑓+𝑔𝑎𝑠(𝑇, 𝑃), 𝐺𝑠𝑢𝑟𝑓(𝑇, 𝑃) and 𝐺𝑔𝑎𝑠(𝑇, 𝑃) are the Gibbs free energies as a function of 

temperature and pressure of the MoS2_1VMo_3NS surface with the adsorbed molecule, the 

MoS2_1VMo_3NS surface and the Gibbs free energy of the isolated gas phase molecule, 

respectively.  

The MoS2_1VMo_3NS surface with the adsorbed gas molecule and MoS2_1VMo_3NS surface can 

be represented as a product in solid phase slab with adsorbate and solid phase slab reagents, 

respectively. Hence, Gibbs free energies of the solid phase reagents have relatively small variations 

with respect to temperature and pressure and can be approximated by the energy computed by DFT 

(the Helmholtz free energy at 0 K without zero-point energy correlation) [292]. Contrarily, the 

Gibbs free energy of the isolated gas phase molecule will be strongly affected by temperature and 

pressure and can be defined as [182, 292]: 

𝐺𝑔𝑎𝑠(𝑇, 𝑃) = 𝐺𝑔(0𝐾, 𝑃°) + ∆𝐻𝑔(𝑇, 𝑃°) −  𝑇∆𝑆𝑔𝑎𝑠(𝑇, 𝑃°) + 𝐾𝐵𝑇𝐼𝑛(𝑃/𝑃°)              (6.4) 

The first term,  𝐺𝑔(0𝐾, 𝑃°) ≈𝐸𝑔𝑎𝑠
𝐷𝐹𝑇, which is the DFT calculated total energy of the isolated gas 

phase molecule; the second and third terms are the contribution of gas enthalpy and entropy under 

at atmospheric pressure (Po = 1 atm), respectively, which could be obtained from standard 

thermodynamic database [293]; the fourth term is a pressure-dependent contribution [182, 292]. 
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Combing Eq. (6.3) and (6.4), and the approximations, the different contributions to the total Gibbs 

free energy of adsorption can be written explicitly as:  

∆𝐺𝑔𝑎𝑠(𝑇, 𝑃) = ∆𝐸𝐴𝐸
𝐷𝐹𝑇 + 𝐹𝑣𝑖𝑏,𝑎𝑑𝑠(𝑇) − ∆𝐻𝑔(𝑇, 𝑃°) +  𝑇∆𝑆𝑔𝑎𝑠(𝑇, 𝑃°) − 𝐾𝐵𝑇 ln(𝑃/𝑃°)     (6.5) 

Where ∆𝐸𝐴𝐸
𝐷𝐹𝑇  is the adsorption energy that is calculated from Eq. (6.1) and 𝐹𝑣𝑖𝑏,𝑎𝑑𝑠(𝑇) is the 

difference between the vibrational contribution to the free gas molecule and the free energy of the 

adsorbed molecule (adsorbate) 

𝐹𝑣𝑖𝑏,𝑎𝑑𝑠(𝑇) = 𝐹𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒
𝑣𝑖𝑏 (𝑇) − 𝐹𝑓𝑟𝑒𝑒

𝑣𝑖𝑏 (𝑇)    (6.6) 

Where the vibrational energies of the adsorbed molecule (adsorbate) and the free gas molecule can 

be estimated by the vibrational free energy within the harmonic approximation for n fundamental 

modes (with frequencies of 𝜔i) of the system as: 

𝐹𝑣𝑖𝑏(𝑇) = ∑ 𝐹𝑣𝑖𝑏(𝑇, ђ𝜔𝑖)
𝑛
𝑖=1 = ∑ [

1

2

𝑛

𝑖=1
ђ𝜔𝑖 + 𝐾𝐵𝑇 ln(1 − 𝑒

−
ђ𝜔𝑖

𝐾𝐵𝑇)]  (6.7) 

Here, we only considered n = 3N-3 nodes, where N is the number of atoms allowed to vibrate. A 

detailed description of this method can be found in published works [182, 183, 294]. The 

adsorption (reaction) is stable when ∆Ggas (T, P) < 0. It follows that if contributions from enthalpy 

and entropy are neglected in Eq. (6.5), the condition for stability of adatom is when Fvib, ads (T) 

<∆𝐸𝐴𝐸
𝐷𝐹𝑇. The equilibrium is reached when ∆Ggas (T, P) = 0 and Fvib, ads (T) =∆𝐸𝐴𝐸

𝐷𝐹𝑇 . 
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6.3 Results and Discussion 

6.3.1 Adsorption of CO2, N2, and H2O on MoS2_1VMo_3NS  

In this section, the adsorption of CO2, nitrogen (N2) and water (H2O) molecules on 

MoS2_1VMo_3NS was investigated to ascertain the adsorption performance of MoS2_1VMo_3NS 

sites in terms of adsorption energy and the structure of the molecule and surface upon interaction. 

Thereafter, Infrared (IR) spectroscopy was also performed to probe the structure of the surface 

adsorbates as well as the electronic properties are also discussed. 

6.3.1.1 Adsorption Energies and Structures 

The atomic configurations and adsorption energies of CO2, N2 and H2O molecules on pristine 

MoS2 (PMoS2) and MoS2_1VMo_3NS are shown in Figure 6.1, while Table 6.1 shows the 

physisorption of these molecules. As shown in Table 6.1, MoS2_1VMo_3NS possesses higher 

adsorption stability and energy (EAE) for the adsorption of CO2, N2, and H2O molecules as 

compared with adsorption on the perfect MoS2 surface. The adsorption energies of CO2, N2 and 

H2O are -1.818, -1.744 and -1.966 eV (as shown in Table 6.1), with equilibrium molecular heights 

of 3.313, 3.031 and 2.869 Å (as shown in Figure 6.1 (a) to (c)), respectively. In addition, it is 

observed that the most stable adsorption configuration varies with different gas molecules. While 

CO2 and N2 molecules adopt a configuration that is parallel to the MoS2_1VMo_3NS basal plane, 

the H2O molecule displayed a partially vertical orientation, in which one of the O-H bonds is 

positioned almost perpendicular to the MoS2_1VMo_3NS basal plane with the H atom pointing to 

the MoS2_1VMo_3NS surface. However, the orientation of H2O being adsorbed on the pristine 

surface is different, with the axis that crosses the two H atoms being parallel to the MoS2 surface, 
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while the orientation of CO2 and N2 is similar to that on the MoS2_1VMo_3NS surface. On the 

pristine surface, the adsorption energies of CO2, N2 and H2O are -0.139 eV, -0.079 eV and -0.021 

eV (as shown in Table 6.1), with equilibrium molecular heights of 3.456, 3.657 and 3.459 Å (as 

shown in Figure 6.1 (d) to (f)), respectively. 

Table 6.1: Summary of the physisorption of CO2, N2 and H2O molecules on MoS2_1VMo_3NS and 

PMoS2.  

Molecule MoS2_1VMo_3NS PMoS2 

EAE, eV QX, e QN, e EAE, eV QX, e QN, e 

CO2 -1.818 -0.012 -2.557 -0.139 -0.020 - 

N2 -1.744 -0.007 -2.549 -0.079 -0.009 - 

H2O -1.966 -0.001 -2.637 -0.146 -0.021 - 

* The values of the adsorption molecules on the PMoS2 surface are included for comparison. EAE is the 

adsorption energy and QN is the total charge obtained by N atoms, QX is the total charge obtained by the X 

(X= CO2, N2 and H2O) molecule. 
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Figure 6.1: The most stable adsorption configurations for the adsorption of CO2, N2 and H2O 

molecules on MoS2_1VMo_3NS (a-c) and PMoS2 (d-f). Colour code: Mo, blue, S, yellow, and N, 

green. O, C and H atoms are shown in red, grey and white, respectively. The lines define the 

equilibrium molecular height between the reference atoms of the molecules (CO2 (carbon), H2O 

(oxygen), N2 (nitrogen)) and a reference atom of the MoS2 surface in the basal plane in the z-

direction yielded by optimization (i.e. N atom for MoS2_1VMo_3NS surface and average z plane 

of S atoms, for PMoS2 surface given in Å. 

These results show that the MoS2_1VMo_3NS surface yields stronger interactions with each 

adsorbate than the PMoS2 surface. Specifically, the adsorption energy of CO2 on MoS2_1VMo_3NS 

is approximately 13 times stronger than on the PMoS2. Furthermore, the adsorption of N2 and H2O 

molecules on MoS2_1VMo_3NS is approximately 22 and 14 times stronger than on PMoS2, 

respectively. Moreover, when the equilibrium molecular height is compared, it is clear that CO2, 
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N2 and H2O molecules strongly adsorbed on the MoS2_1VMo_3NS site than on the PMoS2 site 

when the surface was fully relaxed.  

The adsorption configurations and larger adsorption energy, when compared with perfect surface, 

can be explained by their bonding nature with CO2, N2 and H2O molecules. The carbon atom and 

hydrogen atoms of CO2 and H2O molecules, respectively, possess a positive charge due to their 

lower Pauling electronegativity compared to the oxygen atom. Therefore, are attracted 

electrostatically to the triangle formed by negatively charged tertiary nitrogen atoms surrounding 

the Mo vacancy. The absence of the Mo atom lessens the repulsive component of the interaction. 

As shown in Figure 6.1, the adsorption energetic configuration for the CO2 molecule on 

MoS2_1VMo_3NS is obtained when the linear CO2 molecular axis is placed parallel to the surface. 

Less or repulsive interaction is observed when linear CO2 is perpendicularly oriented to the surface, 

with the O atom pointing to the MoS2 basal plane, just like the adsorption on a perfect MoS2 surface. 

Contrarily, the H2O molecule prefers a perpendicularly oriented configuration, with the H atom 

pointing to the MoS2 basal plane as shown in Figure 6.1. Meanwhile, N2 adsorbed strongly on 

MoS2_1VMo_3NS site, when N2 molecular axis is parallel to MoS2_1VMo_3NS surface, while less 

or repulsive interaction is observed for perpendicular orientation. Unlike N2 adsorption on 

MoS2_1VMo_3NS, N2 adsorption on the pristine surface is relatively the same irrespective of N2 

molecule orientation. The less interaction of N2 and MoS2_1VMo_3NS when placed 

perpendicularly to the surface can be ascribed to nearly the same Pauling electronegativity of the 

N2 molecule and surface N atoms. The similarity of adsorption configuration of N2 on pristine 

surface irrespective of orientation is due to lower electronegativity of S atom of the surface to 

diatomic N2 molecule. For PMoS2, the adsorption of CO2, H2O and N2 mainly occur on the basal 

plane through vdW forces. The strong interactions between CO2, H2O and N2 and 
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MoS2_1VMo_3NS can be attributed to the enhanced electrostatic interactions due to the presence 

of Mo vacancy and N species, except for N2 adsorption, due to less electrostatic interaction with 

MoS2_1VMo_3NS. These results demonstrate that N doping could boost the effective surface for 

CO2, N2 and H2O adsorption by facilitating both vdW and electrostatic interactions.  

6.3.1.2 Geometric Structure and Vibrational Frequency Predictions 

The vibrational frequencies of the molecules adsorbed on MoS2_1VMo_3NS surfaces were 

calculated and compared to the gas phase. The calculation of the infrared (IR) spectroscopy of 

molecules adsorbed on the surface in conjunction with the experimental measurements can provide 

a valuable approach to probe the structure of the surface absorbates.  As shown in Table 6.2, the 

calculated bond angle of adsorbed CO2 is 178.58˚, which decreases by 1.419˚ with respect to the 

gas phase linear CO2 molecule [245]. Similarly, the calculated bond angle of adsorbed H2O 

molecule decreases by 1.471˚, when compared with a H2O molecule in the gas phase. The bond 

lengths of adsorbed CO2 and N2 molecules are unchanged comparedn to the gas phase molecules, 

as shown in Table 6.2. For the adsorption of H2O, the bond length of the O-H bond, which is 

almost perpendicular to the MoS2_1VMo_3NS, surface increases by 0.013 Å. The other O-H bond 

length remains unchanged, indicating a strong interaction between the former bond and the surface. 

The vibrational frequencies of the asymmetric (v3) and symmetric (v1) stretching modes for gas 

phase CO2 and H2O were calculated to be 2361, 3843 cm-1 and 1328, 3729 cm-1, respectively, 

while the N≡N stretching mode for gas phase N2 was 2424 cm-1. The bending frequencies (v2) for 

gas phase CO2 and H2O are calculated to be 633 cm-1 and 1584 cm-1, respectively. The calculated 

values are in good agreement with the experimental values [245, 272, 295, 296]. The computed 

C═O and O-H asymmetric stretching modes (v3) for adsorbed CO2 and H2O molecules on the 
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MoS2_1VMo_3NS surface are 2355 cm-1
 and 3788 cm-1, respectively. These values downshift by 6 

cm-1 and 55 cm-1 to the values calculated in their respective gas phase. The calculated C═O 

symmetric stretching modes (v1) for adsorbed CO2, 1317 cm-1, downshifts by 11 cm-1 with respect 

to the calculated symmetric stretching mode of gas phase CO2. Similarly, the calculated O-H 

symmetric stretching mode (v1) for adsorbed H2O, 3788 cm-1, downshifts sharply by 235 cm-1 

with respect to the calculated symmetric stretching mode of H2O in the gas phase. In contrast, the 

calculated N≡N stretching mode for adsorbed N2 (2424 cm-1) is almost the same as the calculated 

value in the gas phase. The slight or no downshift in the vibrational frequencies of adsorbed CO2 

and N2 molecules, indicate that the C═O and N≡N bonds are stronger when CO2 and N2 molecules 

interact with the MoS2_1VMo_3NS site. The higher downshifts in the vibrational frequencies of 

adsorbed H2O molecule, shows that the O-H bond becomes weaker when the H2O molecule is 

adsorbed onto the MoS2_1VMo_3NS site. Finally, upon interaction with the MoS2_1VMo_3NS site, 

the CO2 deformation mode (v2) of 633 cm-1 remains unchanged with respect to the computed value 

in the gas phase. Whereas, the H2O mode (v2) of 1581 cm-1 slightly downshifts by 4 cm-1 compared 

to the v2 mode in the gas phase.  The increase in one of the O-H bond lengths and the downshift 

in H2O mode suggest that the O-H bonds are weakened when the H2O molecule is adsorbed on the 

MoS2_1VMo_3NS site, which would then make the reactions of H2O with other molecules easier. 
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Table 6.2: Calculated geometry and vibrational frequencies (cm-1) for adsorption of CO2, N2 and 

H2O molecules on MoS2_1VMo_3NS sites. Calculated and experimental values of gas-phase 

molecules are included for comparison. The bond lengths and bond angles are in Å and degrees, 

respectively.  

Molecule 

Gas-phase adsorption on 

MoS2_1VMo_3NS Experimental Theoretical Current work 

C═O bond 

length  

bond angle 

1.160 [245] 

180 [245] 

1.176 [236] 

180 [236] 

1.177 

180 

1.177 

178.58 

C═O stretching 

Asymmetric (v3) 

Symmetric (v1) 

 

2349 [245, 

272] 

1333 [245, 

272] 

 

2360 [236] 

1321 [236] 

 

2361 

1328 

 

2355 

1317 

C═O bending 

(v2) 
667 [245, 272] 638 [236] 633 633 

N≡N bond length 1.114 [245] 1.114 [160] 1.114 1.114 

N≡N stretching 
1992-2625 

[296] 
 2425 2424 

O-H bond length 

bond angle 

0.972 [245] 

 

0.972 [160] 

104.5 [160] 

0.972 

104.52 

0.972/0.985 

103.05 

O-H stretching 

Asymmetric (v3) 

Symmetric (v1) 

 

3943 [295] 

3833 [295] 

 

3713 [297] 

3602 [297] 

 

3843 

3729 

 

3788 

3494 

O-H bending (v2) 1649 [295] 1591 [297] 1584 1580 



  191 
 

6.3.1.3 Electronic Structure 

The electrostatic interaction between the CO2 and H2O molecules and the MoS2_1VMo_3NS surface 

was further confirmed by Bader charge analysis. Charge analysis was focused on the atoms of the 

molecules and the nearest surface atoms at the adsorption locations. The result reveals that the 

interaction between the molecules and the MoS2_1VMo_3NS surface causes charge transfer and 

redistribution. As shown in Table 6.1, a charge of 0.020 e, 0.009 e and 0.021 e is transferred to 

CO2, N2 and H2O in PMoS2, while only a charge of 0.012 e, 0.007 e and 0.001 e is transferred to 

CO2, N2 and H2O, respectively, on the MoS2_1VMo_3NS surface. The interaction between the 

molecules and the MoS2_1VMo_3NS surface also supports the Lewis-acid interaction comparison 

but is less noticeable when compared to the pristine and non N-doped vacancy surfaces. The 

reactive surface N atoms gain more electrons after CO2, N2 and H2O adsorption compared to the 

electrons gained by the N dopants before adsorption. The total number of electrons gained by the 

N dopant after CO2, N2 and H2O adsorption is 2.557 e, 2.549 e and 2.637 e, respectively. This is 

~0.371 e more than the total charge (2.21 e) the N atoms receive before adsorption (see Table 5.3 

of Chapter 5) Thus, the N-dopants become negatively charged after adsorption. Furthermore, less 

charge is transferred to the molecules while the surface N atoms become negatively charged, 

leading to higher adsorption energy. For instance, H2O with the highest adsorption energy received 

less charge from the surface, with the largest amount of charge transferred to surface N atoms. 

This trend is different from the behaviour observed in PMoS2. Similar behaviour was observed for 

CO2 adsorption, while the charge received by the N2 molecule from MoS2_1VMo_3NS is 

comparable to the perfect surface. This can be attributed to the loss of an electron by the O atoms 

of CO2 and H2O molecules. This indicates that CO2 and H2O molecules bind strongly onto the N-

doped vacancy site by transferring some of the electrons of their O atoms.  
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The charge density difference, ∆𝜌𝑑𝑓 was calculated based on Eq. (6.2) as described in Subsection 

6.2.2. The light blue and pink colours represent an increase and decrease of charge electron density, 

respectively. As shown in Figure 6.2 (a) to (c), charge difference redistributes in the middle region 

between the molecule and MoS2_1VMo_3NS substrate, with much more noticeable polarization of 

the MoS2_1VMo_3NS nanosheet upon adsorption. This indicates a stronger covalent character, 

when compared to the perfect surface (Figure 6.2 (d) and (e)). Stronger polarization of the 

MoS2_1VMo_3NS surface is observed for H2O and CO2 adsorption than N2 adsorption, which is 

consistent with the earlier Bader charge analysis.  

The reason is that, when CO2 is adsorbed onto the surface, the reactive surface N atoms receive 

electrons from the region between the CO2 central carbon atom and itself to strengthen the 

interaction between CO2 and the surface. An increase in the pink colour (decrease of electron 

density) in the middle region between the CO2 and MoS2_1VMo_3NS surface compared to the cases 

of pristine surface, indicates less charge transfer to CO2 upon adsorption on MoS2_1VMo_3NS. 

Also, the increase in the light blue colour (an increase of electron density) on the surface N atoms 

compared to MoS2_1VMo_3NS surface before adsorption (Figure 5.3 of Chapter 5), shows the 

reactive surface N atoms gained more electrons after CO2 adsorption. In addition, a big region of 

electron depletion appears near the oxygen atoms. Therefore, there is a lower electron density 

surrounding CO2 compared to that of CO2 on the perfect surface (Figure 6.2 (a) and (d)). Similar 

behaviour, but much stronger interaction, is also observed when the H2O molecule adsorbed on 

the MoS2_1VMo_3NS surface compared to the perfect surface (Figure 6.2 (c) and (f)). The electron 

density plot of N2 interaction with MoS2_1VMo_3NS surface is similar to that of the perfect surface 

(Figure 6.2 (b) and (e)).  
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 These results demonstrated the importance of vacancies and nitrogen doping for CO2, N2 and H2O 

adsorptions in MoS2 systems. It is found that CO2, N2, and H2O interact strongly with the Mo 

vacancy site when the surrounding S atoms are replaced with substituted N atoms. 

 

Figure 6.2: Top and side views of isosurfaces of spin density difference for CO2, N2 and H2O 

molecules adsorbed on MoS2_1VMo_3NS (a-c) and PMoS2 (d-f). Each isosurface was taken as 

±0.00015 e/Bohr3. The light blue and pink colours represent an increase and decrease of electron 

density, respectively. 
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6.3.2 Dissociation of CO2 and H2O on MoS2_1VMo_3NS  

The dissociation of CO2 and H2O occurred when the molecules are placed close to the N-doped 

Mo vacancy site. For CO2, the calculations indicate that there are two stationary states for 

adsorption corresponding to physisorption and dissociation. CO2 physisorption occurs when it is 

initially located at a distance of 2.5 Å or greater from the plane of the three dangling unsaturated 

N atoms, as explained in Chapter 5.  Nevertheless, when CO2 is initially positioned at a distance 

of 2.0 Å from the N-doped Mo vacant site, the molecule dissociates into CO and O fractions that 

remain chemisorbed at two N atoms of the vacancy site. This leads to the formation of two new 

double covalent bonds (C═N and O═N) of 1.229 Å and 1.209 Å, respectively. The formation of 

C═N and O═N bonds make this optimized state highly exothermic; ~2.136 eV, with respect to 

CO2 in the gas phase. When comparing this dissociation state with CO2 physisorbed on 

MoS2_1VMo_3NS vacancy site, CO2 dissociation is favoured by -0.318 eV. The C═O bond length 

slightly decreased to 1.176 Å, with respect to the physisorption state. The newly formed N═C═O 

bond is bent with an internal angle of ~178 ˚ similar to the bond angle of the physisorbed CO2. 

These covalent bonds are formed from the combination of their p-orbitals, with C═O and O═N 

bonds pointing up from the surface as shown in Figure 6.3a. The two stationary states of CO2 

dissociation on the MoS2_1VMo_3NS site is similar to the CO2 dissociation over a semiconducting 

defected graphene [237], but different from the three stationary states obtained with ones reported 

by literature [298] for CO2 dissociation on graphene-like boron nitride with boron vacancy.    
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Figure 6.3: Top (upper panels) and side (lower panels) views of dissociated CO2 and H2O 

molecules on MoS2_1VMo_3NS site obtained from conjugate gradient energy minimization (a) CO2 

is partially dissociated into CO and O fractions that remain chemisorbed at two N atoms of the 

vacancy site, (b) first H2O dissociation state, where H2O dissociated into OH and H species that 

bound to two surface N atoms and (c) final H2O dissociation state, where H2O completely 

dissociated into O, H and H species that bound to two N  atoms and one S atom of the surface.   

Three stationary states were identified for H2O dissociation on the MoS2_1VMo_3NS site, 

corresponding to physisorption and two dissociated states. The physisorption state occurs when 

H2O is initially placed at 2.5 Å away from the plane of the surface N atoms as mentioned in Section 

6.3.1. The first dissociation state occurs at an initial molecular height of 2.0 Å, where H2O is 

trapped in the vacancy site by the O atom of H2O, forming bonds with one of the N atoms. As 

shown in Table 6.3, the bonded O atom receives electrons from the N atom and subsequently 

releases one H atom to be attached to one of the negatively charged N surface atoms, leaving 

behind an OH fragment. As shown in Figure 6.3b, the dissociation of H2O into OH and H species 

leads to the formation of new O-N and H-N covalent bonds with bond lengths of 1.360 Å and 

1.024 Å, respectively. Again, the new bond formation makes the optimized state highly exothermic 

(~1.623 eV) with respect to H2O in the gas phase, but less favoured by -0.343 eV with respect to 
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the physisorption state. The calculated O-H bond length is 0.989 Å and the newly formed N-O-H 

molecule bent with an internal angle of 105.39˚. This configuration is similar to the findings in ref 

[16] and ref [290] for H2O dissociation on MoS2 triple vacancy and monolayer MoS2 edges 

(mechanism 1), respectively. When H2O is placed at closer proximity at the start of the geometry 

optimization, specifically 1.5 Å from the N doped Mo vacant site, H2O dissociates into O, H and 

H species, with dissociation energy of -2.096 eV, with respect to free H2O. The reason is that, at 

closer proximity, the O atom of OH bound to the N atom receives extra electrons from the N atom. 

This is sufficient to release the H atom, which finally attaches to the S atom below the N atom that 

binds the O atom, as shown in Figure 6.3c.  

The formation of the new H-S covalent bond of 1.371 Å makes the optimized state of the final 

dissociation state highly exothermic. This is favoured by 0.473 eV with respect to the initial 

dissociation state and 0.130 eV with respect to the physisorption state. The H-N bond remains the 

same while the O-N decreases to 1.217 Å. Here, the covalent bond O-N is formed from the 

combination of p-orbitals of O and N, whereas the N-O-H and H-N bonds are formed by p-orbitals 

of N and O, and the s-orbital of the H atom. Furthermore, the dissociation of H2O into OH and H 

species in the first dissociation state, and further dissociation of OH into O and H, suggest a 

possible formation of H2 by simple route of the Tafel reaction (2H٭→ H2). Where the first 

dissociation state is the initiation step reaction (H2O + 2٭→ OH٭ + H⃰) and the final dissociation 

state is the final step reaction (H2O + 3٭→ O٭ + H٭ + H⃰), with intermediate step (OH٭→ H٭ + 

H⃰, where ٭ represents a surface site). This route is in agreement with the one proposed by ref [290] 

for H2O dissociation on monolayer MoS2 edges. These calculations show that the dissociation of 

CO2 and H2O molecules on the perfect surface occurs endothermically with very high adsorption 

energies. In fact, CO2 and H2O molecules are not attracted to the MoS2 basal plane exothermically 
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even at a separation of 1.5 Å indicating a repulsive interaction between the free CO2 and H2O 

molecules and the basal plane. This suggests CO2 and H2O dissociation on the MoS2 basal plane 

is unlikely. This is likely because the O atoms of the molecules cannot receive sufficient electrons 

to release C and H atoms of CO2 and H2O molecules, respectively [16, 290]. This highlights the 

importance of N-doping around vacancies in the MoS2 system for CO2 and H2O dissociations. 

Furthermore, Bader charge analysis shows that, the central C atom of CO2 gains electrons from 

the N atom to release one O (O1) atom, which becomes positively charged (Table 6.3). The 

released O atom moves to be attached to one of the negatively charged N (N3) surface atoms, 

leaving behind a CO fragment that is bound to N (N2) atom. This caused the total charge obtained 

by the N atoms to decrease to -2.171 e. Similarly, in both H2O dissociation states, the total charge 

obtained by the N atoms decreases to -2.168 e and -1.895 e, as shown in Table 6.3. The large 

difference (-0.315 e) in the total charge obtained by the N atoms observed in the final H2O 

dissociation state, explains the strong covalent interaction between a water molecule and the N 

doped vacancy site. The charge analysis was focused on the atoms of the molecules and the total 

charge obtained by the surface N atoms.    

Bader charge analysis showed that as the surrounding surface atoms (emphasis on N atoms) and 

adsorbate atoms exchange electrons (charges), the atoms that gain more electrons forms bonds 

with the atoms that lose electrons. This exchange in electrons led to the dissociation of the guest 

molecules and migrations of its atom to the surface atoms (N) to form covalent bonds.  
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Table 6.3: Summary of calculated results for dissociation of CO2 and H2O molecules on 

MoS2_1VMo_3NS sites. The values of charge transfer for the atoms of molecules and the total 

charge gained by the surface N atoms (QN) are included for comparison. The bonding of the 

dissociated atoms is as follows: CO2 (N1═C1═O2 and N3═O1), H2O
a (N3-H1 and N2-O1-H2) 

and H2O
b (N3-H1, N2-O1 and S-H2). The total charge obtained by the N atoms of the surface 

before adsorption is 2.21 e (see Table 5.3 of Chapter 5). 

Molecule  Amount of charge transferred (Q, e)  

EAE, eV O1 C O2 H1 O H2 QN, e 

CO2 -2.136 0.614 -0.158 -0.007 - - - -2.171 

H2Oa -1.623 - - - -0.196 0.494 -0.037 -2.168 

H2Ob -2.096 - - - -0.509 0.778 -0.129 -1.895 

a 
Refers to the first water dissociation state. b Refers to the final water dissociation state. 

6.3.3 C-NEB Analysis of CO2 and H2O Dissociation on MoS2_1VMo_3NS 

Having identified the dissociated structures, the activation barrier for the dissociation reaction over 

the MoS2_1VMo_3NS surface was estimated by using minimum-energy reaction paths search based 

on the Cl-NEB method with 4 images to locate the transition states (TS), which is further 

confirmed by frequency analysis. For a CO2 molecule, the initial state (IS) and final state (FS) are 

obtained from the adsorption configuration of adsorption and dissociation state obtained during 

geometry optimization, as shown in Figures 6.1a and 6.3a, respectively. Figure 6.4a corresponds 

to the energy profile that represents the MEP between the IS and FS, along with the activation 

energy barrier that corresponds to the saddle point (transition state (TS)) along the MEP. The 
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geometries of IS, FS and TS are also shown in Figure 6.4. Unlike in the IS, CO2 molecules are 

physisorbed strongly on the surface at the TS, with a separation of 1.820 Å between the nearest 

surface N atom and the CO2 carbon atom. In the TS, CO2 adopts a tilted orientation (~148˚ bond 

angle) with the two O atoms pointing up from the surface and C═O bond lengths extended to 1.217 

and 1.205 Å from 1.177 Å in the IS. The calculated energy barrier (Ea) is 0.44 eV, which is 

obtained by taking the difference between the energies of the TS and the IS (Ea = ETS – EIS). The 

reaction energy (∆E), which is the energy difference between the FS and the IS energies, is 

calculated to be -1.14 eV. The negative ∆E indicates exothermic nature; hence, CO2 dissociation 

on MoS2_1 VMo_3NS is energetically favoured by -1.14 eV. Given the exponential dependence of 

the reaction rate on activation energy, the low activation barrier and negative reaction energy point 

to favourable kinetics and thermodynamics, respectively. This is far better than the best MEP 

obtained from previous DFT studies of CO2 dissociation on defective graphene sheets [237] and 

graphene-like boron nitride with boron vacancy [298] and is far better than the one obtained on a 

metallic surface of mackinawite (FeS (011) and FeS (111)) [299]. The single imaginary frequency 

of 211.6 cm-1 calculated at TS indicates that the searched transition state is indeed the saddle point 

between the two local minima (stationary states (physisorption and dissociation)) along the MEP.  

For H2O, only the overall reaction path is discussed. Here, the IS and FS are obtained from 

geometry optimization of the adsorption configuration corresponding to the adsorption and final 

dissociation states (Figures 6.1c and 6.3c, respectively). As shown in Figure 6.4b, at the TS, one 

of the H atoms in the H2O molecule formed a bond with the adjacent surface N atom, leaving the 

detached OH species to move to a position intermediate between the surface bonded H atom and 

O atom of the OH fragment. This leads to the formation of a bond with the H atom, achieving a 

configuration similar to that observed in the first dissociation state (Figure 6.3b). The distance 
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between the surface bonded H atom and O atom of OH is 1.478 Å, while the OH bond length 

extended to 0.983 Å. The calculated Ea and ∆E for complete dissociation of H2O into O, H and H 

species on the MoS2_1VMo_3NS surface is 0.82 eV and -1.34 eV, respectively. This activation 

energy is significantly lower than that for H2O splitting in free space (~5 eV) and even lower than 

water splitting in liquid water and on the surfaces of Cu, Ni and Pd (~1 eV) [300-302]. Although 

water dissociation on MoS2_1VMo_3NS is less kinetically favourable compared to the one reported 

by other researchers [290], its more negative reaction energy of -1.34 eV with respect to the best 

value of -1.29 eV of reported values [290], shows that H2O dissociation on MoS2_1VMo_3NS 

surface is more thermodynamically favourable. In particular, the calculated Ea and ∆E values 

compare favourably with a recent DFT study on the Pt surface that is often regarded as the best 

performing catalyst for water dissociation [303]. Again, the TS searched is also confirmed by a 

single imaginary frequency of 993.9 cm-1. These values are greater than the values obtained for 

reduced CeO2 (111) surface [294]. All these findings show that the MoS2_1VMo_3NS surface is a 

good candidate for water splitting.  
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Figure 6.4: Energy diagram including reaction pathway and reaction barrier of single (a) CO2 and 

(b) H2O dissociation on tertiary nitrogen doped Mo vacancy MoS2 (MoS2_1VMo_3NS) from 

climbing image nudged elastic band (CI-NEB) simulation. Inserts are the top and side views of the 

initial state (IS), Transition state (TS) and final state (FS) configurations along the MEP. The 

colour codes for Mo, S, N, O, H and C atoms are the same as explained in Figure 6.1. 

6.3.4 Energy barrier after enthalpy correction  

The reported activation (Ea) and reaction energies (∆E) from NEB analysis in Figure 6.4 

correspond to the potential energy surface differences at ground state (0 K) and as a result do not 

account for contribution from vibrational, rotational and translation energies. Therefore, quantum 

corrections to the activation barrier at room temperature (300 K) were considered to explicitly 

analyse the room temperature effect on the activation barrier and get a more realistic view of the 

catalytic reaction. The zero point energy (ZPE), as well as entropic correction, were incorporated 

by calculating Gibbs free energy ∆Ga between IS and TS, which is defined as:   

∆𝐺𝑎 = 𝐸𝑎 + ∆𝑍𝑃𝐸 −  𝑇∆𝑆     (6.8) 
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Where Ea is the calculated activation energy obtained from NEB analysis, ∆ZPE is the correction 

to the classical barrier obtained simply by taking the difference between the sum of real-valued 

harmonic vibrational frequencies at the TS and the IS. ∆S is the entropic contribution obtained 

from the difference in the entropy of the molecules at the TS and IS, and T is the temperature. The 

vibrational entropy of adsorbate species can be considered very low in the adsorbed state as they 

are bound to a surface with little configurational freedom [304]. Hence, ∆S can be approximated 

to S0, where S0 is the entropy of CO2 or H2O molecules in the gas phase at standard conditions 

obtained directly from the standard thermodynamic database [293]. The calculated ∆Ga of 

activation for the dissociation reaction of CO2 and H2O molecules on MoS2_1VMo_3NS are -0.27 

eV and 0.10 eV, respectively. According to a previous study, reactions with a barrier of 21 kcal/mol 

(~0.8 eV) or less will proceed readily at room temperature [288]. The low values of ∆Ga suggest 

not only that the MoS2_1VMo_3NS site has excellent catalytic property but also that dissociation 

of CO2 and H2O molecules could be spontaneous at room temperature. This makes it a possible 

route for CO2 activation and reduction, and H2O splitting. The exponential dependence of the 

kinetic rate constant on the activation energy can be estimated by transition state theory expression  

𝑘 =
𝐾𝐵𝑇

ђ
𝑒− ∆𝐺𝑎

𝐾𝐵𝑇
     (6.9) 

Where KB and ђ represent Boltzmann’s and reduce Planck’s constant, respectively. The calculated 

kinetic rate constants for CO2 and H2O molecules at 300 K are 1.77 × 1017 s-1 and 1.36 × 1011 s-1, 

respectively. These very high rates suggest that N doped Mo single vacant MoS2 site is very 

favourable for the CO2 and H2O dissociation reaction not only thermodynamically but also 

kinetically, and the reaction is likely to occur spontaneously and quickly at room temperature. 

Therefore, CO2 and H2O dissociations observed in this study are likely not the rate limiting steps 
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for CO2 activation and reduction, and the overall H2 evolution process from H2O splitting.  For 

H2O, the reaction path for the dissociation route with intermediate step (OH⃰ → H⃰ + O⃰) is found to 

be thermodynamically favourable with -0.44 eV reaction energy ∆E but has a significant activation 

energy Ea of 2.30 eV. Hence, the high Ea observed in this path is likely the rate-limiting step in the 

overall H2 evolution process from H2O splitting, which agrees well with the literature[290].  

6.3.5 Finite Temperature Ab Initio Molecular Dynamics  

To analyse the temperature effect on the dynamic evaluation of the adsorption system, finite 

temperature ab initio molecular dynamics (AIMD) at 300 K was conducted. The initial adsorption 

configurations where CO2 and H2O dissociated during structural optimization were chosen as MD 

initial structures, which were initialized and then allowed to evolve along the Born-Oppenheimer 

energy surface. For CO2, three different binding configurations that correspond to different minima 

in the Born-Oppenheimer energy are revealed at different intermediate stages of the MD 

calculations as shown in Figure 6.5a. Figure 6.5a (i) corresponds to the first minima taken at t ≈ 

0.05 ps in the dynamics, where CO2 moves towards the surface and is trapped in the vacancy site 

by the C and one of the O atoms form single bonds with the three surface N atoms. As the 

simulation progresses to t ≈ 0.10 ps, bonded O atom separates from the C atom, leaving behind a 

CO fragment, with the C atom remaining bound to the two N atoms (Figure 6.5a (ii)). By ~0.17 

ps, the CO fragment detaches from one of the N atoms and bends towards the vacancy site, 

allowing the C═O bond length to decrease, as shown in Figure 6.5a (iii). Interestingly, Figure 

6.5a (iii) is quite similar to the adsorption configuration obtained from structure optimization using 

the conjugate gradient method, where CO2 is partially dissociated into CO and O fractions, as 

illustrated by Figure 6.3a. This configuration continues to be stable for the remaining MD 
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simulation up to 2.0 ps, where only a small change in atomic configuration is observed, as shown 

in Figure 6.5a (iv).  

Similar behaviour is observed for H2O dissociation but with four different binding minima in the 

Born-Oppenheimer energy at different intermediate stages of the MD. At t ≈ 0.01 ps, H2O moves 

towards the vacancy site and tilts with the H atom pointing to the MoS2 basal plane (as shown in 

Figure 6.5b (i), achieving a configuration similar to that observed for H2O physisorption in 

Section 6.3.1. Eventually, at t ≈ 0.02 ps, the H atom pointing to the MoS2 basal plane forms a bond 

with the nearest N atom leaving the OH fragment to physisorbed at the vacancy site (as shown in 

Figure 6.5b (ii)). After this first intermediate stage, the OH fragment starts to move towards the 

nearest adjacent N atom and tilts to allow the O atom to form a bond with the N atom (as shown 

in Figure 6.5b (iii)) at t ≈ 0.11 ps. This configuration corresponds to the first dissociation state 

obtained through conjugate gradient energy minimization where H2O dissociates into OH and H 

species. Another intermediate stage is observed at t ≈ 0.55 ps, where the bonded O atom of the OH 

species releases an H atom, which moves to an intermediate position between the bonded O and 

tge remaining adjacent N atom (as shown in Figure 6.5b (iv)). Finally, the intermediate H atom 

moves to form a bond with the N atom at t ≈ 0.60 ps as shown in Figure 6.5b (v). This 

configuration remains stable for the rest of the simulation with only a small change to the atomic 

configurations (see Figure 6.5b (vi)). This configuration is similar to the final dissociation state 

obtained during geometry optimization, where H2O completely dissociated into O, H and H species. 

The difference is that the species bond only to the surface N atoms. 
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Figure 6.5: Reaction mechanism of single (a) CO2 and (b) H2O dissociation on MoS2_1VMo_3NS 

during AIMD simulations at 300 K. The MD reaction paths are similar to the reaction paths 

obtained in CI-NEB simulations. 

The quick and straightforward dissociation of CO2 and H2O molecules under 1.0 ps shows that the 

energy barrier for dissociation is below the thermal energy available at 300 K. This is a 

confirmation that the dissociation of these molecules on MoS2_1VMo_3NS occur spontaneously at 

room temperature. The complete dissociation of H2O into O, H and H species on the N doped 

vacancy site occurs spontaneously than the ones reported by literature [16, 290] for H2O 
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dissociation on MoS2 triple vacancy and monolayer MoS2 edges, respectively, which stresses the 

importance of doping vacancies in MoS2 systems with N atoms.  

Finally, the overall evaluation of the reaction is found to be similar to the geometry optimization 

adsorption and NEB based results, especially the final configurations. The predicted spontaneous 

dissociation of the molecules happening once every 0.05 – 0.44 ps average correlates with the 

earlier calculated high rate constants, hence the dissociation proceeds in a roughly similar manner 

even with entropic and temperature effects. 

6.3.6 Ab Initio Thermodynamic on the Surface Stability of MoS2_1VMo_3NS 

Having identified the relevant structures for the MoS2_1VMo_3NS surface-molecule interaction 

systems, understanding the thermodynamic stability of each adsorption surface when exposed to a 

given environment is necessary. In particular, the adsorption performance under non-zero 

temperature and pressure of the surrounding atmosphere is of significant importance. In this case, 

the ab-initio thermodynamics method [182, 183] as defined in Eq. 6.3-6.7 (see Section 6.2.3) is 

commonly applied to illustrate the change of Gibbs free energy ( ∆𝐺𝑎𝑑𝑠(𝑇, 𝑃) ) with finite 

temperature and pressure.  

Figure 6.6 illustrates the T-P phase diagram boundary determined by Eq. (6.5), which corresponds 

to temperature as a function of partial pressure above which the adsorption of CO2, N2 and H2O 

molecule on MoS2_1VMo_3NS site are stable (∆Ggas (T, P) < 0). The temperature range of interest 

is between 200 K and 1200 K, while the pressure range is between 1.5 x 105atm and 10 -35 atm, to 

include experimental pressure range (1 atm and 10 -14 (ultrahigh vacuum, UHV) and any variation 

in pressure. From the analysis of the phase diagram, there are two important phase transitions 

worth investigating, the isobaric line (Line A) and isothermal (Line B, C and D) lines.  
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It is evident that at certain temperatures for CO2 (Line B), N2 (Line C) and H2O (Line D), when 

partial pressure is very low, there is no interaction between molecules and the surface. The 

molecules begin to be adsorbed when their partial pressures increase to a certain value. On the 

other hand, at certain partial pressures (e.g., Line A), the molecules are adsorbed on the surface at 

a lower temperature, and desorb at a higher temperature. At a pressure of ~ 10 -31 atm, CO2 and 

N2 molecules, desorb from the surface after 200 K, while H2O desorb after the same temperature 

at a pressure of ~10-35 atm.  

It is observed that at a temperature range of < 700 K, < 800 K and < 900 K, the adsorption of CO2, 

N2 and H2O on MoS2_1VMo_3NS surface is stable, respectively, while above these temperatures 

the molecules desorb into gas phase. The transition temperatures (isothermal lines) between these 

two phases are around 700 K (Line B), 800 K (Line C) and 900 K (Line D) for CO2, N2 and H2O, 

respectively. The desorption temperature (200 K) of CO2 at lower pressures < 1 atm, matches with 

the experimental data for graphene-based adsorbents for CO2 capture [305]. In this study, the 

application range of CO2 adsorption at 1 atm is better than CO2 capture on N, S dual doped 

graphene that was reported by other researchers [228], indicating that MoS2_1VMo_3NS is a 

superior adsorbent for CO2 capture than the doped graphene-based material. The transition 

temperatures for H2O adsorption compare favourably with recent DFT results [183, 294], but H2O 

adsorption on MoS2_1VMo_3NS is more stable up to 900 K than < 700 K on the stoichiometric 

CeO2 (111) surface [294]. 

It has already been shown that the MoS2_1VMo_3NS site could promote the charge transfer from 

the surface to CO2, N2 and H2O molecule leading to enhanced adsorption performance. 

Considering the stronger adsorption, more energy is required to release the molecules from the 
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surface, indicating that the surface requires an external drive if it should adsorb gas molecules. 

This effect and the stability of the dissociated states will be investigated in future work. 

 

Figure 6.6: T-P phase diagram of CO2, N2 and H2O molecules adsorption on nitrogen doped single 

Mo vacancy site (MoS2_1VMo_3NS). The points on black, red and blue curves represent 

temperature as a function of partial pressure above which the adsorption of respective CO2, N2 and 

H2O on the MoS2_1VMo_3NS site is stable. Line A is the partial pressure line fixed at 1 atmospheric 

pressure, while Line B, Line C and Line D are the temperature lines for CO2, N2 and H2O, 

respectively. The partial pressure and temperature lines correspond to critical point lines above 

which the molecules desorb into the gas phase.   
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6.4 Summary and Conclusions 

MoS2_1VMo_3NS is proved to be thermodynamically favourable for the adsorption of CO2, N2 and 

H2O with adsorption energies of -1.818, -1.744 and -1.966 eV, respectively, which are 

approximately 13, 22 and 14 times superior to that of pristine MoS2 (PMoS2) surface, respectively. 

The enhanced adsorption activity can be attributed to the enhanced electrostatic interactions due 

to the presence of Mo vacancy and N species, except for N2 adsorption, where the interaction with 

MoS2_1VMo_3NS is predominately non-covalent. It is also found that CO2 dissociates into CO and 

O species that remain chemisorbed on two N atoms neighbouring the vacancy site, while H2O 

dissociates into constituent O and H atoms via a two-step route, i.e., H2O dissociates into OH and 

H species that are bonded on the surficial N atoms, with an energy of 1.623 eV; and, H2O 

dissociated into O, H and H species, with an energy of -2.096 eV. The O, H and H species are also 

bonded with the surface N atoms. This is different from the vdW interaction that mainly occurs on 

the basal plane of the PMoS2 surface. 

Furthermore, CI-NEB analysis reveals that the partial CO2 and complete H2O dissociation 

processes exhibited energy barriers of 0.44 eV and 0.82 eV, respectively. In addition, the free 

energy of activation for the partial and complete dissociation of CO2 and H2O are -0.27 eV and 

0.10 eV, respectively. The reactions were found to be kinetically favourable with high reaction 

rate constants of 1.77 × 1017 s-1 and 1.36 × 1011 s-1 at 300 K for CO2 and H2O molecules, 

respectively. These results along with the spontaneous dissociation of the molecules happening 

once every 0.05 – 0.44 ps average suggest that CO2 and H2O dissociations will occur 

spontaneously at room temperature. Consequently, the rapid dissociation of CO2 and H2O 

molecules to CO٭, O٭, OH٭and H٭ radicals on the MoS2_1VMo_3NS site suggest that 
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MoS2_1VMo_3NS can facilitate the CO2 reduction and water splitting processes, with efficacy that 

surpasses the performance of regular catalysts.  

The ab initio thermodynamics calculation shows that at 1 atm, CO2, N2 and H2O desorb at 700, 

800 and 900 K, respectively. This indicates that the surface requires an external drive to desorb 

gas molecules.  

In summary, this study suggests that MoS2_1VMo_3NS is of great potential to be used as a catalyst 

for CO2 reduction and water splitting. 
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CHAPTER 7 

Investigating the Role of Single Sulphur Vacancy on 

Gaseous Adsorption and Potential Water Splitting over 

Mos2 Edges 

7.1 Introduction 

The major sources of the current environmental problems are the use of traditional fossil fuels for 

the production of energy and chemicals, whereby industrial and vehicle exhaust gases (such as 

CO2, CH4, N2, H2 and H2O ) are released into the atmosphere. Among these exhaust gases, carbon 

dioxide (CO2) and methane (CH4) are the main gases that cause the global warming effect. It has 

been reported that the primary cause of induced climate variation is the constant rise in 

anthropogenic CO2 emission [3, 35]. Therefore, finding ideal sorbents for effective gas capture is 

a crucial issue for energy and environmental sciences. Because of the inert properties of these 

gases due to extreme stability, most of the materials show weak adsorption and are not sensitive 

enough to capture the gases. To date, different adsorbents, such as metal organic frameworks 

(MOFs) [268, 306-309], zeolites [310, 311] and carbon-based nanomaterials [312-314] have been 

developed for CO2 CH4, N2 and H2 capture. For example, the adsorption capacity of CO2 and CH4 

can be as high as 22 wt.% on MOF-177 at 298 K and 100 bar, and 47.98 wt.% on MOF-5 at 298 

K and 14 bar, respectively [268].  
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Alternatively, to effectively mitigate against this, traditional fossil fuels be replaced with 

sustainable and energy-saving platforms to store renewable energy into fuels and/or produce 

valuable chemicals for other uses [315, 316]. As one of the most promising platforms, the 

conversion of earth-abundant small molecules, such as H2O [24, 25, 317] and CO2 [2, 275, 277], 

into energy carriers (H2) and low-carbon hydrocarbons under ambient conditions offers us an 

energy-saving and fossil-free pathway to produce fuels and chemicals. However, under ambient 

conditions, H2O conversion is hindered by the high thermodynamic energetics and low Faradaic 

efficiency (FE) and selectivity [24]. On the other hand, the conversion efficacy of CO2 is primarily 

limited by its low local concentration and the extreme stability of the linear structure of CO2 [2]. 

In both cases, these incidences slow down the initial phase conversion kinetics involving the 

transformation of H2O and CO2 to OH* and H* [279] and CO [278], respectively. Therefore, to 

offset these limitations, suitable catalyst systems that can simultaneously promote CO2 conversion 

and water dissociation by improving the reaction kinetics at low energetics is key.  

In the recent literature review, molybdenum disulphide (MoS2) has been utilized for adsorption 

and conversion of gaseous molecules due to its layered structure and unique electronic 

configuration [157, 158]. Also, it has been the focus of considerable interest over the past two 

decades [108] as mentioned in the previous chapters. However, its applications have been limited 

due to the low electron transfer of the basal plane of MoS2, which can lead to low gaseous 

adsorption and conversion [14, 15].  For this reason, non-polar gas molecules, like CO2 and CH4, 

the perfect MoS2 surface cannot offer strong adsorbing sites. According to statistical 

thermodynamics, the presence of elemental vacancies in materials have redefined the chemical 

and physical properties of such material; and as such, enables the surface of the investigated 

material for various applications. The results from Chapter 5 and the gaps in the literature 
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discussed in Chapter 2, single vacancy, or a missing sulphur atom in Molybdenum disulphide 

(MoS2_1VS) is one of the most typical kinds of defects that possesses highly reactive sites, 

particularly for gaseous adsorption and conversion [20].  

Motivation to carry out this present study stems from a notable distinction observed for the 

MoS2_1VS surface following the work presented in Chapter 5. In Chapter 5, an improved 

adsorption efficiency of CO2 on MoS2_1VS surface was obtained and was found to undergo 

dissociative adsorption as against the reported study, which suggested that CO2 only physisorbed 

on MoS2_1VS [160]. As mentioned in Chapter 5, part of the discrepancy can be attributed to the 

perpendicularly orientated CO2 molecule and the effect of lateral interaction between the O of CO2 

pointing towards the S vacant site and the surface, and from a critical review of literature, this 

technique was not studied. In this chapter, the adsorption of different gas molecules (CO2, CH4, 

N2, H2 and H2O) on MoS2_1VS surface was investigated to test for cross-interference of CO2 in 

presence of other earth-abundant small molecules such as N2 and H2O using first-principles 

calculations and Grand Canonical Monte Carlo (GCMC) simulations. First-principles simulations 

were performed to understand and differentiate how sulphur vacancy defects affect the adsorption 

of CO2, CH4, N2, H2 and H2O on MoS2 in a cross-interference scenario. Classical Grand Canonical 

Monte-Carlo (GCMC) simulations were carried out using RASPA 2.0 [318] to simulate adsorption 

isotherms between 0 – 100 bar for MoS2 with and without single vacancy defects. Adsorption 

isotherms were simulated from 0 – 100 bar at 298 K for CO2, CH4, N2, and H2O, and at 298 K and 

77 K for H2. Finally, climbing image nudged elastic band (Cl-NEB) calculation and a range of 

other computational chemistry tools were employed to investigate the adsorption and dissociation 

of CO2, H2 and H2O on MoS2_1VS sites. An in-depth, first principles-based investigation of CO2 

reduction (CO2 → CO− + H+), H2 splitting (H2 → H− + H+), and water splitting (H2O → OH− + 
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H+) mechanisms, in terms of thermodynamic stability, active sites, activation barriers and rate of 

reactions on MoS2_1VS sites were carried out.  

7.2 Simulation Details 

The aim of the present section is not to provide a comprehensive review of simulations in defective 

and non-defective MoS2. The computational methods and technical aspects of simulations of gas 

adsorption in MoS2 used in this study have been outlined previously (Chapter 5 and 6). However, 

it is necessary to briefly introduce some of the technical aspects of simulations of gas adsorption 

in MoS2. There are two broad classes of simulation available in general: approaches in which the 

interactions between atoms are described using quantum chemical or first-principle derivations (ab 

Initio approaches), and those using some combination of force fields derived empirically (classical 

approaches). Although, the former has been found to accurately predict adsorption energies of 

adsorbent-adsorbate interactions interesting target for experimental validation, but is limited due 

to relatively high computational cost and thus small system sizes. Therefore, adsorption properties 

are typically assessed using classical molecular simulations.  

The adsorption of gas molecules in the MoS2 monolayer was investigated using a simulation box 

of a periodic (4×4×1) supercell containing 48 atoms (16 Mo atoms and 32 S atoms) as an initial 

computational model. Then, a single sulphur vacancy (MoS2_1VS) site is formed by removing one 

S atom in a unit cell (Figure 7.1). Four different orientations of the gas molecules (CO2, CH4, N2, 

H2 and H2O) were considered for the adsorption system, which is presented in Table 7.1. The 

interaction of single gas molecules with the MoS2_1VS site was evaluated using DFT methods. 

Finally, the adsorption isotherms were simulated from 0 – 100 bar for CO2, CH4, N2, H2, H2O to 

investigate the gas adsorption properties. 
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Figure 7.1: Single sulphur formation. 

Table 7.1: Adsorption Energies and Orientations for the gas molecules (CO2, CH4, N2, H2 and 

H2O) in the four reference positions. 
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7.2.1 Density Functional Theory Calculations 

The interaction of a single gas molecule with the MoS2_1VS site was investigated using spin-

polarized DFT-D2 calculations with Grimme dispersion correction [216] implemented in the 

Vienna ab initio simulation package (VASP) [211, 212], which adds a semi-empirical pairwise 

force field to conventional first-principles plane-wave DFT calculations. All other DFT calculation 

details are the same as explained in Chapters 3, 5 and 6. In addition, all calculations were 

performed under the same relaxation criteria as mentioned previously. The evaluation of 

minimum-energy reaction paths (MEPs) and the transition states (TS) was performed using the 

climbing image nudged elastic band (Cl-NEB) methods [184].   

The adsorption energy (EAE) is calculated as, 

𝐸𝐴𝐸 = 𝐸𝑆𝑢𝑟𝑓+𝑚𝑜𝑙𝑒 − (𝐸𝑠𝑢𝑟𝑓 +  𝐸𝑚𝑜𝑙𝑒)    (1) 

Where, E𝑠𝑢𝑟𝑓 and E𝑆𝑢𝑟𝑓+𝑚𝑜𝑙𝑒  are the total energies of the surface (pristine or the defect MoS2 

monolayer) and that with the adsorbed gas molecule respectively, and E𝑚𝑜𝑙𝑒 is the total energy of 

the isolated gas molecule. A negative value of E𝐴𝐸 indicates that the adsorption is exothermic, 

which means that the adsorption of CO2 molecule on the surface of the structure is favoured 

energetically, vice versa. 

7.2.2 Force Field-Based Calculations 

The Grand canonical Monte Carlo (GCMC) simulations [319] of the gas adsorption properties in 

idealized MoS2_1VS surface were carried out using RASPA 2.0 [318]. A series of fixed pressure 

simulations were carried out at room temperature (298 K) from 0 to 100 bar for CO2, CH4, N2, and 
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H2O, and at 298 K and 77 K for H2. Also, in the current work, to focus on the effect of the surface 

defects, conditions of 298 K and 77 K (for H2) and 0-1 bar were investigated, which are relevant 

to gas capture applications. The Peng−Robinson equation of state was used to relate the bulk 

experimental pressure with the chemical potential required in the GCMC simulations. To speed up 

the convergence, energy-biased insertions of the sorbate molecules were employed and acceptance 

ratios for insertions and deletions were above 1% (slightly lower at the higher loadings) to ensure 

good equilibration in GCMC simulations. At each pressure, approximately 100 million GCMC 

moves were attempted during each GCMC simulation to allow equilibration and to sample the 

configuration space. Extended Charge Equilibration (EQeq) was used throughout the equilibration 

process.  To reduce the computational time, the MoS2 sorbent was assumed rigid with constrained 

atoms. The rigid framework assumption is because the MoS2 structures have been optimized in 

the plane-wave DFT calculations and that the geometries of the framework were not significantly 

influenced by gas adsorptions. 

In the current work, the adsorption of CO2, H2O, H2, CH4 and N2 was via only physisorption 

processes on the pristine (PMoS2) surface, which are predominantly associated with vdW forces 

(also known as dispersion-repulsion forces), while in the optimized MoS2_1VS configuration, the 

adsorption of CO2, H2 and H2O was via dissociative chemisorption, whichis predominantly 

associated with electrostatic forces (also known as Columbic interactions), which are sourced 

mainly from the permanent dipole, quadrupole, and higher induced-pole interactions. The vdW 

forces are present in all systems, but the electrostatic interactions are only present in systems that 

contain charge, such as charge due to surface functional groups or surface defects [320]. Hence, 

the vdW interactions between the gas molecules and the surface defect MoS2 sheet field are 

described by the Universal force [321] but with the revised Lennard-Jones (LJ) parameters 
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obtained from our first-principle calculations to describe the electrostatic interaction. The CO2, 

CH4, and H2 molecules were represented by the TraPPE model [322], a three-site rigid model that 

accounts for the intrinsic quadrupole moment of CO2 using a partial charge at each site. The partial 

charges on C and O atoms are q (C) = 0.70 e and q (O) = −0.35 e (e = 1.6022 × 10−19 C), 

respectively. The CO2 molecule has a bond length (Ɩ) of 1.14 Å, with a bond angle (θ) of 180°. The 

CO2−CO2 interactions were modelled as a combination of Lennard-Jones (LJ) and Columbic 

potentials, where the vdW interactions between two Lennard-Jones (LJ) sites were calculated using 

the LJ 12-6 potential and the electrostatic interactions were calculated based on the Bader charge 

analysis. The potential energies associated with different LJ sites were calculated using standard 

Lorentz−Berthelot mixing rules [323]. TraPPE parameter for CH4, H2 and N2 was treated using 

united atom (UA) description [324]. Meanwhile, the H2O molecule was represented by the TIP4P-

Ew model [325], a four-site rigid model that accounts for the intrinsic polarization of H2O using a 

partial charge at each site and adding a dummy near the O along the bisector of HOH angle of the 

three-site models, to improve the electrostatic distribution around the water molecule. The partial 

charges on the dummy atom and H atoms are q (M) = -1.048 e and q (H) = +0.524 e (e = 1.6022 

× 10−19 C), respectively. The H2O molecule has OH and OM bond lengths (Ɩ) of 0.957 Å and 

0.125 Å, respectively, with an HOH bond angle (θ) of 104.5 °. Because of the potential existence 

of dangling Mo atoms in the MoS2_1VS structure, the MoS2 surface becomes reactive towards 

existing volatile components in the adsorbed mixtures, such as water vapour. In the case that 

temperature and pressure conditions favour surface-bound water or various forms of dissociated 

water, the CO2−surface adsorption may be passivated or enhanced due to the existence of dangling 

Mo containing defect surface. 
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7.3 Results and Discussion 

7.3.1 Adsorption Geometries and Energetics from DFT Calculations 

In search for the most favourable adsorption configurations, four geometric sites and molecule 

orientations were considered for the adsorption of different gas molecules (CO2, CH4, N2, H2 and 

H2O) on PMoS2 and MoS2_1VS layers. The corresponding most favourable configurations for 

PMoS2 and MoS2_1VS are shown in Figure 7.2. The adsorption energies of the molecules at four 

different sites and orientations are summarized for both PMoS2 and MoS2_1VS surfaces in Table 

7.2. In the current work, the most stable configurations of physisorbed CO2, N2 and H2O molecules 

on PMoS2 and dissociated CO2 on MoS2_1VS have been investigated (Chapter 5). However, the 

adsorption energies and atomic configurations of these surfaces as references are still shown in 

Table 7.2 and Figure 7.2, respectively. The adsorption energy (EAE) is calculated using Eq. (7.1) 

as described in the Computational Methods (Section 7.2.1). 

Table 7.2 and Figure 7.2 present the summary of DFT simulation results and the strongest most 

stable configurations for the adsorption of CO2, CH4, N2, H2 and H2O on PMoS2 and MoS2_1VS 

sites, respectively. In the case of adsorptions on the PMoS2 site, the adsorption energy of CO2, 

CH4, N2, H2 and H2O is -0.14 eV, -0.06 eV, -0.08 eV, -0.79 and -0.15 eV, with an equilibrium 

molecular height (i.e. the distance between the reference atom of the molecule and the Mo atom) 

of 3.46, 3.85, 3.61, 3.24 and 3.45 Å (Table 7.2), respectively. Also, it is observed that in the 

optimized PMoS2 adsorption configuration, physisorption is the only adsorption mechanism found 

as evidenced by large separation heights (more than 3.1 Å) and a slight change in bond length and 

angle. Among these adsorbed molecules, H2 has the shortest equilibrium molecular height and 

largest adsorption energy, indicating a stronger interaction, which is in agreement with a previous 
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study [326]. Contrarily, the distance between CH4 (and N2) and the Mo atom are higher than the 

others. Also, on the pristine surface, the adsorption energy of CH4 and N2 is very small (less than 

0.1 eV), which correlates with the large separation heights. Therefore, these results show that 

PMoS2 is not a good sorbent for CO2, CH4, N2 and H2O molecules adsorption, especially for CH4 

and N2 molecules, which agrees with previous studies [18].  

Compared to the pristine surface, the adsorption mechanisms in optimized MoS2_1VS 

configuration are via physisorption and dissociative chemisorption. We first consider the 

physisorbed molecules, CH4 and N2, which bounded to the MoS2_1VS surface by separation 

heights larger than 3.1 Å and a slight change in bond length and angle.  Specifically, CH4 and N2 

adsorptions are similar to that on the PMoS2 surface, but with higher adsorption energies and 

shorter separation heights. On the MoS2_1VS, the adsorption energy of CH4 and N2 is -0.11 eV 

and -0.18 eV (Table 7.2), with an equilibrium molecular height of 3.76 and 3.54 Å, respectively. 

Also, the bond length and angle of the adsorbed CH4 and N2 on MoS2_1VS is the same as that of 

the pristine surface. On the other, CO2, H2 and H2O molecules were found to undergo dissociative 

adsorption with -0.91, -2.44 and -0.26 eV adsorption energies, respectively. DFT simulation results 

reveal that CO2 dissociated to yield lattice-embedded oxygen and CO molecule that desorb from 

the surface (Figure 7.2f). The full detailed discussion on the dissociation of CO2 on MoS2_1VS 

has been given in our previous study (Chapter 5). About the H2 dissociation, the optimized 

MoS2_1VS adsorption configuration is characterized by dissociative chemisorption of H2 into H 

and H species that bonded with the two Mo dangling atoms at the S vacancy. This leads to the 

formation of three H-Mo chemical covalent bonds. As shown in Figure 7.2i, one of the H atoms 

coordinated with two unpaired surface M atoms to form two H−Mo chemical covalent bonds of 

1.87 Å. While the other H atom bonded to the remaining unpaired surface M atoms to form an 
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H−Mo chemical covalent bond of 1.70 Å, with the H atom oriented towards the centre of the S 

vacant site. When comparing this dissociation state with H2 physisorbed on the MoS2_1VS vacancy 

site, H2 dissociation is favoured by -1.65 eV. H2O molecule, on the other hand, dissociated into an 

OH radical and an H atom that bound to the three dangling Mo atoms. As shown in Figure 7.2j, 

the dissociation of H2O into OH and H species leads to the formation of new two O−Mo and one 

H−Mo covalent bonds of 2.19 Å and 1.66 Å, respectively. The O of the OH radical coordinated 

with two unpaired surface M atoms to form the O−Mo bond, while the H atom bonded to the 

remaining unpaired surface M atoms to form the H-Mo bond with the H atom oriented towards the 

centre of the S vacant site just like in the H2 dissociation. Again, the new bond formation makes 

the optimized state more favoured by -0.11 eV with respect to the physisorption state. The 

calculated O−H bond length is 0.98 Å and the newly formed Mo-O-H molecule bent with an 

internal angle of 113.47 ˚, with H atom oriented away from the centre of the S vacant site. These 

chemical covalent bonds are presumably formed from the combination of s-orbital of H and 4d-

orbital of Mo (H−Mo) and p-orbital of O and 4d-orbital of Mo (O−Mo). 
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Table 7.2: Summary of adsorption energies (EAE), fully relaxed distances and angles of CO2, CH4, 

N2, H2 and H2O gas molecules on PMoS2 and MoS2_1VS surface, for the most favourable 

adsorption configurations. Notations: hmol-suf is the equilibrium molecular height, i.e. fully relaxed 

distance between the reference atom of the molecule and Mo atom. For CO2, CH4 and H2O, the 

reference atoms are the central C and O, respectively, while the lowest N and H atoms are the 

reference atoms for N2 and H2, respectively. Ɩ and θ are the bond distances and angles, respectively.  

The adsorption energies, distances and angles are in eV, Å and degrees (˚), respectively.  

Molecule  PMoS2  MoS2_1VS 

EAE hmol-suf Ɩ θ  EAE hmol-suf Ɩ θ  

CO2 -0.14 3.46 1.18 179.7 -0.91 a3.00 1.14 - 

CH4 -0.06 3.85 1.10 109.6 -0.11 3.76 1.10 109.6 

N2 -0.08 3.65 1.11 - -0.18 3.54 1.11 - 

H2 -0.79 3.24 0.75 - -2.44 - - - 

H2O -0.15 3.45 0.97 103.8 -0.26 - 0.98 - 

a3.00 Å, is the distance between C atom of the formed CO gas and O atom that bonded with the surface 
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Figure 7.2: The schematic structure of DFT strongest most stable adsorption configurations for  

CO2, CH4, N2, H2, H2O molecules adsorbed on PMoS2 (a-e) and MoS2_1VS (f-j) surfaces from the 

top (upper panel) and side (lower panel) views. Colour code: Mo, pink, S, yellow, O, red, C, light 

blue, N, dark blue and H, white. 

These results reveal that, MoS2_1VS surface yields stronger interactions than the pristine MoS2 

(PMoS2) surface. Specifically, the adsorption energy of CO2, H2 and H2O molecules on MoS2_1VS 

is 6.5, 3.2 and 1.7 times as strong as that on a pristine MoS2 surface (PMoS2), respectively. On the 

other hand, the adsorption of CH4 and N2 molecules on MoS2_1VS is 1.8 and 2.3 times stronger 

than that on a pristine MoS2 surface, respectively. Also, together with the dissociated state of CO2, 

H2 and H2O molecules and shorter separation heights of physisorbed CH4 and N2 molecules, it is 

clear that these molecules strongly adsorbed on the MoS2_1VS site than on the PMoS2 site when 

the surface was fully relaxed. Further observation (Figure 7.3) depicts that the adsorption of H2O 

and N2 molecules on MoS2_1VS is 3.5 and 5.1 times weaker than CO2 adsorption, respectively. 

This suggests MoS2_1VS to be a suitable adsorbent for selective adsorption and separation of CO2 
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over H2O and N2. Similarly, CO2 owns superior selective adsorption over CH4; in particular, the 

adsorption of CH4 molecules on MoS2_1VS is 8.6 times weaker than CO2 adsorption. In the case 

of H2 adsorption on the MoS2_1VS site, H2 interacts stronger than CO2 as revealed by a small 

adsorption ratio of 0.37.  

 

Figure 7.3: Ratio of adsorption energies between CO2 and other molecules for pristine (PMoS2) 

and S vacancy (MoS2_1VS) MoS2 monolayers.  

7.3.2 Adsorption Isotherms from GCMC Simulations 

The comparison of the storage capability of MoS2_1VS and PMoS2 as an absorbent for CO2, CH4, 

N2, H2 and H2O was determined by calculating the adsorption isotherms using GCMC calculations. 

Figure 7.4 shows the comparison of the calculated gravimetric adsorption isotherms of CO2, CH4, 

N2, and H2O on MoS2_1VS and PMoS2 at 298 K and different pressures. The adsorption isotherm 

of H2 was calculated at 77 and 298 K and at the same different pressures as depicted in Figure 7.5. 

The results reveal that the CO2 capacities of MoS2_1VS and PMoS2 are enhanced with increasing 

pressure and gradually approaches saturation, which indicates stronger adsorption. The 

gravimetric adsorption density of CO2 storage in MoS2_1VS is much more than that of CO2 on 

PMoS2 (Figure 7.4a). For instance, the adsorption amount CO2 in MoS2_1VS at 298k and 
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pressures of 20, 40 and 100 bar is 24.53, 38.37, and 42.59 wt.%. For PMoS2, the values are 18.26, 

30.42 and 34.05 wt.%. These results show that MoS2_1VS enhances the adsorption of CO2 relative 

to that of the pure surface as the pressure increases.  

Unlike in CO2 adsorption isotherm, little or no differences were observed for the adsorption of 

CH4 (Figure 7.4b), N2 (Figure 7.4c), and H2 (Figure 7.5a) molecules at 298 K and different 

pressures across both surfaces. The gravimetric densities of these molecules on MoS2_1VS and 

PMoS2 are also enhanced with increasing pressure but did not approach saturation. On the other 

hand, an increase was observed for H2 at 77 K and different pressure on the MoS2_1VS surface 

and attain saturation at 90 bar (Figure 7.5b). For example, the H2 uptake gravimetric density values 

of 2.10 wt.% for MoS2_1VS and 1.73 wt.% for PMoS2 were observed at the pressure of 20 bar and 

2.74 wt.% for MoS2_1VS and 2.24 wt.% for PMoS2 at 40 bar. Finally, the H2 uptake gravimetric 

density value for MoS2_1VS and PMoS2 attains 3.48 and 2.85 wt.%, respectively, at 77 K and the 

pressure of 100 bar. These results indicate that single sulphur vacancy plays an important role in 

the enhancement of H2 uptake at 77 K than at room temperature.   

The water isotherm (Figure 7.4d) show a type V shape at low pressures (Figure 7.6b), where the 

interaction between H2O molecules is stronger than their interaction with the surfaces. Very slow 

uptake is observed initially, which increases once the surface coverage is sufficient to induce H2O 

clustering, causing a step-wise increase in the gravimetric density value. For MoS2_1VS and 

PMoS2, this step-wise increase occurs after 0.06 and 0.10 bar pressures, respectively. This is due 

to the hydrophobic characteristic of MoS2 material, which is consistent with the previously 

reported hydrophobic nature of MoS2 [327]. Also, it is observed that after the step-wise increase 

with increasing pressure, the gravimetric density value gradually approaches saturation. 

Furthermore, the amount of H2O adsorbed in MoS2_1VS is much more than that of H2O on PMoS2 
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relative to the adsorption of CO2 on MoS2_1VS and PMoS2 surfaces. For example, the adsorption 

amount of H2O in MoS2_1VS at 298k and pressures of 20, 40 and 100 bar are 56.25, 56.65, and 

57.29 wt.%. For PMoS2, the values are 45.00, 45.50 and 45.68 wt.%. The reason is that H2O being 

a much more polar molecule than CO2 due to a strong permanent dipole moment of H2O having a 

stronger effect than quadrupole moment of CO2, would show a stronger effect of the single sulphur 

vacancy on adsorption isotherms. Hence, the H2O molecule will always preferentially adsorb over 

CO2 to these surfaces.  

 

Figure 7.4: The gravimetric adsorption isotherms for (a) CO2, (b) CH4, (c) N2, and (d) H2O uptake 

on S vacancy (MoS2_1VS) and pristine (PMoS2) MoS2 monolayers at 298 K. 
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Figure 7.5: The gravimetric adsorption isotherms for H2 uptake on S vacancy (MoS2_1VS) and 

pristine (PMoS2) MoS2 monolayers at (a) 298 K and (b) 77 K. 

The results obtained from the simulations of CO2 and H2O at 1 bar, 298 K, and that of H2 at 1 bar, 

77 K, reveal that the single sulphur vacancy plays an important role in low pressure regions in 

determining the storage capacities of MoS2_1VS. In agreement with DFT results, the GCMC 

simulation demonstrated that MoS2_1VS enhances the adsorption of CO2 and H2O at 1 bar, 298 K 

and H2 at 1 bar, 77 K relative to that of the pure surface. We observe CO2 loadings of 2.49 wt.% 

and 0.55 wt.%, H2O loadings of 55.27 wt.% and 44.25 wt.%, and H2 loadings of 0.29 wt.% and 

0.20 wt.%, for the MoS2_1VS and PMoS2 surfaces respectively, as shown in Figure 7.6a-c. Hence, 

single sulphur vacancy defects can be used as an efficient adsorbent for adsorption of CO2, H2O 

and H2 molecules, and the adsorption capability can be controlled by the density of defects in the 

MoS2 layer. In the experiment, the synthesis of MoS2 bilayer and multilayer are common and they 

have enough space between the layers for the gas molecules to access, therefore, these results 

demonstrate that modulating the density of defects in these multilayers MoS2 could be more 

effective at capturing these gases and is subject to further investigation.  
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Figure 7.6: The gravimetric adsorption isotherms for (a) CO2, (b) H2O, and (c) H2 uptake on S 

vacancy (MoS2_1VS) and pristine (PMoS2) MoS2 monolayers at 298 and 77 K, calculated at 0-1 

bar pressure range.  

7.3.3 C-NEB Analysis of Dissociative Adsorption of CO2, H2 and H2O on 

Mos2_1VS Site 

For the CO2, H2 and H2O dissociation reactions on the studied monolayer MoS2_1VS site, we 

performed Cl-NEB calculations with 4 images to evaluate the MEP and transition states (TS)   

energy, and locate the TS. For each molecule, the initial state (IS) and final state (FS) are obtained 

from the adsorption configurations discussed in Section 7.1. The IS for each molecule corresponds 



  229 
 

to the molecule physisorption, which occurred when the molecules are placed initially at about  3.0 

Å  away from the plane of the S vacancy site, while the FS corresponds to dissociated CO2, H2 and 

H2O molecules (Figures 7.2f, 7.2i and 7.4j, respectively).  Figure 7.7 presents the summary of 

Cl-NEB simulation results, which includes the energy profile that represents MEP between the IS 

and FS, the activation energy barrier that corresponds to the saddle point (TS) along the MEP, and 

the geometries of IS, TS and FS. The chosen TS configuration is the geometry of the highest energy 

point along the MEP. All the dissociations are energetically downward processes. In the case of 

CO2 dissociation on MoS2_1VS, CO2 molecule chemisorbed on the surface at the TS, with the O 

atom forming a bond (2.22 Å) with one of the Mo dangling atoms at the S vacancy. The 

chemisorbed CO2 adopts a tilted orientation (~148 ˚ bond angle) with the unbounded O atom 

pointing up from the surface. The C═O bond length of the bonded O extended to 1.25 Å from 1.18 

Å in the IS, while that of the free O atom remains unchanged. Eventually, the CO detached from 

the bonded O atom to form a CO molecule that desorbs from the surface, with the bonded O atom 

forming lattice-embedded oxygen in the FS. This configuration is similar to the dissociation state 

obtained during geometry optimization in Chapter 5. The calculated activation energy barrier (Ea) 

is 1.11 eV and the dissociation is energetically favoured by 0.79 eV reaction energy (∆E). The low 

activation barrier and negative reaction energy point to favourable kinetics and thermodynamics, 

respectively, given the exponential dependence of reaction rate. This beats the best MEP obtained 

from previous DFT studies of CO2 dissociation on defective graphene sheets [237] and a metallic 

surface of mackinawite (FeS (011)) [299], but close to the results of graphene-like boron nitride 

with boron vacancy [298]. The single imaginary frequency of 219.59 cm-1 calculated at TS 

indicates that the searched transition state is indeed the saddle point between the two local minima 

(stationary states (physisorption and dissociation)) along the MEP.  
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For H2 molecule dissociation on MoS2_1VS, H2 molecule strongly adsorbed on the surface at the 

TS, with a separation of 0.35 Å between the nearest surface S atom and an H atom. The H2 

molecule tilted towards the S plane and the H−H bond length extended to 0.78 Å from 0.75 Å in 

the IS. In the FS, H2 dissociated and the H atoms eventually draw close to the surface and form 

bonds with the two Mo dangling atoms at the S vacancy just like explained in Section 7.1. The 

calculated activation energy barrier (Ea) is 0.65 eV and the dissociation is energetically favoured 

by 0.32 eV. These results are closed to the reported results [160, 260], but different from the 

reported results where H2 was found to move away from MoS2 with an S vacancy row no matter 

where it is placed initially [264]. Again, the TS searched is also confirmed by a single imaginary 

frequency of 671.68 cm-1. 

The reaction path of the dissociation of H2O molecule on MoS2_1VS was found to be similar to 

the CO2 dissociation. In TS, the H2O molecule is chemisorbed on the surface to allow the O atom 

to form bonds (2.27 Å each) with two of the Mo dangling atoms at the S vacancy. The H2O 

molecule adopts a tilted orientation with one of the H atoms pointing up from the surface while 

the other tilted towards the S plane. This extended the O−H bond lengths and bond angle to 0.99 

and 1.19 Å, and ~126 ˚ from 0.97 Å and ~104 ˚, respectively, in the IS. Finally, the H atom that 

tilted towards the S plane detached from OH species to form a bond with one of the Mo dangling 

atoms at the S vacancy in the FS, achieving the same configuration that was observed in Section 

7.3.1. The calculated Ea and ∆E is 0.18 eV and -0.05 eV, respectively. This activation energy is 

significantly lower than that for H2O splitting on Mo-edge (0.54 eV) reported by Ref [290]. On 

the other hand, H2O dissociation on the MoS2_1VS surface is less thermodynamically favourable 

due to its small reaction energy compared to more negative reaction energy of  -1.29 eV of Ref 

[290]. The single imaginary frequency calculated at 914.50 cm-1 confirms the TS searched. 
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Figure 7.7: Energy diagram including reaction pathway and reaction barrier of single (a) CO2, (b) 

H2 and (c) H2O dissociation on MoS2_1VS from climbing image nudged elastic band (CI-NEB) 

simulation. Inserts are the top views of the initial state (IS); Transition state (TS) and final state 

(FS) configurations along the MEP. The colour codes for Mo, S, O, H and C atoms are the same 

as explained in Figure 7.2. 

7.3.4 Energy Barrier after Enthalpy Correction  

The reported Ea and ∆E from NEB analysis in Figure 7.7 correspond to the potential energy 

surface differences at ground state (0 K) and as a result do not account for contribution from 
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vibrational, rotational and translation energies. Therefore, quantum corrections to the activation 

barrier at room temperature (300 K) were considered to explicitly analyse the room temperature 

effect on the activation barrier and get a more realistic view of the catalytic reaction. The zero 

point energy (ZPE), as well as entropic correction, were incorporated by calculating Gibbs free 

energy (∆Ga) between IS and TS as defined in Chapter 6. The calculated ∆Ga of activation for the 

dissociation reaction of CO2, H2 and H2O molecules on MoS2_1VS are 0.35 eV, 0.30 eV and -0.66 

eV, respectively. According to a previous study, the threshold for reactions to proceed readily at 

room temperature is a barrier of 21 kcal/mol (~0.8 eV) or less will [288]. The corrected reaction 

barriers are within this threshold, indicating that the predicted reactions should be feasible at room 

temperature. The low values of ∆Ga suggest not only that the MoS2_1VS site has excellent catalytic 

property but also that dissociation of CO2, H2 and H2O molecules could be spontaneous at room 

temperature. This makes it a possible route for CO2 activation and reduction, H2 and H2O splitting. 

When Gibbs free energies are compared, it is obvious that water dissociation on MoS2_1VS occurs 

more spontaneously at room temperature, since it has the lowest ∆Ga.    

The exponential dependence of the kinetic rate constant on the activation energy can be estimated 

by transition state theory expression explained in Chapter 6. The calculated kinetic rate constants 

for CO2, H2 and H2O molecules at 300 K are 7.09 × 106 s-1, 5.20 × 107 s-1 and 6.79 × 1023 s-1, 

respectively. These very high rates suggest that a single S vacant MoS2 site is very favourable for 

the CO2, H2 and H2O dissociation reaction not only thermodynamically but also kinetically, and 

the reaction is likely to occur spontaneously and quickly at room temperature. Therefore, CO2, H2 

and H2O dissociations observed in this study is likely not the rate-limiting step for CO2 activation 

and reduction, and overall H2 evolution process from H2 and H2O splitting, therefore further steps 

will be studied in our further study. 
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7.4 Summary and Conclusions 

Single vacancy or a missing sulphur atom in Molybdenum disulphide (MoS2_1VS) is demonstrated 

to be thermodynamically and statistically favourable for the adsorption of CO2, CH4, N2, H2 and 

H2O with adsorption energies of -0.91, -0.11, -0.18, -2.44 and -0.26 eV, respectively, which are 

approximately 6.5, 1.8, 2.3, 3.2 and 1.7 times superior to that of pristine MoS2 (PMoS2) surface, 

respectively. DFT and statistical thermodynamics results show that the presence of elemental 

sulphur vacancy in MoS2 redefined the chemical and physical properties of the MoS2 surface; thus 

improving its gaseous adsorption and conversion applications. DFT simulation reveals that the 

highest CO2 adsorption energies obtained after geometry optimization were -0.14 eV and -0.91 eV 

for perfect MoS2 surface (PMoS2) and MoS2_1VS respectively. Further observation depicts that 

the adsorption of H2O and N2 molecules on MoS2_1VS is 3.5 and 5.1 times weaker than CO2 

adsorption, respectively. This suggests MoS2_1VS to be a suitable adsorbent for selective 

adsorption and separation of CO2 over H2O and N2. Moreover, optimized MoS2_1VS configuration 

stipulates that adsorption of CO2, H2 and H2O was via dissociative chemisorption, in contrast to 

optimized PMoS2 configuration, for which physisorption was the only adsorption mechanism.  

Classical GCMC simulations further investigated the adsorption properties of PMoS2 and 

MoS2_1VS between 0 – 100 bar. Little or no differences were observed for the adsorption of N2, 

H2 and CH4 molecules across both surfaces. An increase of 0.63 wt.% was observed for H2 at 77K 

on the MoS2_1VS surface. In agreement with DFT results, the GCMC simulation also 

demonstrated that MoS2_1VS enhances the adsorption of CO2 and H2O at 1 bar, 298 K, and H2 at 

1 bar, 77 K relative to that of the pure surface. We observe CO2 loadings of 2.49 wt.% and 0.55 
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wt.%, H2O loadings of 55.27 wt.% and 44.25 wt.%, and H2 loadings of 0.29 wt.% and 0.20 wt.%, 

for the MoS2_1VS and PMoS2 surfaces, respectively.  

Furthermore, in agreement with the conjugate gradient energy minimization (DFT geometry 

optimization), CI-NEB analysis reveals that the partial CO2 and H2O dissociation, and complete 

H2 splitting processes exhibited energy barriers of 1.11 eV, 0.65 eV and 0.18 eV, respectively. In 

addition, the free energy of activation for the partial and complete dissociation of CO2 and H2O, 

and H2 are 0.35 eV, 0.30 eV, and -0.66 eV, respectively. The reactions were found to be kinetically 

favourable with high reaction rate constants of 7.09 × 106 s-1, 5.20 × 107 s-1, and 6.79 × 1023 s-1 at 

300 K for CO2, H2 and H2O molecules, respectively. 

Conclusively, this study suggests the potential application of MoS2_1VS for carbon capture, CO2 

activation and reduction, water and H2 splitting, and demonstrates the great potential applicability 

of a catalyst overall H2 evolution process from water splitting. 
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CHAPTER 8 

Conclusions and Future Work 

In this chapter, the summary of conclusions of the work presented in the thesis and 

recommendations for future work are discussed.  

8.1 Conclusions 

The work presented in this thesis has dealt extensively with broadening the calculation of 

molecular interactions with 2D nanomaterials by making them as accurate as possible, with an 

extension of the methods studied towards the calculation of structural and electronic properties, 

Infrared (IR) Spectroscopy, and the barrier energies, thermodynamics properties and molecular 

dynamics (MD) of the dissociated states. This has been done exclusively using DFT based 

approaches implemented in the Vienna ab initio simulation package (VASP). 

The accuracy of a wide range of different dispersion schemes has been employed to understand 

the effects of vdW forces on the adsorption properties for pristine and modified surfaces. The DFT-

D2 calculations using Grimme’s method have been found to perform well, especially within the 

spin-polarized framework. Speed has been explored for cutoff energy and k-point grid, which is 

required for convergence. Hence, a test for cutoff and k-point grid was carried and the results were 

compared for several selected parameters. It was found that the results from 5x5x1 Monkhorst-

Pack grids were very similar to those for the 6x6x1 and 7x7x1 Monkhorst-Pack grids. The total 

energy was converged to ˂10 meV. Hence, it was believed that 5x5x1 Monkhorst-Pack is dense 

enough for the selected systems and that 500 eV cutoff energy is suitable for the plane-wave basis 
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set. Finer k-point of 9x9x1 Monkhorst-Pack were used for sampling the Brillouin zone density of 

state calculations to ensure accurate prediction of the DOS of the semiconductors and that 

significant increases in computational efficiency are possible for the selected systems, following 

the work presented in Chapter 4. Furthermore, different calculations have been performed with a 

wide range of supercell and a 4×4×1 supercell of monolayer MoS2 (1H-MoS2) containing (16 Mo 

atoms and 32 S atoms) and 5×5×1 supercell of monolayer graphene containing 50 C atoms for the 

monolayers have been found to perform well. A large vacuum layer of 15 Å has been used in the 

direction to the interface as an isolated slab boundary condition to avoid interlayer interactions in 

all calculations. 

This thesis work started with an aim of developing finely tailored 2D nanomaterials that will 

describe the behaviour of CO2 on the adsorption sites, which are sensitive and selective to CO2. 

During the course of this work, 2D nanostructure layered materials namely graphene and MoS2 

with 4 novel materials for CO2 adsorption (graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) 

hybrids (Chapter 4), N atoms surrounding a single Mo vacancy site (MoS2_1VMo_3NS) (Chapter 

5 and 6) and single sulphur vacancy MoS2 (Chapter 7) were developed. Chapter 4 explored the 

effect of interlayer distance between 2D materials, graphene/graphene (GrapheneB) and 

MoS2/MoS2 (MoS2B) bilayers as well as graphene/MoS2 (GMoS2) and MoS2/graphene (MoS2G) 

hybrids, on CO2 adsorption mechanisms from first principles, intending to find the most stable 

conformation for CO2 adsorptions. The findings show that the modification of interlayer spacing 

and structural configuration during the synthesis route is the key to enhancing the adsorption 

performance of these nanocomposites. Chapters 5, 6, and 7 have then looked at calculating the 

adsorption performance and catalytic activity of the developed N-doped and vacancy-containing 

MoS2 material towards CO2 adsorption and activation in some instant at various temperatures and 
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pressure. The findings reveal that N atoms and vacancy defects have effects on the structural 

properties of the MoS2 surface and that the N-doping enabled defect engineering of MoS2 proved 

to be an effective approach for the enhanced selective adsorption of CO2. The enhanced adsorption 

of CO2 on the N-doped vacancy-containing MoS2 surface was tested for cross-interference in 

presence of N2 and H2O. This was crucial since the adsorption phenomenon of vacancy defect and 

nitrogen doping facilitates CO2 and H2O dissociations at room temperature leading to the 

formation of CO٭and O٭, and OH٭and H٭ radicals. From a critical review of literature, this 

technique was only conducted for carbon surfaces (e.g. graphene). In addition, the single S vacancy 

defect was identified for dissociative chemisorption of CO2 at the vacant site during CO2 

adsorption to yield lattice-embedded oxygen and CO molecule that desorb from the surface. The 

reason can be associated with the perpendicular orientation of the CO2 molecule and the increased 

covalent attractions, which was not considered in previously reported studies.  Further, infrared 

(IR) spectroscopy of molecules adsorbed on the surface was calculated to analyse the structure of 

the surface absorbates, and to show how calculated vibrational frequencies of molecules adsorbed 

on the surface can be used as an important complement to experimental measurements. 

Finally, Chapter 6 and 7, make use of a range of computational chemistry tools to investigate the 

adsorption and dissociation of CO2, H2 and H2O on tertiary N-doped, single Mo vacancy MoS2 

(MoS2_1VMo_3NS) and single S-vacancy MoS2 (MoS2_1VS). An in-depth, first principles-based 

investigation of CO2 reduction (CO2 → CO− + H+) and water splitting (H2O → OH− + H+) 

mechanisms, in terms of thermodynamic stability, active sites, activation barriers and rate of 

reactions on MoS2_1VMo_3NS and MoS2_1VS were carried out. The findings show that while 

MoS2_1VMo_3NS is of great potential to be used as a catalyst for CO2 reduction and water splitting, 

MoS2_1VS performs well for CO2 reduction, H2, and water splitting. In agreement with DFT 
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results, the GCMC simulation also demonstrated that MoS2_1VS enhances the adsorption of CO2 

and H2O at 1 bar, 298 K relative to that of the pure surface, following the work presented in 

Chapter 7. Conclusively, this study suggests the potential application of MoS2_1VS for carbon 

capture, CO2 activation and reduction, water and H2 splitting, and demonstrates the great potential 

applicability of a catalyst overall H2 evolution process from water splitting.  

8.2 Recommended Future Work 

All through the course of this thesis work, several novel concepts showing tremendous research 

potential were identified which could be recommended for future work. Some of these areas of 

interest can be summarized as below: 

1. In the case of hybrid nanostructured, to attain the modification of interlayer spacing and 

structural configuration in preparation of graphene-MoS2 nanosheets for improved 

adsorption performance of CO2, the combination of improved atomic level studies and 

design of experiments like nanoparticle tracking analysis could serve as useful guidance. 

2. The effect of metal-doped such as Cu and Co vacancy defect MoS2 adsorption stability can 

be undertaken. The materials have been shown to offer exceptional electron conductivity 

to catalytically activate CO2 conversion and water splitting processes for a better catalysts 

design. Thermodynamic results from such studies will provide bright insight into CO2 

reduction and water splitting. 

3. The study of photochemical and electrochemical performances of this doped MoS2 surface 

for dissociation of CO2, H2, H2O and other interfering gases, can be carried out using 

Computational Hydrogen Electrode (CHE) model and experimental approach and will 

provide further evidence of the feasibility of the doped MoS2 in the industrial application.   
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4. Furthermore, the insight of DFT and ab initio atomistic thermodynamics on the surface 

stability and morphology of doped MoS2 surface can be investigated, to show remarkable 

activity and selectivity in the sustainable production of fuels and chemicals through the 

highly efficient dissociation of inert CO2 and H2O. 
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