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SYNOPSIS 

1. Introduction 

The rapid increase in atmospheric carbon dioxide (CO2) concentration caused by 

excessive fossil fuel consumption, industrialization, and anthropogenic activities has 

emerged as one of the most critical environmental challenges of the twenty-first 

century.[1] Since the Industrial Revolution, atmospheric CO2 levels have increased 

significantly from about 280 ppm to over 425 ppm in 2025 and are projected to reach 

approximately 950 ppm by the end of the century.[2–4]  The continuous emission of 

greenhouse gases has significantly contributed to global warming, climate change, 

ocean acidification and ecological imbalance. Consequently, the development of 

sustainable technologies for carbon capture, utilization, and storage (CCUS) has 

become an urgent global priority. In recent decades, researchers have devoted 

significant efforts toward developing sustainable strategies to capture atmospheric CO2 

and convert it into valuable chemicals and fuels, thereby contributing to carbon 

neutrality and renewable energy technologies.[5,6] 

Among the various classes of porous materials, metal-organic frameworks (MOFs) and 

covalent organic frameworks (COFs) have attracted significant attention due to their 

exceptionally high surface areas, tunable porosity, structural diversity, chemical 

stability, and functional tailorability.[7] MOFs are crystalline porous materials 

composed of metal ions or clusters interconnected by organic ligands.[8] In contrast, 

COFs are entirely organic porous crystalline frameworks constructed through strong 

covalent bonds between light elements such as C, H, B, N, and O.[9] The modular 

nature of these frameworks enables precise control over pore size, functionality, 

electronic structure, and catalytic activity, making them promising candidates for gas 

adsorption, separation, catalysis, sensing and energy conversion applications. 

Particularly, their unique structural flexibility and controllable electronic properties 

make MOFs and COFs attractive materials for CO2 capture and electrochemical CO2 

reduction reaction (CO2RR). In recent years, metallophthalocyanine (MPc)-based  

porous frameworks have emerged as promising electrocatalysts for electrochemical 

CO2RR due to their tunable electronic structures, highly active metal centres, excellent 

charge-transport properties, and catalytic selectivity.[10] However, despite significant  

experimental and theoretical progress, several challenges remain unresolved, including 



 

ii 

 

weak CO2 adsorption, poor catalytic selectivity, high overpotentials, inefficient charge 

transfer, and limited understanding of structure-property relationships governing 

catalytic performance.[11]  

 

Figure 1. Schematic representation of: (a) metal-organic frameworks (MOFs), (b) covalent organic 

frameworks (COFs), and (c) metallophthalocyanine (MPc)-based frameworks, highlighting their 

structural features and key properties relevant to CO2 capture and electrochemical CO2 reduction. 

In this thesis, porous MOFs and COFs have been theoretically designed and 

computationally investigated for CO2 adsorption and electrochemical reduction 

applications using first principles-based density functional theory (DFT) methods. The 

work systematically explores the relationships among linker engineering, framework 

design, electronic structure, adsorption behavior, and catalytic activity. A special 

emphasis has been given to understanding the role of functionalization, sulfur-

containing linkages, and metal-centred active sites in influencing the adsorption and 

catalytic conversion of CO2 into value-added C1 and C2 products. The thesis primarily 

focuses on three important aspects: (i) understanding CO2 adsorption on functionalized 

MOF linkers, (ii) investigating CO2 electroreduction on sulfur-linked  

metallophthalocyanine-based COFs, and (iii) exploring catalytic pathways for C1 and 

C2 product formation on copper phthalocyanine-based MOFs. These studies provide 

fundamental insights into the rational design of advanced porous materials for 

sustainable CCUS technologies.  

2. Motivation and objective of the work 

The growing global demand for sustainable energy technologies and carbon-neutral 

processes has spurred extensive research into advanced porous materials capable of 
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efficient CO2 capture and catalytic conversion. Although many MOFs and COFs have 

already been synthesized and investigated for gas adsorption and catalytic applications, 

understanding the relationship between framework structure, electronic properties, 

adsorption behavior, and catalytic performance remains a major scientific challenge. In 

particular, there is still limited theoretical and computational understanding regarding: 

• The role of linker functionalization and metal decoration in enhancing CO2 

adsorption, 

• The influence of frameworks containing linkages on catalytic activity, 

• The electronic structure modulation in MPc-based frameworks, 

• The mechanistic pathways governing selective CO2 electroreduction toward C1 

and C2 products. 

Therefore, the primary motivation of the present work is to develop rational design 

strategies for porous MOFs and COFs with enhanced CO2 adsorption and catalytic 

reduction performance, based on molecular-level theoretical investigations.  

The main objectives of the present work are: 

1. To investigate CO2 adsorption on organic bridging linkers of MOFs through Li 

decoration and understand the interaction mechanisms governing the adsorption 

behavior. (Published: K. Parveen, S. Pakhira, Designing organic bridging 

linkers of metal-organic frameworks for enhanced carbon dioxide adsorption, 

New J. Chem. 48 (2024) 13700-13714.) 

2. To investigate the structural and electronic properties of sulfur-linked MPc-

based COFs for selective electrochemical CO2 reduction to C1 products. 

(Published: K. Parveen, S. Pakhira, Unveiling the electrocatalytic activity of 

metallophthalocyanine-based covalent organic frameworks toward CO2 

reduction reaction, J. Phys. Chem C 129 (2025) 2973-2987.) 

3. To study the structural, electronic, and catalytic properties of CuPc-Cu-O MOF 

for electrochemical CO2 reduction toward both C1 and C2 products. (Published: 

K. Parveen, S. Pakhira, Unveiling the electrocatalytic activity of 

metallophthalocyanine-based metal-organic frameworks toward CO2 reduction 

reaction, ACS Appl. Energy Mater. 8 (2025) 17818-17830.) 
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3. Methodology of the work 

The computational investigations carried out in this thesis are primarily based on first  

principles-based DFT and post-Hartree-Fock methods to understand the structural, 

electronic, adsorption, and catalytic properties of porous MOF and COF materials for 

CO2 capture and electrochemical CO2 reduction reactions. The non-periodic 

calculations carried out for the CO2 adsorption studies on various pristine and Li-

decorated MOF linkers were performed by using the unrestricted hybrid density 

functional theory (UDFT) method employing the B3LYP function with Grimme’s 

third-order dispersion correction (B3LYP-D3).[12,13] To obtain accurate interaction 

and account for weak van der Waals (vdW) interactions, the correlation consistent 

triple-ζ quality Gaussian basis set (cc-pVTZ) was employed for all atoms.[14] Further, 

single-point energy calculations at the second-order Møller–Plesset perturbation theory 

(MP2) level were carried out using the optimized geometries obtained from the B3LYP-

D3 method to validate the binding enthalpy. Frequency and thermodynamic 

calculations were also performed to confirm the stability of the optimized geometries 

and evaluate the binding enthalpy (ΔH) of the complexes. Frontier molecular orbital 

(FMO) analysis and localized molecular orbital energy decomposition analysis (LMO-

EDA) were additionally employed to understand the stability and adsorption 

mechanism of the complexes. All non-periodic calculations were carried out using the 

Gaussian16[15] and GAMESS[16] suite codes, while the optimized structures and 

adsorption geometries were visualized using GaussView6.1[17] and ChemCraft[18] 

software packages. 

Next, the periodic structural, electronic, and catalytic investigations of the sulfur-linked  

CoPc-based COFs and CuPc-based MOF monolayers were performed by using the 

hybrid periodic dispersion-corrected DFT method, as implemented in the ab initio-

based CRYSTAL23 suite code.[19] The equilibrium geometries, electronic band 

structures, density of states (DOS), spin density distributions, adsorption energies, and 

catalytic reaction pathways associated with the CO2 reduction reaction (CO2RR) were 

systematically investigated using triple-ζ valence with polarization quality (TZVP) 

Gaussian basis sets for all atoms involved in the frameworks.[20] To accurately account 

for weak van der Waals interactions within the porous frameworks and layered 

monolayer systems, Grimme’s third-order dispersion correction was incorporated with 
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the DFT (i.e., B3LYP-D3) method throughout the calculations.[21] The reciprocal 

space integrations were sampled using Monkhorst-Pack k-mesh grids with appropriate 

convergence criteria, while large vacuum regions (⁓500 Å) were introduced along the 

z-direction to model isolated two-dimensional monolayer slab structures and avoid 

interlayer interactions. The electronic properties, including band structures and total as 

well as partial density of states, were analyzed to understand the catalytic behavior and 

charge transfer characteristics of the frameworks. The catalytic mechanisms for CO2 

reduction toward C1 and C2 products were explored by evaluating the adsorption 

energies and Gibbs free energy profiles of the reaction intermediates on the active metal 

centers. All periodic crystal and monolayer structures, along with the catalytic 

intermediates, were visualized and analyzed using the VESTA package.[22] 

4. Summary of the present work  

First, we have computationally investigated the adsorption behavior of CO2 on various 

organic bridging linkers of MOF using first principles-based DFT and MP2 methods. 

The study explored the interaction of CO2 molecules with pristine and Li-decorated 

fluorinated and chlorinated organic linkers to understand the adsorption mechanism and 

improve the CO2 binding strength. Chapter 3 describes the investigations of CO2 

adsorption on these linkers using molecular clusters, including the effects of Li-

decoration on binding enthalpy and electronic interactions in detail. This chapter also 

includes the frontier molecular orbital (FMO) analysis to understand the stability of  the 

complexes, and energy decomposition analysis (EDA) to analyze the interactions 

governing the adsorption process. Chapter 4 comprises the investigation of 

electrochemical CO2 reduction using sulfur-linked cobalt phthalocyanine (CoPc)-based 

COFs. The structural, electronic, and catalytic properties of CoPc-DNDS and CoPc-

DSDS COFs containing thiomorpholine and dithiine linkages, respectively, were 

systematically studied using periodic hybrid DFT calculations. This chapter includes 

the analysis of band structures, DOS, spin density distribution, and Gibbs free energy 

profiles associated with the CO2RR toward C1 products such as CO and CH4. The role 

of sulfur-containing linkages and framework engineering in regulating catalytic activity 

and product selectivity has also been explored in detail. Chapter 5 includes the study of 

a copper phthalocyanine-based MOF, namely CuPc-Cu-O, for electrochemical CO2RR 

toward C1 and C2 products. The equilibrium geometry, electronic properties, adsorption 
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behavior, and catalytic reaction mechanism of the CuPc MOF were investigated by 

using periodic DFT-D calculations. This chapter covers the mechanistic investigation 

of CO2 adsorption, activation, and subsequent reduction pathways leading to CH4, 

C2H4, and C2H5OH formation. The study further explores the role of Cu active sites, 

electronic interactions, and C-C coupling pathways in controlling catalytic selectivity 

toward higher value C2 products, highlighting the potential of MPc-based porous 

materials as efficient electrocatalysts for CO2RR.  

4.1 Organic bridging linkers of MOFs for enhanced CO2 adsorption 

The first part of the thesis focuses on the non-periodic investigation of CO2 adsorption 

on various linkers of MOF, namely BDC, FBDC, DFBDC-1, DFBDC-2, TFBDC, 

DClBDC-1, DClBDC-2, and NDC, using the molecular cluster model and first-

principles based DFT and MP2 methods. The interaction of CO2 molecules with pristine 

and Li-decorated linkers was systematically explored to understand the adsorption 

mechanism and improve the CO2 binding strength. The results revealed that the center 

and side positions of the FBDC, DFBDC-1, DFBDC-2 and TFBDC linkers, the side 

position of the DClBDC-2 linker, and the center position of the NDC linker exhibit 

favorable physisorption behavior on CO2 adsorption, with the values of binding 

enthalpy (ΔH) ranging from -12.05 kJ/mol to -14.09 kJ/mol. After Li-decoration, the 

CO2 adsorption strength increased significantly, particularly at the center positions of 

the BDC, FBDC, and DClBDC-1 linkers and the side positions of the BDC, FBDC, 

DFBDC-1, and DFBDC-2 linkers, with the values of ΔH ranging from -34.64 kJ/mol 

to -35.30 kJ/mol. These values indicate strong physisorption behavior and remain 

below the chemisorption limit, thereby ensuring facile CO2 desorption suitable for 

practical carbon capture. The high energy gap obtained from FMO analysis indicated 

the kinetic stability of Li-decorated linker physisorption behavior. Furthermore, the 

EDA revealed that the electrostatic (𝛥𝐸𝑒𝑙𝑠) and (𝛥𝐸𝑝𝑜𝑙 ) interactions predominantly 

govern the adsorption mechanism.  
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Figure 2. Molecular structures of the organic linkers considered for the CO2 adsorption: (a) 1,4-benzene 

dicarboxylate (BDC), (b) 3-fluoro 1,4-benzene dicarboxylate (FBDC), (c) 3,6-difluoro 1,4-benzene 

dicarboxylate (DFBDC-1), (d) 2,3-difluoro 1,4-benzene dicarboxylate (DFBDC-2), (e) 2,3,5,6-

tetrafluoro 1,4-benzene dicarboxylate (TFBDC), (f) 3,6-dichloro 1,4-benzene dicarboxylate (DClBDC -

1), (g) 2,3-dichloro 1,4-benzene dicarboxylate (DClBDC-2), and (h) 1,4 naphthalene dicarboxylate 

(NDC), along with demonstration of the CO2 molecule at the center and side positions of the BDC linker.  

The present investigation demonstrates that Li-decoration enhances the interaction 

between CO2 molecules and linkers, thereby providing an efficient strategy for 

designing advanced porous adsorbents for carbon capture technologies. Furthermore, 

the study focuses on the importance of developing chemically and thermally stable 

porous materials for practical CO2 capture. Although the present investigations focus 

only on isolated organic MOF linkers, the favorable physisorption observed for 

fluorinated and chlorinated linkers, particularly after Li-decoration, demonstrates the 

potential of linker engineering in enhancing CO2 adsorption affinity and hydrothermal 

stability. The findings of this work are expected to guide the future synthesis and design 

of stable porous MOFs with improved CO2 capture performance for carbon capture 

applications. (K. Parveen, S. Pakhira, Designing organic bridging linkers of metal-

organic frameworks for enhanced carbon dioxide adsorption, New J. Chem. 48 (2024) 

13700-13714.) 

 



 

viii 

 

4.2 Metallophthalocyanine-based covalent organic frameworks toward CO2 

reduction reaction 

The second part of the thesis focuses on the electrochemical reduction of CO2 into C1 

products using sulfur-linked cobalt phthalocyanine (CoPc) based COFs. The 

equilibrium geometry, electronic properties, spin density, and catalytic reaction 

pathways of two structurally analogous COFs, namely CoPc-DNDS-COF (DNDS) and 

CoPc-DSDS-COF (DSDS), containing thiomorpholine and dithiine linkages, 

respectively, were obtained using the periodic first-principles DFT-D (B3LYP-D3) 

calculations. The electronic structure calculations revealed that 3D DNDS and DSDS 

COFs possess small energy band gap (Eg) values of 0.35 eV and 0.44 eV, respectively, 

with significant DOS contributions near the Fermi energy level (EF), indicating 

favorable electronic conductivity. To further investigate the CO2RR mechanism, a 2D 

monolayer slab of both COFs was computationally designed and analyzed. The results 

showed that the DNDS monolayer exhibits an indirect band gap of 1.49 eV, whereas 

the DSDS monolayer possesses a slightly higher band gap of 1.49 eV, confirming the 

semiconducting nature of both the COFs. The sulfur-containing linkages significantly 

influence charge delocalization and facilitate efficient electron transfer during CO2RR, 

thereby strongly affecting the catalytic activity and product selectivity of the COFs.  

 

Figure 3. Schematic representation of electrochemical CO₂ reduction on the CoPc-DNDS-COF (DNDS) 

COF toward methane (CH4) formation through proton-coupled electron transfer steps. 

The catalytic performance of the 2D monolayer COFs was systematically explored by 

evaluating the change in Gibbs free energy (ΔG) profiles associated with the CO2RR 

intermediates at the Co active sites. The electrocatalytic analysis revealed that the 
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DNDS efficiently reduces CO2 to CH4 with a favorable ΔG value of approximately -

0.97 eV, whereas the DSDS preferentially favors the CO desorption with a value of ΔG 

about 0.68 eV. The enhanced catalytic activity of the DNDS COF originates from the 

sufficiently strong interaction between the reaction intermediates and the Co center 

attached to the MPc unit, which facilitates the protonation of *CO intermediates and 

promotes CH4 formation, as further supported by the spin density analysis. The present 

investigation indicates the excellent potential of sulfur-linked MPc-based COFs as low-

cost and efficient electrocatalysts for selective CO2 reduction and demonstrates linkage 

engineering as an effective strategy for designing high-performance COF catalysts for 

CO2 conversion applications. (K. Parveen, S. Pakhira, Unveiling the electrocatalytic 

activity of metallophthalocyanine-based covalent organic frameworks toward CO2 

reduction reaction, J. Phys. Chem C 129 (2025) 2973-2987.) 

4.3 Metallophthalocyanine-based metal organic frameworks toward CO2 

reduction reaction 

The final part of the thesis extends the catalytic investigation toward electrochemical 

CO2 reduction using a dual copper phthalocyanine-based MOF, namely CuPc-Cu-O (in 

short CuPc), for the selective formation of both C1 and C2 products. The equilibrium 

geometry, electronic properties, structural stability, adsorption behavior, and catalytic 

reaction mechanisms of the CuPc were investigated using the periodic hybrid DFT-D 

(B3LYP-D3) method. The electronic band structure calculations revealed that the CuPc 

monolayer exhibits semiconducting behavior with a very small band gap of 

approximately 0.65 eV, indicating good electrical conductivity and efficient charge 

transfer required for catalytic activity. The DOS analysis demonstrated  that the catalytic 

performance originates from the synergistic contributions of the Cu atoms and the 

nitrogen atom of the MPc unit. Furthermore, the negative binding energy (Eb = -3.59 

eV) confirmed the thermodynamic stability and experimental feasibility of the CuPc 

MOF. The adsorption studies also revealed that the Cu-N4 active site exhibits the lowest 

CO2 adsorption energy, facilitating efficient proton/electron transfer during CO2RR. 
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Figure 4. Schematic representation of electrochemical CO2 reduction on the CuPc-Cu-O MOF leading 

to C1 and C2 products. 

The catalytic performance of the CuPc toward CO2RR was systematically explored 

through the evaluation of the relative change in adsorption energy (ΔEads) associated 

with various reaction intermediates leading to CH4, C2H4 and C2H5OH formation. The 

results revealed that the *HCOOH pathway with a ΔEad value of -5.07 eV is 

energetically more favorable than the *CO pathway (-3.49 eV) for CO2 reduction to 

CH4, yielding a final ΔEad value of -2.28 eV after completing eight-electron transfer. 

More importantly, the CuPc framework preferentially promotes ethanol (C2H5OH) 

formation over ethylene (C2H4), with a significantly favorable ΔEad value of -2.76 eV 

compared to 2.11 eV for C2H4 formation, indicating efficient C-C coupling and 

enhanced selectivity toward C2 products. These findings provide important mechanistic 

insights into multi-carbon product formation during electrochemical CO2RR and 

highlight the crucial role of Cu active sites and framework engineering in regulating 

catalytic selectivity. (K. Parveen, S. Pakhira, Unveiling the electrocatalytic activity of 

metallophthalocyanine-based metal-organic frameworks toward CO2 reduction 

reaction, ACS Appl. Energy Mater. 8 (2025) 17818-17830.) 

5. Conclusions  

In the present thesis, porous MOFs and COFs have been theoretically/computationally 

designed and investigated for carbon capture and electrochemical CO2RR using first 

principles-based DFT methods. The study demonstrates that the metal decoration 

significantly enhances CO2 adsorption behavior through strong electrostatic and 

polarization interactions while maintaining reversible adsorption. The results provide 

important molecular-level understanding of adsorption mechanisms and demonstrate 
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rational strategies for designing efficient CO2 adsorbents. The investigation of sulfur-

linked MPc-based COFs reveals that linker engineering plays a crucial role in 

modulating electronic properties and catalytic activity toward electrochemical CO2 

reduction. The sulfur-containing frameworks exhibit favorable catalytic activity toward 

methane formation due to efficient charge transfer and stabilization or reaction 

intermediates. Furthermore, the CuPc-Cu-O MOF demonstrates excellent catalytic 

potential for electrochemical CO2 conversion toward C1 and C2 products, particularly 

ethanol formation. The study provides a detailed mechanistic understanding of C-C 

coupling pathways and highlights the importance of dual metal active centers in 

governing catalytic selectivity toward C2 products.  

Overall, this thesis presents a comprehensive theoretical investigation connecting 

adsorption behavior, electronic structure, and catalytic performance in porous 

crystalline materials. The systematic study of metal decoration, linker engineering and 

metal center activity significantly advances the understanding of MOFs and COFs for 

sustainable CCUS applications and provides valuable guidelines for the rational design 

of next-generation porous materials for carbon-neutral energy technologies.  
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ABSTRACT 

The rapid increase in atmospheric carbon dioxide (CO2) emissions due to 

industrialization and fossil fuel consumption has created an urgent need for efficient 

carbon capture, storage, and utilization technologies. In this thesis, first-principles-

based density functional theory (DFT) methods have been employed to investigate 

porous metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) 

materials for CO2 capture and electrochemical CO2 reduction reaction (CO2RR). The 

first part of the work focuses on a molecular-level investigation of CO2 adsorption on 

various pristine and Li-decorated MOF linkers, using DFT and the second-order 

Møller-Plesset (MP2) methods. The results reveal that the Li-decoration significantly 

enhances the CO2 binding enthalpy through strong physisorption interactions, primarily 

driven by electrostatic and polarization effects. The second part explores sulfur-linked  

cobalt phthalocyanine (CoPc)-based COFs for electrochemical CO2 reduction toward 

C1 products. The electronic structure and catalytic activity studies demonstrate that the 

framework engineering through sulfur-containing linkages strongly influences catalytic 

selectivity and promotes efficient CH4 formation. The final part extends the 

investigation to a copper phthalocyanine (CuPc)-based MOF for selective 

electrochemical CO2 reduction toward both C1 and C2 products. The CuPc MOF 

exhibits favorable catalytic pathways for ethanol (C2H5OH) formation owing to 

efficient stabilization of key intermediates and enhanced C-C coupling. Overall, this 

work provides valuable mechanistic insights into porous framework engineering for 

carbon capture and CO2 conversion technologies. 
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Chapter 1 

Introduction 

This chapter presents an overview of the increasing carbon dioxide (CO2) emissions 

and their environmental impact, emphasizing the need for effective mitigation 

strategies such as carbon capture, utilization, and storage (CCUS). It introduces 

porous crystalline materials, particularly metal-organic frameworks (MOFs) and 

covalent organic frameworks (COFs), highlighting their design principles, key 

properties and applications. The role of organic linkers in controlling framework 

structure and functionality has been discussed here along with an overview of 

metallophthalocyanine (MPc)-based MOFs and COFs for CO2 electroreduction. The 

research gaps, motivation, and objectives of the thesis are also outlined, followed by a 

brief summary of the contributions and organization of the thesis. 

     1.1 Global CO2 emissions and environmental impact 

The rapid expansion of the world’s population and the accelerated industrial 

development have led to an increased rise in global energy demand, causing serious 

challenges in sustainable economic development.[1] The excessive dependence on 

fossil fuels to meet this demand has significantly increased CO2 emissions, contributing 

to devastating environmental consequences. The increased atmospheric CO2 levels 

have closely related to the global warming, glaciers melting, rising sea levels, ocean 

acidification, biodiversity loss, and the increasing frequency of extreme weather events, 

all of which threaten the ecosystems and human livelihoods in worldwide.[2] Since the 

beginning of the industrial revolution in the early 1800s, atmospheric CO2 

concentrations have risen dramatically from 280 ppm to more than 425 ppm in 2025, 

primarily attributed to anthropogenic activities and industrial emissions.[3] Therefore, 

to mitigate long-term climate risks, stabilizing and reducing CO2 concentrations have 

become a global priority. However, the transition toward alternative energy sources that 

can completely replace fossil fuels remains challenging, escalating concerns about the 

future of the planet and its living species. Furthermore, it is predicted by the 

Intergovernmental Panel on Climate Change (IPCC) that the CO2 concentration will 

reach by 950 ppm by the end of this century, which will bring about dramatic changes 

in the earth’s atmospheric chemistry and it would be very harmful for our society.[4–

6] Therefore, there is an urgent need to develop effective technologies and strategies to 
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control and reduce atmospheric CO2 concentrations and slow down global climate 

change.    

     1.2 CO2 capture, utilization, and storage  

Carbon capture, utilization, and storage (CCUS) have become a key technological 

strategy for mitigating greenhouse gas emissions and facilitating the transition to 

carbon-neutral energy systems. This set of decarbonization techniques involves 

removing CO2 from the atmosphere or from industrial flue gases, followed by its 

transport for either long-term storage or productive use. CCUS offers a viable 

mitigation pathway for existing power plants and energy-intensive industrial facilities, 

which could otherwise release nearly 600 Gt of CO2 over the next fifty years.[7] These 

hard-to-decarbonize industries generally include steel, cement, and chemical 

manufacturing. Furthermore, CCUS is generally considered to be among the most 

economically feasible methods of generating low-carbon hydrogen. Therefore, meeting 

mid-century carbon neutrality targets is considered to be highly unlikely without the 

widespread use of CCUS technologies.[7–9] The performance of CO2 capture 

processes strongly depends on the properties of the adsorbent materials used. An ideal 

adsorbent typically exhibits high CO2 uptake and selectivity, low isosteric heat of 

adsorption (Qst) to enable energy-efficient regeneration, excellent recyclability, strong 

thermal and chemical stability, rapid adsorption/desorption kinetics, and cost-

effectiveness.[10] Current CO2 separation techniques include solvent-based absorption, 

solid-state chemical adsorption, porous material adsorption, cryogenic distillation, and 

membrane separation.[11] Among these, adsorption-based systems employing 

advanced porous sorbents have attracted considerable attention due to their high 

efficiency and reduced energy requirement. However, despite technological 

advancements, the challenges towards ECR remain. The linear molecular structure and 

strong C=O bonds render CO2 thermodynamically stable and kinetically inert, making 

its activation and catalytic conversion energetically demanding. Therefore, designing 

materials with tunable structural and electronic properties is essential to overcome the 

thermodynamic and kinetic barriers associated with CO2 capture and reduction. 

     1.3 Porous crystalline organic frameworks 

A porous material can be categorized as a solid structure with rich pores and a high 

specific surface area.[10] Over the years, porous materials have evolved from 
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conventional inorganic materials such as zeolites and molecular sieves to organic-

inorganic hybrid materials like metal-organic frameworks (MOFs) and further to fully 

organic porous materials, including covalent organic frameworks (COFs). These 

different classes of porous materials have been considered as the most promising 

candidates for CCUS application.[12–14] Molecular sieves are synthetic hydrated 

aluminosilicates with high adsorption capacity, strong selectivity, and high temperature 

resistance that have attracted research interest for CO2 adsorption.[15–17] The 

adsorption behavior of molecular sieves primarily arises from physical interactions 

such as weak van der Waals (vdW) forces, and because of the strong electrostatic field 

within the pores, it shows a strong affinity toward polar and unsaturated molecules. 

However, their relatively small pore size (typically below 2 nm) and purely inorganic 

framework limit functional tunability and restrict the directional design of materials for 

specific applications.[18–20] Natural zeolite is the earliest known porous material, and 

a naturally occurring aluminosilicate ore discovered by Swedish mineralogist Cronstedt 

in 1756 that boils when heated.[21] The reversible absorption-dehydration behavior, 

high thermal and chemical stability, good mechanical strength, and CO2 adsorption 

capacity and selectivity make it attractive for CO2 capture applications.[22–24] 

However, natural zeolites readily adsorb water, which significantly reduces their CO2 

capture performance under humid conditions. In addition, the non-uniform pore size 

distribution leads to poor CO2 capture performance at both low and high pressures, 

thereby limiting its large-scale industrial applications.[17,24,25] To address these 

limitations, crystalline porous framework materials have gained increasing attention 

because of their high surface areas, structural tunability, and design flexibility. Among 

them, MOFs and COFs have emerged as two important classes of reticular materials 

widely explored for CO2 capture and catalytic conversion. MOFs are constructed from 

metal ions or metal-containing secondary building units (SBUs) that are coordinated to 

organic linkers (linkages or bridging ligands) via coordination bonds, offering 

structural diversity and accessible metal sites that are beneficial for adsorption and 

catalysis.[26] In contrast, COFs are composed entirely of light elements connected by 

strong covalent bonds, resulting in lightweight structures with high thermal stability 

and well-defined porosity.[27] Despite their differences in bonding nature and 

composition, both MOFs and COFs possess ordered porous structures, tunable pore 

environments, and modular design strategies, making them highly promising materials 

for efficient CO2 capture and conversion.  
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      1.3.1 Metal organic frameworks 

Metal-organic frameworks (MOFs) are crystalline porous materials composed of metal 

ions or metal clusters (secondary building units, SBUs) interconnected by multidentate 

organic ligands to form extended one, two, or three-dimensional networks.[28–31] The 

concept of coordinate polymers dates back to the 1960s; however, significant advances 

were realized in the mid-1990s when Prof. Omar M. Yaghi and co-workers introduced 

the term “metal-organic frameworks” and demonstrated the rational design of highly 

porous crystalline MOF-5, as depicted in Figure 1.1.[32,33] The development of MOFs 

was driven by the principle of reticular chemistry, which involves the assembly of 

predetermined molecular building blocks through strong metal-ligand coordination 

bonds into extended periodic structures.[34,35] This approach enables the predictable 

formation of structures with predefined geometries through the rational assembly of 

secondary building units and organic linkers. MOFs represent a highly versatile class 

of porous materials that have been extensively explored for gas storage, separation, and 

catalytic applications. Their adjustable pore size, tunable pore opening, and easy 

functionalization enable precise control over structural and chemical properties, 

allowing systematic variation of both metal nodes and organic linkers to tune pore size, 

functionality and topology. Owing to these properties, MOFs exhibit exceptionally high 

internal surface areas and porosity, with some structures achieving record -breaking 

Brunauer-Emmett-Teller (BET) surface areas among porous materials. Unlike 

conventional coordination polymers, MOFs exhibit permanent porosity and retain their 

structural integrity even after removal of guest molecules, which is critical for practical 

adsorption applications.[34] The large pore volume and well-defined channels in MOFs 

facilitate efficient gas adsorption and selective separation from mixtures of gases. The 

presence of open metal sites and functionalized pore environments significantly 

enhances host-guest interactions, especially for quadrupolar molecules such as CO2. In 

particular, their structural diversity and tailorable functionality of MOFs make them 

strong candidates for CO2 capture and separation compared to conventional 

adsorbents.[34,36,37] These advantages have positioned MOFs as one of the most 

promising materials for advanced gas storage and carbon capture applications.  
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Figure 1.1 The structural illustration of MOF-5, showing coordination between the metal node and the 

organic linker.[32] The atomic color scheme is as follows: carbon (brown), oxygen (red), hydrogen 

(linen), and metal centers (grey). 

      1.3.2 Covalent organic frameworks 

Covalent organic frameworks (COFs) are crystalline porous materials composed 

entirely of light elements (e.g., C, H, B, O, and N) linked through strong covalent bonds 

to form extended two- or three-dimensional periodic networks.[27] The development 

of COFs was enabled by the principles of reticular chemistry, which allow the rational 

assembly of predefined organic building blocks into ordered frameworks with 

predictable structures.[38] A breakthrough in this field was reported in 2005 by Yaghi 

and co-workers, who synthesized the first two-dimensional COFs i.e., COF-1 and COF-

5 via boronic acid condensation reactions, as depicted in Figure 1.2, followed by the 

extension to three-dimensional structures such as COF-102 in 2007, thereby 

significantly expanding the structural diversity of these materials.[39,40] The left-hand 

panels in Figure 1.2 illustrate the chemical building units and corresponding 

condensation reactions, with atomic symbols represented in black for improved 

readability, whereas the right-hand panels show the resulting porous framework 

structures. COFs represent a unique class of porous materials distinguished by their low 

density, high surface area, and structural tunability. Their well-defined and periodic 

structures enable precise control over pore size, shape and topology. This modular 

design approach allows systematic variation of organic linkers and their chemistry, 

facilitating the incorporation of functional groups within the pore walls. Unlike many 

amorphous porous organic polymers (POPs), COFs exhibit long-range crystallinity and 

permanent porosity, retaining their ordered structures even after the removal of guest 
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molecules. The presence of uniformly distributed and tailorable pore environments in 

COFs plays a crucial role in governing host-guest interactions. In particular, 

functionalization of the pore surface enhances selective adsorption of gas molecules, 

such as CO2. The combination of high porosity, structural regularity, and chemical 

tunability makes COFs highly attractive for a wide range of applications, including gas 

storage and separation, catalysis, optoelectronics, and energy-related processes.[36,40–

42]  

 

Figure 1.2 The schematic representation of the formation and porous structures of COF-1 and COF-5, 

illustrating the constituent organic building units and their connectivity within the extended 

framework.[39] The atomic colour scheme used in the molecular models is as follows: carbon (grey), 

oxygen (red), hydrogen (white), and boron (yellow). 

     1.4 Role of linkers in forming MOFs and COFs 

Organic linkers or ligands play an important role in the formation and functionality of 

MOFs, as they bridge metal ions (clusters) to generate extended porous frameworks. 

The diversity in linker design, including variations in size, geometry, and functional 

groups, enables the formation of a wide range of MOF structures with distinct 

topologies and properties. Importantly, linkers not only determine the structural 
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features such as crystallinity, porosity, stability, and flexibility, but also govern the 

chemical environment within the pores, influencing host-guest interactions and 

application-specific performance.[43] Based on their functional groups, MOF linkers, 

as depicted in Figure 1.3, can be broadly classified as follows:   

• Carboxylate-based linkers 

Carboxylate linkers are the most extensively employed in MOF synthesis due to 

their strong coordination ability with metal ions through deprotonation, forming 

stable metal-carboxylate bonds.[44] In addition to coordination, carboxylate groups 

can participate in hydrogen bonding as both donors and acceptors, influencing 

framework assembly, crystallinity, and pore structure. 

• Nitrogen-based linkers 

Nitrogen-containing linkers, including azines, azoles, and amines, provide versatile 

coordination environments and allow fine-tuning of framework structures.[45] Their 

coordination flexibility enables control over structural arrangements and pore 

chemistry. 

• Phosphate-based linkers 

Phosphate linkers from strong metal-oxygen bonds, which enhance the structural 

robustness and stability of MOFs.[46] The presence of polar P=O groups also modifies 

the chemical behavior of the framework. 

• Sulfonic acid-functionalized linkers 

Sulfonic acid (-SO3H) linkers introduce strong Brønsted acidic sites and electron-rich 

sulfur centers, contributing to the development of polar frameworks and influencing 

intermolecular interactions during the structural formation.[47] 

• Hydroxyl-functionalized linkers 

Hydroxyl groups facilitate hydrogen-bonding interactions and contribute to the 

formation of hydrophilic environments within the framework.[48] They can act as both 

hydrogen bond donors and acceptors, influencing structural arrangement and 

stability.[49] 
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• Halogen-functionalized linkers 

Halogenated linkers, particularly fluorinated ones, are used to modify the polarity and 

surface properties of MOFs. The presence of highly electronegative atoms affects 

intermolecular interactions and framework formation.[50] 

 

Figure 1.3 The MOFs with various structures, porosity and topology synthesized depending on the kinds 

of linkers.[32,51–59] 

Again, organic linkers play an important role for COFs, as they undergo polymerization 

through covalent bond-forming reactions to generate highly ordered porous structures. 

The nature and the type of the linker formed are crucial in determining key propert ies 

such as crystallinity, pore structure, stability, and functionality. Variations in linker 

design, including size, geometry, and functional groups, allow the formation of diverse 

COF structures with distinct properties.[60] Based on the type of condensation 

reactions involved, COF linkages, as depicted in Figure 1.4, can be broadly classified 

as follows: 

• Boronate ester linkers 

These linkers are formed by the condensation of boronic acids with diols. Due to their 

planar and reversible nature, highly crystalline COFs are typically obtained.[39] 
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• Boroxine linkers 

The linkers are generated through the self-condensation of boronic acids, resulting in 

cyclic planar structures that are commonly used in the formation of 2D COFs.[39] 

• Imine linkers 

Imine linkers are formed via the condensation of amines and aldehydes and are known 

to provide structural versatility and good crystallinity.[61] 

• Hydrazone linkers 

These linkers are produced from the reaction of aldehydes with hydrazides and are 

considered to enhance framework stability and rigidity.[62] 

• Azine linkers 

Azine linkers are derived from hydrazine and aldehydes and are generally used in the 

formation of frameworks with relatively smaller pore sizes.[63] 

• Imide linkers 

These linkers are formed from reactions between amines and anhydrides under 

increased temperature and are characterized by low reversibility and high structural 

stability.[64] 

• Olefin (C=C) linkers 

These linkers are obtained via condensation reaction and are known to yield fully π-

conjugated structures.[65] 

• 1,4-Dioxin linkers 

These linkers are generated through the condensation of fluorinated aromatic 

compounds and are used in the formation of chemically stable structures.[66] 

Thus, organic linkers play a central role in the formation and functionality of both 

MOFs and COFs. In MOFs, linkers coordinate with metal ions to direct the coordination 

environment, topology, pore structure, and overall stability of the framework. In 

contrast, in COFs, linkers are interconnected through covalent bonds where their 

geometry, length and functional groups govern the formation of specific linkage types 

and the resulting structural features. In both porous materials, linker design critically 

influences pore size, topology, and the internal chemical environment, which in turn 

determines key properties such as adsorption behavior, electronic properties, and 

catalytic activity. Therefore, rational design and functionalization of linkers remain 
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fundamental to tailoring MOFs and COFs for applications in gas storage, separation, 

catalysis, and energy-related fields. 

 

Figure 1.4 Various linkages formed by COFs linkers for the synthesis of COFs. 

     1.5 Properties of porous materials (COFs and MOFs) 

In recent decades, the development of reticular chemistry has enabled the rational 

design and synthesis of an extraordinary number of porous crystalline materials, 

including more than 100,000 MOFs and over 570 COFs.[67] Since the pioneering work 

of Yaghi and his co-workers in introducing COFs in 2005 and earlier breakthroughs in 

MOFs, these materials have emerged as a versatile class of porous solids with precisely 

controlled structures. Their periodic and modular structures allow systematic tuning of 

physiochemical properties, leading to exceptional porosity, ultrahigh surface area, 

structural diversity, and tunable functionality. These properties of MOFs and COFs, as 

depicted in Figure 1.5, are discussed below in detail:  

• Crystalline structure 

One of the most distinctive features of both MOFs and COFs is their highly ordered 

crystalline nature. Unlike many conventional porous materials that are amorphous, 

these materials possess long-range periodic structures, where building blocks are 

arranged in a well-defined and repeating manner. The crystalline arrangement 

facilitates uniform pore distribution and well-defined channels, which are essential for 

predictable mass transport, adsorption, and catalytic behavior. In MOFs, crystallinity 

arises from the coordination between metal nodes and organic linkers, forming periodic 

three-dimensional networks. In COFs, the use of strong covalent bonds leads to highly 

ordered two-or three-dimensional structures. The ability to obtain crystalline 
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frameworks with tunable topology and symmetry is a key advantage that distinguishes 

MOFs and COFs from other porous materials and promotes their performance in gas 

storage, separation, catalysis, and optoelectronic applications.[68] 

• High porosity 

Permanent porosity is one of the defining properties of both the porous materials, MOFs 

and COFs. Permanently porous materials retain their rigid framework structure even 

after the removal of guest molecules from their internal cavities without undergoing 

collapse. In both MOFs and COFs, the presence of well-defined and periodically 

arranged pore channels enables efficient accommodation of gases, ions, or small 

molecules, which is particularly advantageous for energy storage and environmental 

applications.[69] Compared to conventional porous materials such as zeolites, MOFs, 

and COFs typically exhibit significantly larger pore volumes and broader pore size 

tunability, which in turn contributes to enhanced adsorption capacity and diffusion 

properties.[27]  

• High surface area 

A primary feature distinguishing MOFs and COFs from other porous materials is their 

exceptionally high BET surface area. These materials commonly exhibit surface areas 

ranging from 1000 to 10,000 m2g-1.[70] When gases are introduced into these porous 

materials, adsorption preferentially occurs at high-affinity surface sites within the pores 

rather than through intermolecular gas interactions. Consequently, the ultrahigh internal 

surface area significantly enhances gas uptake capacity, making MOFs and COFs 

highly promising candidates for CO2 capture, hydrogen storage, and methane 

adsorption. 

• Framework stability 

Framework stability in MOFs and COFs can be categorized into chemical, thermal, 

mechanical, and structural stability. Chemical stability refers to resistance against 

degradation under acidic, basic, or aqueous conditions. Thermal stability is another 

critical parameter, with many MOFs and COFs retaining structural integrity up to ⁓600 

ºC. Mechanical stability is defined as resistance to external stress, varies depending on 

the bonding nature. Structural stability, which describes retention of framework 

integrity upon guest removal, is essential for maintaining permanent porosity. The 

inherent rigidity and strong bonding networks in well-defined MOFs and COFs enable 
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prolonged operation under demanding conditions, making them suitable for industrial 

applications.[71]   

• Breathing behavior 

A distinctive property observed primarily in MOFs is their dynamic structural 

flexibility, commonly referred to as “breathing behavior”. Certain MOFs can reversibly 

adjust their pore size and shape in response to external stimuli such as gas adsorption, 

solvent presence, temperature, or applied pressure. This flexibility enhances guest-host 

interactions and improves storage efficiency. The breathing phenomenon, combined 

with large surface area and tunable porosity, renders MOFs particularly attractive for 

gas storage, sensing and separation applications in sustainable energy technologies.[72] 

Although COFs are generally more rigid due to strong covalent bonding, recent studies 

have reported flexible COF systems exhibiting limited structural adaptability.  

• Tunable porous structure 

The modular design principles underlying MOFs and COFs allow precise tuning of 

structural and intrinsic properties. By modifying secondary building units (SBUs), 

varying organic linker length, or introducing functional groups through post-synthetic 

modification, it is possible to tailor pore size, surface chemistry, and electronic 

properties. Strategies such as metal doping, heteroatom incorporation, and transition-

metal intercalation further expand their functional scope. In MOFs, variations of metal 

nodes (e.g., Zn, Cu, Zr, Fe, Co, etc.) and organic linkers generate immense structural 

diversity. In COFs, the selection of different linkage chemistries, such as boronate ester, 

imine, or β-ketoenamine, allows control over stability and conjugation. This tunability 

enables optimization of adsorption selectivity, catalytic activity, and charge transport 

properties, making both materials highly adaptable for targeted applications in gas 

separation, catalysis, and electrochemical energy conversion.[73]   

 

 



 

13 

 

 

Figure 1.5 Properties of MOFs and COFs. 

     1.6 Applications of MOFs and COFs 

The unique structural and chemical features of MOFs and COFs, such as high porosity, 

tunable pore environments, and structural versatility, have enabled their application 

across a wide range of fields. Their ability to selectively interact with guest molecules, 

combined with tunable functionality, makes them highly attractive for diverse 

technological and industrial applications. The key applications of these materials are 

depicted in Figure 1.6 and are as follows: 

• Gas storage and separation 

MOFs and COFs are extensively studied for gas storage and separation due to their high 

surface area, tunable pore sizes, and structural versatility. They enable efficient 

adsorption of gases such as H2, CH4, CO2, and N2 under moderate conditions, offering 
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advantages over conventional storage techniques.[74] The separation of gas mixtures 

is governed by factors such as pore size distribution, shape selectivity, and host-guest 

interactions. However, many gas molecules possess similar kinetic diameters; 

therefore, enhancing selectivity often requires functionalization of organic linkers or 

modification of metal nodes. In particular, the presence of open metal sites and polar 

functional groups significantly improves adsorption affinity toward specific gases.[75] 

Such tunable interactions make MOFs and COFs highly effective for applications in 

gas purification, carbon capture, and energy storage. 

• Vapor sorption 

The well-defined porous structures of MOFs and COFs make them highly suitable for 

vapor sorption applications. Their large surface area and adjustable pore environment 

enable efficient adsorption of water vapor and various organic vapors. The sorption 

behavior is strongly influenced by the polarity, pore size, and surface functionality of 

the framework, allowing selective uptake of specific vapors. This property is 

particularly important for applications such as humidity control, adsorption-based 

cooling systems, and solvent recovery. Furthermore, the reversible adsorption-

desorption properties of these materials contribute to their long-term usability in cyclic 

processes.[76] 

• Catalysis 

MOFs and COFs have emerged as versatile platforms for heterogeneous catalysis due 

to their ordered structures and high density of accessible active sites. Catalytic activity 

can originate from metal nodes, functional organic linkers, or encapsulated catalytic 

species within the pores. Their tunable structures allow precise control over reaction 

environments, facilitating improved activity, selectivity, and stability. These materials 

have been applied in a wide range of reactions, including oxidation, reduction, and CO2 

conversion into value-added chemicals. Additionally, their porous nature promotes 

efficient mass transport of reactants and products, enhancing overall catalytic 

performance.[67] 

• Biomedical applications 

The unique structural features of MOFs and COFs, including high porosity and the 

ability to encapsulate functional molecules, have led to their exploration in biomedical 

applications. These materials have been investigated for drug delivery, imaging, and 
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therapeutic purposes, where controlled release and targeted delivery are crucial. The 

pore structure enables high drug loading capacity, while surface functionalization 

improves biocompatibility and stability in physiological environments. Although 

challenges related to toxicity and long-term stability remain, ongoing research 

continues to expand their potential in biomedical fields.[77]  

• Sensing 

MOFs and COFs are promising candidates for sensing applications due to their 

selective adsorption properties and tunable electronic structures. They can detect a 

variety of gases, vapors, and small molecules through measurable changes in optical, 

electrical, or luminescent properties. The sensitivity and selectivity of these materials 

can be enhanced by incorporating specific functional groups or metal centers that 

interact preferentially with target analytes. This makes them suitable for environmental 

monitoring, industrial safety, and the detection of hazardous substances.[78] 

• Electronic and ionic conduction 

Certain MOFs and COFs exhibit electronic and ionic conductivity owing to their 

ordered frameworks and the presence of conjugated pathways or mobile ions. These 

properties make them attractive for applications in energy storage and conversion 

devices such as batteries, supercapacitors, and fuel cells. Conductivity can be tuned 

through structural design, incorporation of conductive guest species, or modification of 

linkers. Despite their generally lower conductivity compared to traditional materials, 

ongoing developments are improving their performance for practical applications.[67]  
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Figure 1.6 Applications of MOFs and COFs. 

     1.7 Metallopthacyanine (MPc)  

Metallophthalocyanine (MPc) based materials have emerged as a prominent class of 

functional molecular systems due to their unique combination of structural definition, 

electronic versatility, and broad applicability in catalysis and energy related processes. 

Structurally, phthalocyanine consists of four isoindole subunits forming a rigid, planar 

macrocycle with an 18-π electron conjugated system and a central N4 coordination 

activity.[79,80] In its metal-free form (H2Pc), the two inner hydrogen atoms can be 

replaced by a wide range of metal ions, generating metal phthalocyanines (MPcs).[81] 

The central N4 site stabilizes transition metal ions in well-defined coordination 

environments, making MPcs attractive models of M-N-C active sites. A key advantage 

of MPcs lies in their high degree of tunability, where both the central metal ion and 

peripheral substituents can be systematically modified to tailor electronic structure, 

adsorption strength, and catalytic activity. This molecular-level control makes MPcs 

particularly suitable for electrochemical applications such as CO2 reduction reaction 

(CO2RR), oxygen reduction reaction (ORR), and hydrogen evolution reaction (HER), 
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where the nature of the active site critically determines performance. Transition metals 

such as iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn) phthalocyanines 

have been extensively investigated as CO2RR electrocatalysts.[82] The catalytic 

activity strongly depends on the identity of the central metal. For example, CoPc has 

been shown to exhibit an optimal *CO binding energy at the Co center, enabling high 

selectivity toward CO formation during CO2RR. 

Beyond discrete molecular catalysts, MPcs have been incorporated into extended 

crystalline porous structures, including MOFs and COFs. In these materials, MPc units 

are integrated through well-defined linkages to form ordered porous structures. 

Compared to isolated MPc modules, MPc-based MOFs and COFs offer several 

advantages for CO2RR, such as extended π-conjugation and improved charge transport, 

high surface area and porosity that enhance CO2 adsorption and mass transfer, and 

uniformly distributed, accessible M-N4 active sites within a rigid structure.[83] The 

layered stacking of MPc units with strong π-π interactions further facilitates electron 

delocalization and improves electrochemical performance.[84] As a result, MPc-based 

MOFs and COFs have emerged as a promising heterogenous electrocatalysts that 

combine the molecular precision of phthalocyanines with the structural stability and 

tunability of crystalline porous materials. These features make them particularly 

attractive platforms for designing efficient and selective CO2RR catalysts.  

 

Figure 1.7 The molecular structure, features and advantages of metallophthalocyanine (MPc).  
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     1.8 CO2RR on MPc-based MOFs and COFs 

To rationally design efficient catalysts towards CO2 reduction, it is crucial to understand 

the different reaction pathways that yield both the desired and competing products. The 

CO2RR mechanism generally comprises three fundamental steps: (i) adsorption of CO2 

molecules onto a catalyst surface; (ii) cleavage of C-O and/or the formation of C-H 

bonds, which is particularly intricate and involves multielectron transfer pathways 

yielding different products, and (iii) the rearrangement and desorption of these 

products. Depending on the transfer of protons (H+) and electrons (e-), CO2 can be 

reduced into a broad spectrum of products, including formic acid (HCOOH), carbon 

monoxide (CO), methane (CH4), methanol (CH3OH), ethanol (C2H5OH), ethylene 

(C2H4), and many others. Most efforts are primarily directed towards converting CO2 

into C1 products such as CO, CH3OH, and CH4. However, these C1 products have low 

volumetric energy densities and require high energy consumption. In contrast, C2 

products like ethanol (C2H5OH) and ethylene (C2H4) are more valuable and in higher 

demand, making the conversion of CO2 to C2 products more attractive. Despite this, 

converting CO2 to C2 products is more complex due to the high energy required for C-

C coupling. Thus, owing to the several advantages, we explored a few reaction 

mechanism pathways for both C1 and C2 products, as discussed below: 

• C1 product  

In general, the electrochemical conversion of CO2 to C1 product (here, methane (CH4)) 

proceeds through an eight-proton-coupled electron transfer (PCET) mechanism. The 

reaction begins with the first PCET step, yielding the carboxyl (*COOH) intermediate. 

This *COOH intermediate can subsequently be reduced to either *HCOOH or *CO, 

with the latter potentially desorbing to release CO as a product. When CO desorption 

is unfavorable, additional PCET steps occur, forming intermediates such as *COH and 

*CHO, which then drive the reaction toward alternative products and pathways. During 

the CH4 production pathway, the *CO intermediate first reduces to either a formyl 

(*CHO) or a *COH intermediate. These intermediates are then protonated to form CH4. 

The *CHO intermediate undergoes two protonation steps to produce a methanol 

(*CH3OH) intermediate attached to the surface or may undergo desorption to produce 

a free CH3OH molecule. Meanwhile, the *COH intermediate can be protonated and 

dehydrated to form *C, which can be protonated multiple times to yield CH4. The 

asterisk (*) indicates that these species are adsorbed on the active site of the catalysts, 
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and the thin arrow represents the transfer of a pair of electrons and protons, i.e., H+ + e-

1. All other possibilities for CO2RR to C2 are depicted in Figure 1.8. 

 

 

Figure 1.8 Possible pathways for CO2 reduction into CH4. 

• C2 product 

The reaction routes for CO2 conversion into C2 products involve 12 PCET steps and 11 

distinct hydrogenated carbon-oxygen intermediates. The process begins with the 

adsorption of two CO2 molecules on the active site of the catalysts, and upon two 

protonation steps, the CO2 molecules get reduced to *2CO intermediates and the 

desorption of two water molecules. This *2CO intermediate serves as the key 

intermediate for C2 formation, and subsequent *CO reduction is essential for 

diversifying the product distribution. A pivotal stage in this route is C-C coupling, 

which arises from the interaction between *CO and C1-derived intermediates such as 

*COH, and *CHO. The C-C bond is most likely established after *CO is further 

reduced to either *COH or *CHO. Once one of the adsorbed *CO intermediates 

transforms into *COH or *CHO, two possible pathways enable C-C bond formation: 

the *COH intermediate undergoes an additional proton-electron transfer, generating *C 

and *CO intermediates that remain coordinated to the active center and interact with a 

water molecule (H2O). This *C and *CO intermediate couple to form *CCO 

intermediate, and the subsequent H+/e- additions proceed to preserve the C-C double 

bond. The other possibility is that *CHO is further reduced to *CH after the transfer of 

two H+/e- pairs and then coupled with *CO to produce *CHCO, which on further 
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reduction produces the C2 products. The subsequent step involves protonation of the 

surface-bound carbon atom in *CHCO, followed by an additional protonation at the 

same carbon site to generate CH2CO, which is then further reduced to *CH2CHO. The 

next proton-electron transfer is a critical stage, as it directs the pathway toward the 

formation of C2H4 and C2H5OH. An alternative route to C2H4 proceeds via protonation 

of the carbon atom bound to oxygen, producing transient *OCHCH and *OCHCH2 

intermediates. In this case, the C-O bond undergoes rapid cleavage, releasing C2H4 and 

leaving behind an adsorbed *O species. This *O intermediate is subsequently 

hydrogenated to *OH and finally converted to H2O. All other possibilities for CO2RR 

to C2 are depicted in Figure 1.9. 

 

Figure 1.9 Possible pathways for CO2 reduction into C2H4 and C2H5OH. 

 

     1.9 Research gap and motivation 

The rapid increase in atmospheric CO2 has driven the search for advanced porous 

materials which can both capture and convert the CO2 efficiently. Among these, COFs 

and MOFs have gained considerable attention owing to their tunable pores and flexible 

structures. From a CO2 adsorption perspective, most studies on CO2 capture in MOFs 

have focused on surface area and metal-node interactions; the role of organic linkers in 

modulating CO2 adsorption remains comparatively unexplored. Beyond capture, the 

catalytic reduction of CO2 using these porous frameworks introduces additional 
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complexities. MPcs are well-defined molecular catalysts for CO2 electroreduction due 

to their redox-active metal centers and tunable electronic structures. However, when 

incorporated into extended COF or MOF structures, the catalytic behavior changes. A 

critical research gap lies in correlating the CO2 adsorption energetics with catalytic 

activation pathways. An efficient CO2 reduction requires an optimal balance, i.e., CO2 

must bind strongly enough to be activated but not so strongly that products cannot be 

desorbed. A systematic computational study linking adsorption energy, charge transfer, 

and intermediate stabilization within MPc-based frameworks remains limited. The 

effect of the linker and different metal centers on reaction energetics and product 

selectivity within periodic frameworks also remains unexplored.  

The main objective of the present thesis is to theoretically design and investigate novel 

porous COFs and MOFs for CO2 capture and their catalytic conversion. The work aims 

to provide fundamental insights into the adsorption behavior of MOF linkers, 

electronic, structural, and catalytic properties of the designed frameworks for CCUS 

applications.   

The specific objectives of the present thesis are: 

• To investigate the role of organic bridging linkers of MOFs toward CO2 

adsorption and to investigate the effect of Lithium (Li) decoration on the 

binding enthalpy.  

• To examine the electrocatalytic activity of sulfur-linked MPc-based COFs for 

CO2 reduction to C1 products. 

• To examine the electrocatalytic activity of copper-containing MPc-based MOF 

for CO2 reduction to C1 and C2 products. 

Toward these objectives, this thesis offers new theoretical and computational design 

principles for CO2 adsorption on linkers that can be integrated to form novel MOFs and 

evaluates the structural stability, adsorption energies, and catalytic reaction pathways 

of MPc-based COFs/MOFs towards CO2RR. By integrating adsorption studies with 

catalytic reduction analysis, this work provides the fundamental understanding required 

for the design of next-generation porous materials for sustainable CCUS technologies. 
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     1.10 Contribution from the present thesis 

The following contributions addressing the rational design of COFs and MOFs for CO2 

adsorption and sustainable electroreduction have been made towards the preparation of 

this thesis:  

• CO2 adsorption on MOF linkers 

This work provides a detailed non-periodic investigation of CO2 adsorption on various 

functionalized MOF linkers using the first-principles density functional theory (DFT) 

and second-order Møller-Plesset (MP2) methods. Here, Li decoration is demonstrated 

as an effective strategy to significantly enhance the CO2 binding strength while 

maintaining the reversible adsorption. By evaluating the change in binding enthalpy 

(ΔH), energy decomposition analysis (EDA), and frontier molecular orbitals (FMO), 

the study elucidates the dominant role of electrostatic and polarization interactions in 

governing the physisorption behavior, thereby offering rational design principles for 

developing novel MOFs with improved carbon capture performance.   

• CO2 reduction to C1 products on sulfur-based MPc COFs 

This work provides an understanding of CO2 electroreduction in MPc-based COFs by 

systematically investigating the CoPc frameworks with sulfur-containing linkages 

using periodic DFT calculations. Through the detailed investigation of equilibrium 

geometries, electronic properties, i.e., band structure and density of states, and Gibbs 

free energy profile, the study establishes a relation between framework design and 

catalytic selectivity towards methane (CH4), thereby contributing to the rational design 

of efficient CO2 reduction electrocatalysts.   

• CO2 reduction to C1 and C2 products on copper-based MPc MOF 

This work further extends the catalytic investigation to a CuPc-Cu-O MOF system, 

demonstrating its potential for CO2 reduction toward both C1 and C2 products. Using 

hybrid period DFT calculations, the structural, electronic, and reaction energetics of the 

MOF were evaluated, revealing its semiconductor nature and favorable CO2RR towards 

ethanol (C2H5OH) formation. The study provides a mechanistic insight into multi-

carbon product formation and highlights the role of MPc-based MOF designing in 

enhancing catalytic efficiency and selectivity, thereby contributing to the development 

of next-generation electrocatalysts for sustainable energy conversion. 
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Overall, this thesis contributes to the rational design of porous materials for CCUS by 

bridging adsorption studies with catalytic conversion mechanisms, thereby advancing 

theoretical and computational understanding of COFs and MOFs as multifunctional 

materials for sustainable energy applications. 

     1.11 Organization of the thesis 

• Chapter 2 describes the theory and methodology used in the present thesis, 

highlighting the fundamental principles of quantum physics and the applications 

of computational quantum chemistry. It presents the theoretical background and 

computational methods used to investigate the CO2 adsorption and catalytic 

reduction in porous COFs and MOFs.  

• Chapter 3 focuses on the non-periodic investigation of CO2 adsorption on 

functionalized MOF linkers, including Li-decorated complexes using DFT and 

MP2 methods. It elucidates the adsorption energetics and interaction 

mechanisms for improved carbon capture design. 

• Chapter 4 investigates the electrochemical reduction of CO2 to C1 products 

using MPc-based COFs with sulfur-containing linkages through periodic DFT 

calculations. The study evaluates the structural and electronic properties, along 

with the reaction energetics, to elucidate the influence of linker engineering on 

catalytic selectivity and performance. 

• Chapter 5 explores the performance of a CuPc-Cu-O MOF towards 

electrochemical CO2 reduction through periodic DFT calculations, focusing on 

its structural, electronic and catalytic properties for C1 and C2 products. The 

study evaluates the reaction energetics to elucidate the mechanism governing 

selectivity toward methane (CH4), ethylene (C2H4), and ethanol (C2H5OH) 

production. 

• Chapter 6 summarizes the major findings and conclusions of the present thesis, 

highlighting the role of linker functionalization, metal active centers, and 

electronic structure in governing CO2 adsorption and electrochemical reduction 

in MOF- and COF-based materials. It also outlines future research perspectives, 

including experimental validation, advanced linker engineering, multiscale 

computational simulations, exploration of alternative metal centers for selective 
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C2+ product formation, and the development of porous materials for carbon 

capture and direct air capture (DAC) applications. 
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Chapter 2 

Theoretical Background and Computational Approaches 

This chapter presents the theoretical background and computational methodologies 

employed in the studies. The chapter begins with the fundamental principles of quantum 

mechanics (QM) and theoretical chemistry, focusing on the formulation and solutions 

of the many-body Schrödinger equation. It introduces key electronic-structure methods, 

including the Hartree and Hartree-Fock approximations, post-Hartree-Fock 

approaches, and DFT methods, with an emphasis on the Hohenberg-Kohn theorems 

and the Kohn-Sham formalism. The role of exchange-correlation functionals, including 

modern and widely used formulations, has been discussed in the context of accurately 

describing electronic interactions. The chapter further explains the importance of basis 

sets in both ab initio and DFT calculations, mainly for periodic and extended systems. 

Computational models and descriptors related to catalytic systems, such as cluster and 

slab models, are also outlined here. Finally, the software packages and numerical 

techniques used to perform electronic structure calculations, geometry optimizations, 

and property calculations have been described, providing a theoretical foundation for 

the results presented in the subsequent chapters.  

     2.1 Fundamentals of quantum mechanics and electronic structure 

theory 

Quantum mechanics (QM) provides the fundamental foundation for understanding the 

behavior of electrons in atoms, molecules, and solids. The pioneering work of 

Schrödinger and Heisenberg in the early twentieth century established the principles 

required to describe electronic motion at the atomic scale. In QM, condensed matter 

physics and materials science, the properties of a system are obtained by solving the 

time-independent Schrödinger equation, which governs the behavior of interacting 

electrons and nuclei.  

For a system containing multiple electrons, the Schrödinger equation includes terms 

corresponding to the kinetic energy of electrons, electron-nucleus interactions, and 

electron-electron repulsions. The interactions between electrons make the many-body 

Schrödinger equation too difficult to solve computationally, except for very simple 

systems. To simplify this problem, the Born-Oppenheimer (BO) approximation is 
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commonly employed, in which the nuclear and electronic motions are separated due to 

their large mass difference. This approximation allows the electronic structure to be 

solved for fixed nuclear positions, forming the basis of most quantum mechanical 

calculations.[1]  

Despite this simplification, solving the electronic Schrödinger equation for many-

electron systems remains challenging due to the exponential increase in computational 

complexity with system size. Consequently, a variety of approximate electronic 

structure methods have been developed to obtain reliable solutions with manageable 

computational cost. These methods form the foundation of modern electronic structure 

theory and are discussed in the following sections, beginning with the Hartree and 

Hartree-Fock approaches and progressing toward density-based formulations such as 

DFT methods.  

      2.1.1 Many-body Schrödinger equation 

The Schrödinger equation constitutes the fundamental basis of QM and forms the 

foundation of theoretical chemistry, basic solid state physics, and materials science. It 

provides a complete quantum mechanical description of the behavior of electrons and 

nuclei in atomic, molecular, and solid-state systems. The state of a quantum system is 

described by a wave function, denoted by Ψ, which contains all the information 

required to determine the physical properties of the system. For stationary states, the 

time-independent Schrödinger equation is expressed as:  

𝐻𝛹(𝑟, 𝑅) = 𝐸𝛹(𝑟,𝑅) … (2.1) 

where 𝐻 represents the total Hamiltonian operator of the system, 𝛹(𝑟, 𝑅) denotes the 

many body wavefunction, and 𝐸 is the corresponding energy eigenvalue. Here, 

𝑟 = (𝑟1 , 𝑟2 , … … , 𝑟𝑁𝑒
) … (2.2) 

represents the collective spatial coordinates of all electrons, while 

𝑟 = (𝑅1,𝑅2, … … , 𝑅𝑁𝑛
) … (2.3) 

denotes the collective spatial coordinates of all nuclei, where 𝑁𝑒 and 𝑁𝑛 represent the 

total numbers of electrons and nuclei, respectively. The Hamiltonian operator includes 
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the kinetic energies of electrons and nuclei along with the electron-electron, electron-

nucleus, and nucleus-nucleus Coulomb interactions.  

For a molecular system containing N electrons and M nuclei, the total Hamiltonian 

includes the kinetic energy of electrons and nuclei, as well as the Coulomb interactions 

among all charged particles. The kinetic energy operator is given by:  

𝑇̂ = − ∑
ħ2

2𝑚𝑒

𝑁

𝑖=1

∇𝑖
2 − ∑

ħ2

2𝑚𝐼

𝑀

𝐼=1

∇𝐼
2 … (2.4) 

where 𝑚𝑒 and 𝑚𝐼 denote the masses of the electron and the 𝐼𝑡ℎ nucleus, respectively, 

and ∇𝑖
2 and ∇𝐼

2 are the Laplacian operators acting on the electronic and nuclear 

coordinates.  

The potential energy term arises from Coulomb interactions between electron-electron, 

nucleus-nucleus, and electron-nucleus pairs and can be written as:  

𝑉̂ =
𝑒2

4𝜋𝜀0

∑ ∑
1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

+
𝑒2

4𝜋𝜀0

∑ ∑
𝑍𝐼𝑍𝐽

|𝑅𝐼 − 𝑅𝐽 |

𝑀

𝐽=𝐼+1

𝑀−1

𝐼=1

−
𝑒2

4𝜋𝜀0

∑ ∑
𝑍𝐼

|𝑟𝑖 − 𝑅𝐼|

𝑀

𝐼 =1

𝑁

𝑖=1

… (2.5) 

where 𝑁 and 𝑀 represent the total numbers of electrons and nuclei, respectively. The 

indices 𝑖, 𝑗 refer to electrons, whereas 𝐼, 𝐽 refer to nuclei. The position 

vectors 𝑟𝑖 ,  𝑟𝑗 represent the positions of the 𝑖 𝑡ℎ  and 𝑗𝑡ℎ electrons, respectively, while 

 𝑅𝐼,  𝑅𝐽 denote the positions of the 𝐼𝑡ℎ  and 𝐽𝑡ℎ nuclei, respectively. Here, 𝑍𝐼 and 𝑍𝐽  

represent the atomic numbers of the corresponding nuclei, 𝑒 denote the elementary 

charge, and 𝜀0 is the permittivity of free space. The first and second terms describe the 

electron-electron and nucleus-nucleus repulsive interactions, respectively, whereas the 

third term represents the attractive interactions between electrons and nuclei.  

Combining the kinetic and potential energy terms, the complete many-body 

Schrödinger equation for the system can be written as: 

𝐻𝛹(𝑟1 , … , 𝑟𝑁 ; 𝑅1, … , 𝑅𝑀) = 𝐸𝑡𝑜𝑡 𝛹(𝑟1, … , 𝑟𝑁 ; 𝑅1,… , 𝑅𝑀) … (2.6) 

where 𝐸𝑡𝑜𝑡  denotes the total energy of the system corresponds to the many body 

wavefunction Ψ. 



 

36 

 

In principle, solving this equation yields complete information about the ground state 

and excited state properties of the system. In practice, however, the explicit inclusion 

of electron-electron interactions makes the many-body Schrödinger equation 

analytically unsolvable for but the simplest systems. The computational cost increases 

rapidly with the number of electrons, rendering exact solutions infeasible for most 

molecular and condensed-phase systems. Consequently, further approximations are 

required to make the problem tractable, leading to the development of practical 

electronic structure methods discussed in the following sections. 

      2.1.2 Born-Oppenheimer approximation 

The direct solution of the many-body Schrödinger equation for molecular systems is 

extremely challenging due to the simultaneous treatment of electronic and nuclear 

motions. A major simplification is achieved through the Born-Oppenheimer (BO) 

approximation, introduced by Professor Max Born and Professor J. Robert 

Oppenheimer in 1927.[2] This approximation exploits the large difference in mass 

between nuclei and electrons, which results in nuclei moving much more slowly 

compared to electrons. As a result, electronic motion can be treated independently of 

nuclear motion to a very good approximation.  

Within the Born-Oppenheimer approximation, the total wavefunction of a molecular 

system is expressed as a product of an electronic wavefunction and a nuclear 

wavefunction. The electronic Schrödinger equation is solved by assuming that the 

nuclei are fixed at given positions, leading to 

𝐻𝑒𝛹𝑒(𝑟1, 𝑟2 , … , 𝑟𝑁 ; {𝑅}) = 𝐸𝑒({𝑅})𝛹𝑒(𝑟1, 𝑟2 , … , 𝑟𝑁 ; {𝑅}) … (2.7) 

where 𝐻𝑒 is the electronic Hamiltonian operator, 𝑟𝑖 denotes the electronic coordinates, 

and ({𝑅}) corresponds to the electronic energy and depends parametrically on the 

nuclear coordinates. 

Once the electronic problem is solved, the resulting electronic energy defines a potential 

energy surface on which the nuclei move. The nuclear motion is then described by a 

separate nuclear Schrödinger equation, 

𝐻𝑛({𝑅})𝛷({𝑅}) = 𝐸𝑛𝛷({𝑅}) … (2.8) 
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where 𝐻𝑛 is the nuclear Hamiltonian operator and Φ({𝑅}) is the nuclear wavefunction. 

This equation governs the vibrational and rotational motion of nuclei within the 

electronic potential energy surface. 

Although the nuclei are treated as fixed during electronic structure calculations, their 

motion is not entirely absent in real molecular and solid-state systems. Nevertheless, 

owing to the considerably larger masses of nuclei compared to electrons, the Born-

Oppenheimer approximation provides an accurate description of electronic motion for 

many molecular and solid-state systems and forms the foundation of modern electronic 

structure theory. 

Under this approximation, the electronic Hamiltonian for a many-electron system[3] 

can be expressed in atomic units as: 

𝐻𝑒 = −
1

2
∑ ∇𝑖

2 −

𝑁

𝑖=1

∑ ∑
𝑍𝐼

|𝑟𝑖 − 𝑅𝐼|

𝑀

𝐼 =1

𝑁

𝑖=1

+ ∑ ∑
1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

… (2.9) 

where, 𝐻𝑒 represents the electronic Hamiltonian, 𝑁 and 𝑀 denote the total numbers of 

electrons and nuclei, respectively, and ∇𝑖
2 is the Laplacian operator acting on the 

coordinates of the 𝑖𝑡ℎ electron. The indices 𝑖 and 𝑗 refer to electrons, whereas 𝐼 denotes 

a nucleus. The position vectors 𝑟𝑖 and 𝑟𝑗 represent the positions of the corresponding 

electrons, while 𝑅𝐼 denotes the position of the 𝐼𝑡ℎ nucleus, with 𝑍𝐼 representing its 

atomic number. The first term describes the kinetic energy of electrons, the second term 

represents the attractive interactions between all electrons and nuclei, and the third term 

accounts for electron-electron repulsive interactions.  

This separation of electronic and nuclear motion significantly reduces the complexity 

of the many-body problem and provides the basis for most quantum mechanical 

methods, including Hartree-Fock (HF) and DFT methods discussed in the subsequent 

sections. 

      2.1.3 Need for approximate solutions 

Despite the simplifications introduced by the Born-Oppenheimer approximation, the 

exact solution of the electronic Schrödinger equation is feasible only for very simple 

systems. This difficulty arises primarily from the electron-electron interaction term in 
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the many-electron Hamiltonian, which couples the motion of all electrons and leads to 

a highly correlated many-body problem. As the number of electrons increases, the 

complexity of the system grows rapidly, making exact numerical solutions 

computationally unfeasible. To address this challenge, approximate methods are 

employed to reduce the complexity while retaining the essential physics of electronic 

interactions. A common strategy is the independent-electron approximation, in which 

electrons are assumed to move in an effective potential generated by the nuclei and 

other electrons, thereby reducing many-body problems to a set of tractable one-electron 

equations.  

The HF method provides a fundamental wavefunction-based approach, where the 

many-electron wavefunction is approximated by a single Slater determinant, ensuring 

proper antisymmetry with respect to electron exchange. Although the HF method 

accounts for exchange interactions exactly, it neglects electron correlation effects, 

which can lead to significant quantitative errors in total energies and reaction 

energetics. In contrast, the DFT method offers a computationally efficient alternative 

by using electron density as the central quantity. According to the Hohenberg-Kohn 

theorems, the ground-state properties of a many-electron system are uniquely 

determined by its electron density. In practical implementations, such as the Kohn-

Sham (KS) formulation, the interacting many-electron system is mapped onto a system 

of non-interacting electrons moving in an effective potential. The accuracy of DFT 

calculations depends largely on the choice of the exchange-correlation functional, 

which approximates the complex many-body effects arising from electron exchange 

and correlation. 

These approximate approaches form the foundation of modern electronic structure 

theory and enable the practical study of complex molecular and periodic systems. In 

this work, both the wavefunction and density-based methods are employed to 

investigate the CO2 adsorption and conversion processes.  

     2.2 Hartree and Hartree-Fock theory 

The Hartree and Hartree-Fock (HF) methods are the earliest and most fundamental 

wavefunction-based approaches developed to approximate solutions to the many-

electron Schrödinger equation. These methods are based on the independent-electron 
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approximation, in which each electron is assumed to move in an effective potential 

generated by the nuclei and the average influence of all other electrons.[4]  

In the Hartree method, the total many-electron wavefunction is expressed as a product 

of single-electron orbitals: 

𝛹(𝑟1 , 𝑟2 , … , 𝑟𝑁 ) = ∏ 𝛹𝑖(𝑟𝑖)

𝑁

𝑖=1

… (2.10) 

This mean-field approximation reduces the many-body problem to a set of coupled one-

electron equations solved self-consistently. The effective potential experienced by an 

electron is described by the Hartree potential: 

 𝑉𝐻 (𝑟𝑖) = ∑ ∫
|𝛹𝑗 (𝑟𝑗)|

2

|𝑟𝑖 − 𝑟𝑗|
𝑖≠𝑗

𝑑𝑟𝑗 … (2.11) 

However, this formulation does not satisfy the antisymmetric requirement of the 

electronic wavefunction and neglects electron spin, leading to a violation of the Pauli 

exclusion principle. 

The Hartree-Fock method improves upon this by representing the total wavefunction 

as a Slater determinant of spin orbitals: 

                       

𝛹𝐻𝐹 =
1

√𝑁!
|

𝛹1 (1)     𝛹2 (1)   …    𝛹𝑁 (1)

𝛹1 (2)     𝛹2 (2)    …    𝛹𝑁 (2)
⋮                 ⋮         ⋱          ⋮   

 𝛹1 (𝑁)     𝛹2(𝑁)  …   𝛹𝑁 (𝑁)

| … (2.12) 

This determinant ensures antisymmetric of the wavefunction and introduces exchange 

interactions between electrons of the same spin. 

By applying the variational principle to this determinant, a set of coupled integro-

differential equations, known as the Hartree-Fock equations, is obtained: 

𝐹̂𝛹𝑖 = 𝜀𝑖𝛹𝑖 … (2.13) 

where 𝐹̂ is the Fock operator and 𝜀𝑖 are the orbital energies. These equations are solved 

iteratively using the self-consistent field (SCF) procedure until convergence in energy 

and electron density is achieved.  
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Despite its rigorous treatment of exchange interactions, the HF method neglects 

dynamic electron correlation arising from the instantaneous motion of electrons. As a 

result, it often overestimates the total energies and may inadequately describe weak 

interactions and reaction energetics. The missing correlation energy is defined as: 

𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹 … (2.14) 

Due to these limitations, more advanced approaches such as DFT have been developed. 

By using electron density as the central quantity and incorporating exchange-

correlation effects through appropriate functionals, DFT provides a more accurate and 

computationally efficient manner for studying molecular and periodic systems.  

     2.3 Density functional theory 

The density functional theory (DFT) method is a quantum mechanical approach used 

to describe the electronic structure of many-electron systems by employing the electron 

density as the fundamental variable.[5] The theoretical foundation of DFT is provided 

by the Hohenberg-Kohn theorems, which establish that the ground-state electron 

density uniquely determines all ground-state properties of a system and the correct 

density minimizes the total electronic energy. To enable practical calculations, the 

Kohn and Sham approach maps the interacting many-electron system onto an 

equivalent system of non-interacting electrons moving in an effective potential. This 

formulation makes the DFT computationally efficient while retaining many essential 

many-body effects through the exchange-correlation functional. Due to its favorable 

balance between accuracy and efficiency, DFT is widely used for studying molecular 

and periodic systems,[6] particularly in applications involving adsorption, surface 

reactions, and catalytic processes.  

      2.3.1 Hohenberg-Kohn theorems 

The Hohenberg-Kohn (HK) theorems, proposed in 1964, form the theoretical basis of 

DFT by establishing the electron density as the fundamental variable for describing the 

ground-state properties of many-electron systems. These theorems demonstrate that the 

complex many-body wavefunction is not required to determine ground state 

observables.  
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The first HK theorem states that the ground-state electron density 𝜌(𝑟) uniquely 

determines the external potential 𝑉𝑒𝑥𝑡 (𝑟), and consequently all ground-state properties 

of the system. The total energy can therefore be expressed as a function of density: 

𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + ∫ 𝑉𝑒𝑥𝑡 (𝑟)𝜌(𝑟)𝑑𝑟 … (2.15) 

where 𝑇[𝜌] is the kinetic energy functional and 𝑉𝑒𝑒[𝜌] represents electron-electron 

interactions. These two terms are universal functionals, while the external potential 

term depends on the specific system. 

 

The second HK theorem introduces a variational principle, stating that the true ground -

state density minimizes the total energy functional.  

 𝐸[𝜌′] ≥ 𝐸[𝜌𝐺𝑆 ] … (2.16) 

where 𝜌𝐺𝑆  is the exact ground-state electron density. Consequently, ground-state energy 

is obtained by minimizing the energy functional with respect to the electron density.  

𝐸𝐺𝑆 = min
𝜌

𝐸[𝜌] … (2.17) 

Together, the HK theorems establish a one-to-one correspondence between the ground-

state electron density and all ground-state properties of a many-electron system. 

However, since the exact forms of the kinetic and electron-electron interaction 

functionals are unknown, practical implementations of DFT rely on suitable 

approximations, motivating the development of the Kohn-Sham formalism.   

      2.3.2 Kohn-Sham formalism 

Within the Born-Oppenheimer approximation, the nuclei are treated as fixed, 

generating an external potential 𝑉(𝑟) in which the electron moves. The interacting 

many-electron Hamiltonian is given by: 

𝐻 = ∑ (−
ħ2

2𝑚𝑒

∇𝑖
2 + 𝑉(𝑟𝑖))

𝑁

𝑖=1

+ ∑ ∑ 𝑈(𝑟𝑖 , 𝑟𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

… (2.18) 
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where, 𝑁 denotes the total number of electrons, 𝑚𝑒 is the electron mass, and 𝑈(𝑟𝑖 , 𝑟𝑗) 

represents the interaction between electrons 𝑖 and 𝑗. 

In density functional theory (DFT), the electron density 𝜌(𝑟) serves as the fundamental 

variable for describing the ground-state properties of a many-electron system. It 

represents the electron number density at position 𝑟 and is obtained by integrating the 

squared magnitude of the normalized many-electron wavefunction over the coordinates 

of the remaining electrons. Mathematically, the electron density is expressed as: 

𝜌(𝑟) = 𝑁 ∫|𝛹(𝑟, 𝑟2 , … , 𝑟𝑁 |2 𝑑3𝑟2 … 𝑑3𝑟𝑁 … (2.19) 

According to the Hohenberg-Kohn theorem, the ground-state electron density uniquely 

determines all ground-state properties, including the total energy, which can be 

expressed as a functional density,                                    

𝐸[𝜌] = 𝑇[𝜌] + 𝑈[𝜌] + ∫ 𝑉(𝑟)𝜌(𝑟)𝑑3𝑟 … (2.20) 

Kohn and Sham introduced an auxiliary system of non-interacting electrons that yield 

the same ground state density as the interacting system. The total energy functional is 

written as: 

𝐸[𝜌] = 𝑇𝑠[𝜌] + ∫ 𝑉(𝑟)𝜌(𝑟)𝑑3𝑟 +
1

2
∫

𝑒2𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑3𝑟𝑑3𝑟′ + 𝐸𝑥𝑐[𝜌] … (2.21) 

where 𝑇𝑠[𝜌] is the kinetic energy of the non-interacting electrons, the third term 

represents the Hartree electrostatic energy, and 𝐸𝑥𝑐 [𝜌] is the exchange-correlation 

energy functional that accounts for all many-body effects beyond the classical Coulomb 

interaction and non-interacting kinetic energy. 

Minimization of this energy functional with respect to the density leads to the Kohn-

Sham single particle equations: 

[−
ħ2

2𝑚
∇2 + 𝑉𝑠(𝑟)] 𝛷𝑖(𝑟) = 𝜀𝑖𝛷𝑖(𝑟) … (2.22) 

where the effective potential 𝑉𝑠(𝑟) is given by: 
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𝑉𝑠(𝑟) = 𝑉(𝑟) + ∫
𝑒2𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑3𝑟′ + 𝑉𝑋𝐶 (𝑟) … (2.23) 

With the exchange-correlation potential defined as: 

𝑉𝑋𝐶 (𝑟) =
𝛿𝐸𝑋𝐶 [𝜌]

𝛿𝜌(𝑟)
… (2.24) 

The electron density is reconstructed from the Kohn-Sham orbitals as: 

𝜌(𝑟) = ∑|𝛷𝑖(𝑟)|2

𝑜𝑐𝑐

𝑖

… (2.25) 

Since 𝑉𝑋𝐶  depends explicitly on the electron density, the Kohn-Sham equations must 

be solved self-consistently. This is achieved through an iterative procedure in which an 

initial guess for the density is used to construct 𝑉𝑠, the Kohn-Sham equations are solved 

to obtain updated orbitals, and a new density is generated. The process is repeated until 

convergence is reached.  

The Kohn-Sham formalism thus provides an efficient and accurate method for treating 

interacting many-electron systems by reducing the complex many-body problem to a 

set of self-consistent single-particle equations, with all many-body effects incorporated 

through the exchange-correlation functional.[7]  

      2.3.3 Exchange-correlation functionals 

In DFT, the exchange-correlation (XC) energy functional  𝐸𝑋𝐶 [𝜌] accounts for all 

many-body effects beyond the on-interacting kinetic energy and the classical 

electrostatic (Hartree) interaction. It incorporates exchange effects arising from the 

antisymmetry of the electronic wavefunction and correlation effects associated with 

electron-electron repulsion beyond the mean-field approximation. Although the 

Hohenberg-Kohn theorems guarantee the existence of such a functional, its exact 

analytical form is unknown in real systems, necessitating practical approximations. 

Consequently, the accuracy and predictive power of DFT calculations are strongly 

determined by the choice of 𝑋𝐶  functional.[8]  

In practical implementations, the 𝑋𝐶  energy is commonly expressed as: 
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𝐸𝑋𝐶[𝜌] = ∫ 𝜀𝑋𝐶 (𝜌(𝑟))𝑑3𝑟 … (2.26) 

and the corresponding 𝑋𝐶  potential is incorporated into the Kohn-Sham equations 

through a self-consistent procedure. Approximations to the 𝐸𝑋𝐶 [𝜌] are generally 

classified into local, semi-local, and non-local forms. 

• Local density approximation (LDA) 

The local Density Approximation (LDA) is the simplest and earliest 𝑋𝐶  approximation, 

in which the 𝑋𝐶  energy at each point in space is approximated by that of a homogeneous 

electron gas with the same local density. The LDA functional is given by: 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟) 𝜀𝑋𝐶

𝐻𝐸𝐺 (𝜌(𝑟))𝑑3𝑟 … (2.27) 

Despite its local nature, LDA provides reasonable descriptions of ground -state 

properties for systems with slowly varying electron densities, such as simple metals and 

bulk solids. However, it ends up over binding atoms and performs poorly for molecular 

systems, surfaces, and materials with rapidly varying densities or strong electron 

correlation.[9] The spin-polarized extension of LDA is known as the Local Spin 

Density Approximation (LSDA). 

• Generalized gradient approximation (GGA) 

The generalized Gradient Approximation (GGA) improves upon LDA by including the 

gradient of the electron density, allowing a better description of inhomogeneous 

systems. In GGA, the 𝑋𝐶  energy is written as: 

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌] = ∫ 𝜌(𝑟)𝜀𝑋𝐶

𝐺𝐺𝐴[𝜌(𝑟),∇𝜌(𝑟)]𝑑3 𝑟 … (2.28) 

𝐺𝐺𝐴 functionals significantly enhance the accuracy of molecular geometries, binding 

energies, and ground-state energies compared to 𝐿𝐷𝐴. Widely used 𝐺𝐺𝐴 functionals 

include 𝑃𝐵𝐸, 𝑃𝑊91, 𝐵𝐿𝑌𝑃, and 𝐵𝑒𝑐𝑘𝑒88.[10] While 𝐺𝐺𝐴 performs well for most  

chemical bonding situations, it still fails to accurately capture long-range weak van der 

Waals interactions and tends to underestimate semiconductor band gaps. These 

limitations have motivated the development of more advanced approaches, such as 

meta-𝐺𝐺𝐴 and hybrid functionals, which further improve accuracy by incorporating 

additional physical information.[11]  
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• Hybrid functionals 

Hybrid functionals were introduced in the early 1990s to improve the accuracy of DFT 

by partially incorporating the exact Hartree-Fock (𝐻𝐹) exchange into the 𝑋𝐶  

functional. While 𝐻𝐹 theory treats exchange explicitly, conventional Kohn-Sham DFT 

includes exchange and correlation only through approximate functionals. Using the 

adiabatic connection formalism, the 𝑋𝐶  energy in hybrid DFT can be expressed as a 

linear combination of 𝐻𝐹 exchange and DFT exchange-correlation contributions: 

𝐸𝑋𝐶
ℎ𝑦𝑏𝑟𝑖𝑑 = 𝐶𝐻𝐹 𝐸𝑋

𝐻𝐹 + 𝐶𝐷𝐹𝑇𝐸𝑋𝐶
𝐷𝐹𝑇 … (2.29) 

where 𝐶𝐻𝐹 and 𝐶𝐷𝐹𝑇  are mixing coefficients. The inclusion of exact exchange reduces 

self-interaction errors and improves the description of electronic structure, reaction 

energetics, and localized states. 

Among hybrid functionals, the Becke three-parameter Lee-Yang-Parr (𝐵3𝐿𝑌𝑃) 

functional is one of the most widely used.[12–14] It combines Becke’s three-parameter 

exchange functional with the Lee-Yang-Parr correlation functional and is given by  

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = 𝐸𝑋𝐶

𝐿𝐷𝐴 + 𝑐0(𝐸𝑋
𝐻𝐹 − 𝐸𝑋

𝐿𝐷𝐴) + 𝑐𝑋∆𝐸𝑋
𝐵88 + 𝐸𝐶

𝑉𝑊𝑁3 + 𝑐𝐶 (𝐸𝐶
𝐿𝑌𝑃 − 𝐸𝐶

𝑉𝑊𝑁3) … (2.30) 

where 𝑐0, 𝑐𝑋 , and 𝑐𝐶  are empirically optimized parameters. The 𝐵3𝐿𝑌𝑃 functional 

provides a balanced treatment of exchange and correlation and has demonstrated 

reliable performance for molecular geometries, electronic properties, and reaction 

energetics.[15,15] In the present thesis, 𝐵3𝐿𝑌𝑃 was employed together with dispersion 

corrections to accurately account for long-range van der Waals interactions, which are 

not described by standard DFT functionals. 

      2.3.4 van der Waals interactions and dispersion corrections 

van der Waals (𝑣𝑑𝑊) interactions are weak, long-range forces originating from 

instantaneous fluctuations in electron density that give rise to transient multipoles. 

These interactions are essential for accurately describing non-covalent phenomena such 

as interlayer binding in layered materials, molecular adsorption on surfaces, and 

physisorption processes.[16,17] In systems involving adsorbate-surface interactions, 

𝑣𝑑𝑊 interactions play a decisive role in determining structural stability and adsorption 

energetics. 
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Standard 𝐷𝐹 𝑋𝐶  functionals, including the 𝐿𝐷𝐴 and 𝐺𝐺𝐴, are inherently limited in 

describing 𝑣𝑑𝑊 interactions. This shortcoming arises from the non-local nature of 

dispersion forces, whereas the commonly used 𝑋𝐶  functionals are local or semi-local 

in form.[18] Consequently, dispersion interactions are either poorly described or absent 

in conventional DFT calculations, necessitating the inclusion of explicit 𝑣𝑑𝑊 

corrections for improved accuracy.[19,20] To address this limitation, several 

dispersion-corrected DFT schemes have been developed, among which the semi-

empirical 𝐷𝐹𝑇 − 𝐷 methods proposed by Grimme are widely used in the modern 

computational studies. In these approaches, the total energy is expressed as the sum of 

the conventional Kohn-Sham DFT energy and an additional dispersion correction term: 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐾𝑆−𝐷𝐹𝑇 + 𝐸𝑑𝑖𝑠𝑝 … (2.31) 

The dispersion energy 𝐸𝑑𝑖𝑠𝑝  accounts for long-range electron correlation effects and 

asymptotically follows an attractive 𝑅−𝑛 dependence, where 𝑅 is the interatomic 

distance. The simplest scheme, 𝐷𝐹𝑇 − 𝐷2, includes only pairwise 𝑅−6 terms with fixed 

dispersion coefficients. An improved formulation, 𝐷𝐹𝑇 − 𝐷3, incorporates both 

 𝑅−6 and 𝑅−8 contributions and allows the dispersion coefficients to depend on the local 

environment, leading to enhanced accuracy and transferability. Additionally, the 𝐷3 

method includes a damping function to smoothly suppress the dispersion correlation at 

short interatomic distances, thereby avoiding double counting of interactions already 

described by the 𝑋𝐶  functional. 

In the present thesis, dispersion interactions were treated using the 𝐵3𝐿𝑌𝑃 − 𝐷3 

method, in which Grimme’s 𝐷3 dispersion correction is combined with the hybrid 

𝐵3𝐿𝑌𝑃 𝑋𝐶 functional. This approach enables a reliable description of both electronic 

structure and long-range 𝑣𝑑𝑊 interactions in adsorption processes and porous 

materials. 

2.3.5 Møller-Plesset second-order perturbation theory (MP2) 

Second-order Møller-Plesset perturbation theory (MP2) provides an important 

correlation to the HF ground state energy by accounting for electron correlation effects 

through Rayleigh-Schrödinger perturbation theory, where the zeroth-order Hamiltonian 

is defined as a sum of one-electron Fock operators.[21] MP2 is widely used due to its 

relatively simple formulation and its ability to recover a significant portion of dynamic 
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correlation, including dispersion interactions that are essential for describing 

noncovalent systems. It is also applicable to condensed-phase systems using periodic 

boundary conditions and is incorporated into double-hybrid density functionals via 

MP2-like correlation terms derived from KS orbitals.[22]  

Despite these advantages, MP2 is computationally more demanding than HF and 

conventional DFT. Additionally, it typically demands larger basis sets for convergence. 

To address these limitations, several methods have been developed, including Second -

Order Møller–Plesset Perturbation Theory (MP2), local MP2 (LMP2), Laplace-

transformed MP2, resolution-of-identity MP2 (RI-MP2), and explicitly correlated 

methods (F12-MP2), which reduce computational cost and improve basis-set 

convergence. However, MP2 calculations for large systems (> 50 heavy atoms) remain 

challenging, necessitating efficient parallel algorithms. Recent developments, such as 

the Gaussian and plane wave (GPW) MP2 method, improve scalability by avoiding 

four-center electron repulsion integrals and employing fast Fourier transforms for 

efficient evaluation. These advances enable large-scale MP2 calculations with 

improved computational efficiency and parallel performance on modern high-

performance computing systems.[23] 

2.3.6 Basis sets 

In practical electronic structure calculations, molecular orbitals (MO) are represented 

as linear combinations of atomic basis functions using the linear combination of atomic 

orbitals (𝐿𝐶𝐴𝑂) approach: 

𝛹𝑎 = ∑ 𝑐𝑎𝑖𝛷𝑖

𝑛

𝑖=1

… (2.32) 

Slater-type orbitals (𝑆𝑇𝑂𝑠) accurately describe atomic orbitals due to their correct  

exponential decay, but their computational cost is high. Therefore, Gaussian-type 

orbitals (𝐺𝑇𝑂𝑠), given by: 

𝜂𝐺𝑇𝑂 = 𝑁𝑥 𝑙𝑦𝑚𝑧𝑛𝑒−𝑎𝑟2
… (2.33) 

are widely adopted owing to their computational efficiency.[24] To compensate for the 

inadequate shape of individual 𝐺𝑇𝑂𝑠, particularly near the nucleus, contracted 
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Gaussian functions (𝐶𝐺𝐹𝑠) are employed, where several primitive Gaussians are 

linearly combined: 

𝜂𝜏
𝐶𝐺𝐹 = ∑ 𝑑𝑎𝜏  𝜂𝑎

𝐺𝑇𝑂

𝑎

… (2.34) 

Basis sets are often constructed using a split-valence scheme, in which valence orbitals 

are described by multiple basis functions to enhance flexibility, while core orbitals are 

treated with fewer functions for efficiency. Such basis sets are classified as double-zeta, 

triple-zeta, and higher, depending on the number of functions used to represent valence 

orbitals. The widely used basis set families, such as the Pople and Dunning series, 

provide a good balance between computational cost and accuracy and are therefore 

commonly employed in molecular electronic structure calculations. The study carried 

out in the present thesis used well-established basis sets to ensure both computational 

efficiency and reliable results. 

     2.4 Quantum physics and materials science calculations 

In recent years, continuous improvements in computational facilities have considerably 

enhanced the capability of quantum mechanical calculations. The steady growth in 

computational resources, together with methodological developments, such as parallel 

processing and the widespread adoption of DFT, has led to more efficient and reliable 

approaches for investigating chemical systems. As a result, molecular systems 

containing many atoms can be studied with reasonable computational cost and 

accuracy. These advancements have broadened the applicability of computational 

quantum physics and materials science across various scientific disciplines, including , 

condensed matter physics, chemical engineering, organic and inorganic chemistry, and 

biochemistry.[25,26] The use of realistic molecular models has become increasingly 

common, allowing theoretical studies to address systems that are directly comparable 

to experimental conditions. At present, computational investigations are frequently 

carried out alongside experimental work. Theoretical calculations help interpret 

experimental observations by providing detailed information on electronic structures, 

reaction energetics, and possible mechanistic pathways. In particular, transition states 

and reaction intermediates, which are often difficult to characterize experimentally, can 

be examined through computational methods. Moreover, calculated results can help in 

predicting trends and guiding the design of subsequent experiments. This 
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complementary relationship between theory and experiment has strengthened the role 

of computational chemistry in modern research.[26] To evaluate the structural, 

electronic, and adsorption properties of the systems presented in the thesis, several 

computational parameters and analysis methods were employed, as described below: 

      2.4.1 Binding enthalpy 

The binding enthalpy (𝛥𝐻) of gas adsorption was evaluated to quantify the strength of 

interaction between the adsorbate molecule and the adsorbent (host system).[27] This 

was achieved by performing geometry optimizations of the isolated host, adsorbate and 

the corresponding adsorbate-host complex at the same level of theory. 

After obtaining the optimized equilibrium structures, the binding enthalpy was 

calculated using the following expression: 

Δ𝐻𝑎𝑑𝑠 = 𝐻(ℎ𝑜𝑠𝑡+𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒) − [𝐻ℎ𝑜𝑠𝑡 + 𝐻𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 ] … (2.35) 

where 𝐻(ℎ𝑜𝑠𝑡+𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒) represents the total enthalpy of the optimized adsorption 

complex, 𝐻ℎ𝑜𝑠𝑡  is the enthalpy of the isolated host system, and 𝐻𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒  corresponds 

to the enthalpy of the isolated gas molecule.  

A negative value of 𝛥𝐻 indicates an exothermic adsorption process, while increasingly 

negative values signify stronger binding between the adsorbate and the host.[28] 

Binding enthalpy is therefore a key parameter for assessing the adsorption capability of 

porous and molecular materials. The total enthalpy (𝐻) of each system was obtained 

by incorporating the electronic energy, zero-point vibrational energy (ZPE), and 

thermal vibrational contributions according to: 

𝐻 = 𝐸𝑒𝑙𝑒𝑐 + 𝑍𝑃𝐸 + 𝐻𝑣𝑖𝑏 … (2.36) 

Finally, the binding enthalpy was determined by taking the difference between the 

enthalpy of the adsorbed complex and the sum of the enthalpies of the isolated 

components. 

      2.4.2 Energy decomposition analysis (EDA) 

Energy Decomposition Analysis (𝐸𝐷𝐴) is a theoretical approach based on electronic 

structure calculations, in which the total interaction energy between two or more 
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fragments is partitioned into individual energy components with clear physical 

meaning. This method is useful for understanding the nature of intermolecular 

interactions by identifying the relative contributions of different interaction 

mechanisms. The EDA proposed by Su and Li, popularly known as the localized  

molecular orbital energy decomposition analysis (LMO-EDA) has been used to identify 

the contribution of different energy components to the total interaction energy.[29] In 

the case of LMO-EDA, the total interaction energy (𝛥𝐸𝑖𝑛𝑡  or 𝛥𝐻𝑏𝑖𝑛𝑑) of a system 

contains the contribution from electrostatic (𝛥𝐸𝑒𝑙𝑠), exchange (𝛥𝐸𝑒𝑥𝑐 ), repulsion 

(𝛥𝐸𝑟𝑒𝑝), polarization (𝛥𝐸𝑝𝑜𝑙 ), and dispersion (𝛥𝐸𝑑𝑖𝑠 ) energy components, given by:  

𝛥𝐻𝑏𝑖𝑛𝑑 =  𝛥𝐸𝑒𝑙𝑠 + 𝛥𝐸𝑒𝑥𝑐 + 𝛥𝐸𝑟𝑒𝑝 + 𝛥𝐸𝑝𝑜𝑙 + 𝛥𝐸𝑑𝑖𝑠 … (2.37) 

Each term in the LMO-EDA has its own significance. The electrostatic interaction 

(𝛥𝐸𝑒𝑙𝑠) is understandable in terms of Coulomb’s law, which prevents the molecular 

orbitals from mixing. The exchange interaction (𝛥𝐸𝑒𝑥𝑐 ) is caused by electron exchange 

and molecular delocalization. When two non-bonded atoms approach each other 

closely, their electron clouds begin to overlap. This overlap leads to strong electron-

electron repulsion, resulting in an increase in repulsion energy (𝛥𝐸𝑟𝑒𝑝). The 

polarization energy change (𝛥𝐸𝑝𝑜𝑙 ) is produced by polarizing the wave function of each 

monomer in response to the electric field of the other monomer. In molecules, the 

oscillators are coupled when they are close to each other. Because of the coupled 

fluctuating dipoles, the dispersion interactions (𝛥𝐸𝑑𝑖𝑠 ) also known as electrostatic 

interactions have been considered in the present computation. 

By decomposing the interaction energy into these components, 𝐸𝐷𝐴 provides a 

quantitative idea for analyzing the physical origin of molecular interactions. This makes 

it a useful tool for interpreting interaction trends and supporting the analysis of 

adsorption and binding phenomena in computational studies.  

      2.4.3 Natural bond orbital (NBO) analysis 

Natural Bond Orbital (𝑁𝐵𝑂) analysis provides a detailed orbital-based description of 

the electronic structure by transforming the delocalized wavefunction into a set of 

localized orbitals that closely correspond to classical chemical bonding concepts.[30] 

This approach is particularly useful for analyzing both intra- and intermolecular 

interactions, as it enables clear identification of bonding patterns, charge distributions, 
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and electron delocalization effects. In addition, the electronic properties are examined 

using frontier molecular orbital (𝐹𝑀𝑂) analysis. The energies of the highest occupied 

molecular orbital (𝐻𝑂𝑀𝑂) and lowest unoccupied molecular orbital (𝐿𝑈𝑀𝑂) 

determine the electron-donating and accepting tendencies of a system, respectively. The 

energy gap (𝐸𝑔 = 𝐻𝑂𝑀𝑂 − 𝐿𝑈𝑀𝑂) serves as an important indicator of chemical 

stability and reactivity, with larger gaps corresponding to greater stability. According 

to the 𝐹𝑀𝑂 theory, chemical reactivity is primarily governed by interactions between 

the 𝐻𝑂𝑀𝑂 of a donor and the 𝐿𝑈𝑀𝑂 of an acceptor, which are crucial for 

understanding charge transfer processes and reaction mechanisms.  

      2.4.4 Computational hydrogen electrode (CHE) model 

The concept of the Computational Hydrogen Electrode (𝐶𝐻𝐸), developed by Professor 

Jens K. Nørskov and co-workers in the mid-2000s,[31] has profoundly influenced the 

field of computational electrocatalysis. The 𝐶𝐻𝐸 model provides an elegant and 

efficient means of incorporating electrode potential effects into the DFT based 

electrocatalytic studies. The 𝐶𝐻𝐸 model has been widely adopted to map reaction 

pathways, determine limiting potentials, and analyze activity trends in electrochemical 

processes such as CO2 reduction, hydrogen evolution and oxygen reduction.[32] It is 

now regarded as a foundational methodology for theoretical as well as computational 

studies of heterogeneous electrocatalysis. In this model, the thermodynamics of proton-

electron transfer steps are referred to the equilibrium between a proton-electron pair 

and molecular hydrogen, thereby the explicit treatment of solvated protons and 

electrons is avoided. The equivalence of their chemical potential (𝜇) at standard 

conditions is expressed as: 

𝜇(𝐻+) + 𝜇(𝑒−) =
1

2
𝜇(𝐻2) … (2.38) 

Under an applied electrode potential 𝑈, the free energy of an electron is shifted, and the 

chemical potential (𝜇) of the proton-electron pair becomes: 

𝜇(𝐻+ + 𝑒−) =
1

2
 𝜇(𝐻2) − 𝑒𝑈 … (2.39) 

The CHE model uses the reversible hydrogen electrode (RHE) as a reference, where 

the chemical potential of a proton-electron pair is related to half the chemical potential 
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of molecular hydrogen at equilibrium. At an electrode potential of 0 V versus RHE, the 

proton-electron pair and half a hydrogen molecule have equivalent chemical potentials. 

A more negative electrode potential favors reduction reactions by increasing the 

thermodynamic driving force for electron transfer.  

This treatment enables the evaluation of potential dependent reaction energetics using 

conventional DFT calculations. The Gibbs free energy (𝐺) of each intermediate is 

obtained by incorporating vibrational and entropic corrections into the DFT electronic 

energy: 

𝐺 = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑣𝑑𝑇 − 𝑇∆𝑆 … (2.40) 

Accordingly, the change in Gibbs free energy (∆𝐺) of an elementary step involving 𝑛 

electron transfer is calculated as: 

∆𝐺 = ∆𝐸 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆 + 𝑛𝑒𝑈 … (2.41) 

The calculated Gibbs free-energy changes provide insights into the thermodynamic 

feasibility of individual proton-electron transfer steps along the proposed 

electrochemical reaction pathways. By considering the successive reaction 

intermediates, a Gibbs free-energy profile can be constructed to examine the energetic 

requirements of the proposed electrochemical reaction mechanism. The relative free 

energies of different intermediates provide insights into the thermodynamically 

favorable and unfavorable reaction steps and allow comparisons among alternative 

reaction pathways. 

In addition to the free energy analysis, adsorption energies of reaction intermediates are 

evaluated to understand their interaction strength with the catalyst surface using: 

∆𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 ) … (2.42) 

where 𝐸𝑡𝑜𝑡𝑎𝑙  represents the total energy of the adsorbed system, while 

𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡  and 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 correspond to the energies of the adsorbent and intermediates 

respectively. Together, these expressions provide a systematic framework for 

evaluating the thermodynamic feasibility of electrochemical reaction pathways, 
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examining the relative stability of reaction intermediates, and understanding their 

interactions with the catalyst surface.  

      2.5 Software 

The research work presented in this thesis was carried out using various widely 

recognized computational software packages. These include: 

      2.5.1 Gaussian 16 

Gaussian 16 represents a modern and widely used version of the Gaussian series of 

electronic structure programs.[33] It is extensively utilized by researchers in chemistry, 

condensed matter physics, chemical engineering, atomic and molecular physics, 

biochemistry, and materials science. Built on the principles of QM, Gaussian 16 enables 

the prediction of molecular energies, optimized geometries, vibrational frequencies, 

and a wide range of molecular properties of diverse chemical systems. The software is 

applicable to both stable molecules and reactive intermediates that are difficult or 

impossible to study experimentally, such as reactive intermediates and transition states. 

It provides efficient geometry optimization and enables the identification and 

characterization of stationary points on the potential energy surface (PES). Frequency 

calculations are used to confirm whether a structure corresponds to a minimum or a 

transition state. In addition, intrinsic reaction coordinate (IRC) calculations allow the 

determination of reaction pathways connecting reactants and products through 

transition structures, thereby offering a complete description of reaction mechanisms 

and energy profiles. 

Gaussian 16 provides access to a variety of computational methods, including 

HF, DFT,MP2, and coupled cluster approaches. A wide range of  XC functionals and 

basis sets are available, allowing the appropriate level of theory to be selected 

depending on the system under investigation. It is compatible with a variety of 

computational environments, including single-processor systems, multicore processors, 

clusters, and GPU-based platforms. The results can be visualized using GaussView6.1, 

which provides an intuitive graphical interface for analyzing molecular structures and 

spectra.  
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Input file in Gaussian 16 

The input file for Gaussian 16 is written as an ASCII text file consisting of the following 

sections: 

• Link 0 commands: locate and name scratch files 

• Route section (# lines): specifies the calculation type, method, and options 

(terminated by a blank line). 

• Title section: provides a brief description of the calculation (blank line-

terminates). The following characters should be avoided in the title section: @ 

# ! _ - \ 

• Molecular specification: defines charge, multiplicity, and atomic coordinates. 

• Optimal additional sections: additional input required for specific calculations     

               %Chk=heavy                                         #Link 0 section 

               #HF/6-31G9d) Opt Freq Test                # Route section 

               Opt job                                                   # Title section    

0 1                                                       # Molecule specification section  

atomic coordinates 

               3 8                                                    Add a bond and an angle to the internal 

               2 1 3                                                      Coordinates used during geom. opt. 

      2.5.2 GAMESS 

The General Atomic and Molecular Electronic Structure System (𝐺𝐴𝑀𝐸𝑆𝑆) is a 

versatile quantum physics and materials science software package developed for 

performing ab initio molecular electronic structure calculations.[34] It provides a broad 

range of theoretical methods for studying molecular systems at different levels of 

approximation. For larger molecular systems, GAMESS offers the Fragment Molecular 

Orbital (𝐹𝑀𝑂) approach, which partitions the system into smaller fragments to reduce 

computational cost. A wide variety of internally stored basis sets, effective core 

potentials (𝐸𝐶𝑃𝑠), and model core potentials are available, allowing calculations across 

much of the periodic table. The program supports parallel execution, enhancing 
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computational efficiency for demanding calculations. Visualization and input 

preparation can be performed using external tools such as MacMolPlt and Avogadro. 

Input Structure in GAMESS 

A GAMESS input file is written in a structured format using keyword groups delimited 

by $ and $END. The major sections typically include: 

• $CONTRL: Specifies the type of wavefunction, calculation method, charge, 

multiplicity, coordinate system, and run type (e.g., energy, gradient). 

• $SYSTEM: Defines computational resources such as memory and time limits. 

• $SCF: Controls SCF convergence criteria and related options. 

• $BASIS: Specifies the basis set either through built-in definitions or user-

defined input. 

• $GUESS: Defines the initial guess for molecular orbitals. 

• $DATA: Contains title, symmetry specification, and molecular geometry. 

A representative example of a water molecule is shown below: 

   $CONTRL SCFTYP=RHF MULT=1 RUNTYP=GRADIENT COORD=UNIQUE 

            UNITS=BOHR $END 

$SYSTEM TIMLIM=1 $END 
$SCF DIRSCF=.TRUE. NCONV=9 $END 

$BASIS GBASIS=N31 NGAUSS=6 NDFUNC=1 NPFUNC=0 $END 
$GUESS GUESS=HUCKEL $END 

$DATA 
  TEST H2O MOLECULE 

C
1 
O 8.0 0.0000000000 0.0000000000 0.0000000000 
H 1.0 1.4748637392 1.0778200416 0.0000000000 
H 1.0 -1.4748637392 1.0778200416 0.0000000000 

$END 

In this structure, $CONTRL defines the computational method and run type, $SCF 

sets the convergence threshold, $BASIS specifies the basis set, and $DATA provides 

the molecular geometry and symmetry information. 

      2.5.3 CRYSTAL 23 

CRYSTAL 23 program, an ab initio quantum mechanical package specifically 

developed for the study of crystalline systems, performs the periodic electronic 
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structure calculations.[35] The code enables the evaluation of ground-state energies, 

energy gradients, electronic wave functions, and a wide range of derived properties for 

periodic materials. It supports both HF and KS DFT Hamiltonians, incorporating 

appropriate XC functionals. The program is designed to treat systems of different 

dimensionalities within a unified formalism, including molecules (0D), polymers (1D), 

slabs and surfaces (2D), and fully periodic crystals (3D). A distinct feature of 

CRYSTAL 23 is the representation of single particle wave functions as Crystalline 

Orbitals (COs). These orbitals are expanded as linear combinations of Bloch functions 

(BFs), which are constructed from localized Atomic Orbitals (AOs). These AOs 

themselves are expressed as linear combinations of Gaussian-type functions (GTFs). 

This atom-centered Gaussian basis set approach enables efficient and accurate 

treatment of periodic systems.  

This program incorporates automatic handling of spatial symmetry, providing access to 

230 space groups, 80 layer groups, 99 rod groups, and 45 point groups. The program 

allows the construction and modification of a variety of structures, including bulk 

crystals, 2D slabs, 1D nanorods, polymers with helical symmetry, and 0D clusters 

derived from periodic structures. Additional capabilities include lattice distortion, 

supercell generation with defects, and the creation of special structures such as 

nanotubes and fullerenes. These features make the software particularly suitable for 

studying structural, electronic, and vibrational properties of extended systems. 

Input file in CRYSTAL 23 

A representative example of a 3D material is shown below: 

CoPc-DNDS-COF                                              # Title Line  

CRYSTAL   # Dimensionality of the system  

0 0 0                                                      # Crystallographic information (3D 

only) 

83 # Symmetry group number 

20.3331    3.4404                                # Lattice Parameters 

20 # Number of atoms in the asymmetric 

unit 
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6     0.29546   0.53343   0.00000 

6     0.36412   0.44690   0.00000 

6     0.76261   0.43038   0.00000 

6     0.82254   0.46501   0.00000 

7     0.11877   0.57092   0.00000 

6     0.05993   0.53470   0.00000 

9     0.76162   0.37717   0.00000 

6     0.70454   0.53343   0.00000 

6     0.63588   0.44690   0.00000 

6     0.23739   0.43038   0.00000 

6     0.17746   0.46501   0.00000 

16    0.88123   0.57092   0.00000 

6     0.94007   0.53470   0.00000 

9     0.23838   0.37717   0.00000 

7     0.40457   0.50000   0.00000 

7     0.38393   0.61607   0.00000 

6    -0.00000   0.56889   0.00000 

1     0.00003   0.37215   0.00000 

1     0.11900   0.63100   0.00000 

27    0.50000   0.50000   0.00000 

 

 

# Atomic numbers and coordinates  

    

OPTGEOM 

FULLOPTG 

MAXCYCLE                                           

800 

ENDOPT 

END 

 

# Keywords for geometry optimization  

 

 

6 8                                              

0 0 6 2.0 1.0 

13575.349682 0.00022245814352 

2035.2333680 0.00172327382520 

463.22562359 0.00892557153140 

131.20019598 0.03572798450200 

42.853015891 0.11076259931000 
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15.584185766 0.24295627626000 

0 0 2 2.0 1.0 

6.2067138508 0.41440263448000 

2.5764896527 0.23744968655000 

0 0 1 0.0 1.0 

0.4941102000 1.00000000000000 

0 0 1 0.0 1.0 

0.1644071000 1.00000000000000 

0 2 4 2.0 1.0 

34.697232244 0.00533336578050 

7.9582622826 0.03586410909200 

2.3780826883 0.14215873329000 

0.8143320818 0.34270471845000 

0 2 1 0.0 1.0 

0.5662417100 1.00000000000000 

0 2 1 0.0 1.0 

0.2673545000 1.00000000000000 

0 3 1 0.0 1.0 

0.8791584200 1.00000000000000 

99 0 

 

 

 

# Basis sets for non-equivalent atoms 

# Optional keywords  

END # End of basis set input section  

SHRINK                                          

0 8  

4 4 4 

# Reciprocal space integration 

parameters 

# Optional keywords  

END   # End of SCF input section 

 

      2.5.4 Chemcraft1.8 

Chemcraft1.8 is a graphical software package developed for the visualization and 

analysis of quantum chemical calculations.[36] Although it does not perform electronic 

structure calculations itself, it provides a convenient interface for preparing input files 
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and interpreting results generated by widely used quantum physics and materials 

science programs. The software is primarily designed to work with packages such as 

GAMESS and Gaussian, while also supporting other computational codes through the 

import and export of atomic coordinates in standard text formats. Chemcraft is 

compatible with both Windows and Linux operating systems. One of the principal 

features of Chemcraft is its ability to generate three-dimensional molecular 

representations from atomic coordinate data. It allows interactive examination and 

modification of structural parameters, including bond lengths, bond angles, and 

dihedral angles. This capability facilitates structural analysis prior to and after geometry 

optimization. 

Chemcraft also provides extensive tools for visualizing computational output files from 

programs such as GAMESS, Gaussian, NWChem, ADF, Molpro, Dalton, Jaguar, 

ORCA, and Q-Chem. Optimized geometries and intermediate structures obtained 

during geometry optimization can be displayed individually or as an animated 

sequence. The software enables visualization of vibrational modes, graphical 

representation of nuclear gradients, and depiction of molecular orbitals using 

isosurfaces or colored contour planes. In addition, it supports the visualization of 

vibrational and electronic spectra, including results from time-dependent DFT 

(TDDFT) calculations. Convergence behavior of SCF cycles can also be examined 

through graphical plots. The software further allows the generation of high-quality 

images suitable for publication. Various display modes, labelling options, and graphical 

adjustments can be applied to produce clear and informative structural representations. 

In addition, Chemcraft includes utilities that simplify input file preparation. These 

include tools for constructing Z-matrices, generating input files with user-defined or 

non-standard basis sets, and converting molecular orbital information from output files 

into formats suitable for subsequent calculations. 

      2.5.5 GaussView6.1 

GaussView6.1 is a graphical user interface designed to facilitate calculations performed 

with Gaussian 16.[37] The program provides an integrated environment for 

constructing or importing molecular structures, preparing input files, submitting 

calculations, and analyzing computational results. Although the electronic structure 

calculations are carried out by Gaussian, GaussView1.6 significantly simplifies their 
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setup and interpretation. The software enables the construction and editing of molecular 

geometries through an interactive graphical interface. Structural parameters such as 

bond lengths, bond angles, and dihedral angles can be examined and modified prior to 

calculation. It also supports the preparation of input files for a wide range of 

computational methods and basis sets available in Gaussian. The program also 

generates plots of spectroscopic data, including vibrational, vibronic, and NMR spectra, 

facilitating interpretation of computed results.  

Electronic structure properties can be visualized using surfaces or contour 

representations. Molecular orbitals, electron density, spin density, and electrostatic 

potential distributions can be displayed as isosurfaces or mapped onto electron density 

surfaces. These representations help in understanding charge distribution, bonding 

characteristics, and molecular reactivity. In addition, GaussView1.6 provides animation 

capabilities for dynamic processes. Normal vibrational modes, geometry optimization 

steps, and intrinsic reaction coordinate (IRC) pathways can be animated, enabling 

visualization of structural changes and molecular motion during chemical 

transformations. Overall, GaussView1.6 serves as an effective tool for molecular 

modeling, input generation, and graphical analysis of Gaussian calculations, thereby 

enhancing the efficiency and clarity of computational studies. 

      2.5.6 VESTA 

Visualization for Electronic and Structural Analysis (VESTA) is a widely used three-

dimensional visualization program for analyzing crystal structures, volumetric data, 

and related properties.[38] It enables the graphical representation of structural models 

such as ball-and-stick, space-filling, and polyhedral forms, allowing clear interpretation 

of atomic arrangements and bonding environments. The software is particularly 

designed for visualizing periodic systems, including crystalline materials, and supports 

multiple file formats generated from computational and experimental studies. 

In addition to structural visualization, VESTA provides advanced capabilities for 

displaying volumetric data such as electron density, electrostatic potential, and wave 

functions through isosurfaces, contour maps, and two-dimensional slices. It allows 

superposition of structural and electronic information within a single framework, 

facilitating a deeper understanding of structure-property relationships. The program 

also supports the analysis of geometric parameters such as bond lengths, bond angles, 
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and coordination environments, making it a powerful tool for interpreting results 

obtained from electronic structure calculations. Furthermore, VESTA includes tools for 

detailed structural analysis, such as the calculation and visualization of bond lengths, 

bond angles, coordination polyhedral, and lattice planes. It also allows manipulation of 

structures through rotation, translation, and scaling in three dimensions, offering 

flexibility in examining complex systems. Its user-friendly graphical interface and 

compatibility with multiple operating systems make it an effective tool for both 

visualization and interpretation of computational results in materials science, 

condensed matter physics and chemistry. 

     2.6 References  

[1] A. Szabo, N. S. Ostlund,  Modern quantum chemistry: Introduction to advanced 

electronic structure theory, Dover Publications, 1996. 

https://books.google.co.in/books?id=6mV9gYzEkgIC. 

[2] B. T. Sutcliffe, R. G. Woolley, On the quantum theory of molecules, J. Chem. 

Phys. 137 (2012) 22A544. 

[3] P. Echenique, J. L. Alonso, A mathematical and computational review of 

Hartree–Fock SCF methods in quantum chemistry, Mol. Phys. 105 (2007) 3057-

3098.  

[4] C. D. Sherrill, An introduction to Hartree-Fock molecular orbital theory, Georg. 

Inst. Technol. (2000) 1-8. 

[5] R. O. Jones, Density functional theory: Its origins, rise to prominence, and future, 

Rev. Mod. Phys. 87 (2015) 897-923. 

[6] F. Giustino, Materials modelling using density functional theory: properties and 

predictions, 2014. https://api.semanticscholar.org/CorpusID:118018414. 

[7] F. M. Bickelhaupt, E. J. Baerends, Kohn‐Sham Density Functional Theory: 

Predicting and Understanding Chemistry, 15 (2000) 1-86.  

[8] J. P. Perdew, K. Burke, Y. Wang, Generalized gradient approximation for the 

exchange-correlation hole of a many-electron system, Phys. Rev. B 54 (1996) 

16533-16539.  



 

62 

 

[9] R. O. Jones, O. Gunnarsson, The density functional formalism, its applications 

and prospects, Rev. Mod. Phys. 61 (1989) 689-746.  

[10] L. He, F. Liu, G. Hautier, M. J. T. Oliveira, M. A. L. Marques, F. D. Vila, J. J. 

Rehr,    G. M. Rignanese, A. Zhou, Accuracy of generalized gradient 

approximation functionals for density-functional perturbation theory 

calculations, Phys. Rev. B 89 (2014) 064305. 

[11] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. 

Singh, C. Fiolhais, Atoms, molecules, solids, and surfaces: Applications of the 

generalized gradient approximation for exchange and correlation, Phys. Rev. B 

46 (1992) 6671-6687. 

[12] A. D. Becke, Density-functional exchange-energy approximation with correct 

asymptotic behavior, Phys. Rev. A 38 (1988) 3098-3100.  

[13] C. Lee, W. Yang, R. G. Parr, Development of the Colle-Salvetti correlation-

energy formula into a functional of the electron density, Phys. Rev. B 37 (1988) 

785-789.  

[14] B. Miehlich, A. Savin, H. Stoll, H. Preuss, Results obtained with the correlation 

energy density functionals of becke and Lee, Yang and Parr, Chem. Phys. Lett. 

157 (1989) 200-206.  

[15] J. T. Rives, W. L. Jorgensen, Performance of B3LYP density functional methods 

for a large set of organic molecules, J. Chem. Theory Comput. 4 (2008) 297-306.  

[16] A. Tkatchenko, Current understanding of van der Waals effects in realistic 

materials, Adv. Funct. Mater. 25 (2015) 2054-2061. 

[17] A. M. Reilly, A. Tkatchenko, van der Waals dispersion interactions in molecular 

materials: beyond pairwise additivity, Chem. Sci. 6 (2015) 3289-3301. 

[18] F. Ortmann, F. Bechstedt, W. G. Schmidt, Semiempirical van der Waals 

correction to the density functional description of solids and molecular 

structures, Phys. Rev. B 73 (2006) 205101. 

[19] M. Lee, B. Kim, M. Sim, M. Sogal, Y. Kim, H. Yu, K. Burke, E. Sim, Correcting 

dispersion corrections with density-corrected DFT, J. Chem. Theory Comput. 20 



 

63 

 

(2024) 7155-7167. 

[20] J. Binns, M. R. Healy, S. Parsons, C. A. Morrison, Assessing the performance of 

density functional theory in optimizing molecular crystal structure parameters, 

Acta Cryst. B 70 (2014) 259-267.  

[21] C. Møller, M. S. Plesset, Note on an approximation treatment for many-electron 

systems, Phys. Rev. 46 (1934) 618-622. 

[22] D. Cremer, Møller–Plesset perturbation theory: From small molecule methods 

to methods for thousands of atoms, WIREs Comput. Mol. Sci. 1 (2011) 509-530.  

[23] M. D. Ben, J. Hutter, J. VandeVondele, Second-order Møller–Plesset 

perturbation theory in the condensed phase: An efficient and massively parallel 

Gaussian and plane waves approach, J. Chem. Theory Comput. 8 (2012) 4177-

4188. 

[24] A. L. Magalhães, Gaussian-type orbitals versus Slater-type orbitals: A 

Comparison, J. Chem. Educ. 91 (2014) 2124-2127. 

[25] M. Bursch, J. M. Mewes, A. Hansen, S. Grimme, Best‐practice DFT protocols 

for basic molecular computational chemistry**, Angew. Chem. Int. Ed. 134 

(2022) e202205735. 

[26] T. Sperger, I. A. Sanhueza, F. Schoenebeck, Computation and experiment: A 

powerful combination to understand and predict reactivities, Acc. Chem. Res. 49 

(2016) 1311-1319. 

[27] S. Pakhira, J. L. M. Cortes, Quantum nature in the interaction of molecular 

hydrogen with porous materials: Implications for practical hydrogen storage, J. 

Phys. Chem. C 124 (2020) 6454-6460. 

[28] N. Sinha, S. Pakhira, H2 physisorption on covalent organic framework linkers 

and metalated linkers: A strategy to enhance binding strength, Mol. Syst. Des. 

Eng. 7 (2022) 577-591. 

[29] P. Su, H. Li, Energy decomposition analysis of covalent bonds and 

intermolecular interactions, J. Chem. Phys. 131 (2009) 014102. 



 

64 

 

[30] B. D. Dunnington, J. R. Schmidt, Generalization of natural bond orbital analysis 

to periodic systems: Applications to solids and surfaces via plane-wave density 

functional theory, J. Chem. Theory Comput. 8 (2012) 1902-1911.  

[31] J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J. R. Kitchin, T. 

Bligaard, H. Jónsson, Origin of the overpotential for oxygen reduction at a fuel-

cell cathode, J. Phys. Chem. B 108 (2004) 17886-17892. 

[32] F. A. Pedersen, T. Bligaard, J. Rossmeisl, J. Greeley, Tribute to Jens K. Nørskov, 

J. Phys. Chem. C 129 (2025) 1025-026. 

[33] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.A. Robb, J. R. 

Cheeseman, G. Scalmani, V. Barone, G. A.Petersson, H. Nakatsuji, X. Li, M. 

Caricato, A. V. Marenich,J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, 

H. P.Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, Williams, F. Ding, 

F. Lipparini, F. Egidi, J. Goings, B. Peng,A. Petrone, T. Henderson, D. 

Ranasinghe, et al., Gaussian 16A.03. Wallingford, CT, 2016. 

[34] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon, J. H. 

Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su, T. L. Windus, M. Dupuis, 

J. A. Montgomery, General atomic and molecular electronic structure system, J. 

Comput. Chem. 14 (1993) 1347-1363. 

[35] A. Erba, J. K. Desmarais, S. Casassa, B. Civalleri, L. Donà, I. J. Bush, B. Searle, 

L. Maschio, L. E. Daga, A. Cossard, C. Ribaldone, E. Ascrizzi, N. L. Marana, J. 

P. Flament, B. Kirtman, CRYSTAL23: A program for computational solid state 

physics and chemistry, J. Chem. Theory Comput. 19 (2023) 6891-6932.  

[36] Chemcraft - graphical software for visualization of quantum chemistry 

computations. Version 1.8, build 682. https://www.chemcraftprog.com 

[37] R. Dennington, T. Keith, and J. Millam, Semichem Inc., Shawnee Mission, KS, 

GaussView, Version 6.1.1, 2019. 

[38] K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, 

volumetric and morphology data, J. Appl. Cryst. 44 (2011) 1272-1276.  

 



 

65 

 

Chapter 3 

Organic Bridging Linkers of MOFs for Enhanced CO2 

Adsorption 

Research on MOFs has attracted considerable interest in materials science due to their 

high surface area, tunable porosity, and diverse applications in gas storage and 

separation. However, the weak interaction between the gas molecules and MOFs limits 

their practical application. This chapter focuses on the design and modification of 

organic bridging linkers in MOFs to enhance CO2 adsorption performance. A series of 

pristine and functionalized 1,4-benzene dicarboxylate (BDC) organic ligands or 

linkers, including its fluorinated and chlorinated derivatives, as well as 1,4-

naphthalene dicarboxylate (NDC) linker, have been systematically investigated. In 

addition, Li-decoration is employed as an effective strategy to improve the interaction 

strength between the CO2 molecule and the linkers. The equilibrium geometries, 

binding enthalpy (ΔH), energy decomposition analysis (EDA), and frontier molecular 

orbital (FMO) analysis have been studied using the first principles-based dispersion 

corrected DFT (i.e., DFT-D). The binding enthalpy has also been evaluated at the MP2 

level of theory. The results provide detailed insights into the role of functionalization 

and metal decoration in tuning the adsorption behavior, and offer valuable guidance 

for the rational design of efficient and stable MOF-based materials for CO2 capture 

applications. 

     3.1 Introduction 

MOFs are a class of crystalline nanoporous materials that have been used for several 

applications, such as gas storage and separation processes, catalysis, sensing, etc.[1–3] 

The ability of the MOF materials to be synthesized with different bridging 

linkers/ligands and metal ions/clusters provides enormous flexibility in the design of 

these porous materials with tunable pore size, pore volume, and high surface area.[4,5] 

As a class of MOFs, IRMOFs have the potential to be used as an excellent adsorbent. 

The first member of the MOF family (i.e., IRMOF-1) was synthesized using Zn4O as a 

metal node and benzenedicarboxylate (BDC) as an organic linker, and has been widely 

investigated for storage of H2, CO2, and CH4.[6–8] The other member of the IRMOF 

family are formed either by replacing the benzene ring with larger aromatic rings or the 

C and H atoms of the rings with heteroatoms and functional groups respectively. It has 
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been found that among the various IRMOFs-n (n = 3, 6, 8, 11, 18) studied, the CO2 

adsorption capacity of IRMOF-1 is highest and hence pristine IRMOF-1 acts as an 

excellent adsorbent for CO2.[9] Liu et al. studied the CO2 adsorption at eight different 

positions of IRMOF-1 with three orientations of CO2, suggesting the side position with 

CO2 parallel attack at the hydrogen side of the linker edge is the most favorable 

adsorption site.[8] Yang et al. revealed that MOFs with larger surface area and free 

volume have CO2 high storage capacity.[10] Moreover, Torrisi et al. used DFT to study 

CO2 interactions with functionalized aromatic molecules, guiding the design of linkers 

with enhanced CO2 adsorption energy.[11,12] These studies suggest that interaction 

energy, positions, and orientations of the gas molecule, along with the organic linkers 

of the MOF materials, contribute to understanding the adsorption mechanism of CO2 

and designing novel MOFs with their applications in high uptake. However, due to the 

low reactivity (interaction energy) of the adsorbate or linker’s surface, the adsorption 

of CO2 on the pristine MOF linkers belongs to the weak physical adsorption, limiting 

the practical application of MOF as an adsorbent material. According to findings from 

earlier research, altering the adsorbate surface through techniques like metal doping or 

decoration, chelation, functionalization, and ligand/linker modification boosts the 

chemical reactivity of the substrate and strengthens the interaction between the gas 

molecules and the linker-based materials.[13–20] MOF synthesized with 

benzenetricarboxylate (BTC) and benzenedicarboxylate (BDC) linkers are known for 

their high thermal and hydrolytic stability and possess intrinsic porosity which have 

shown enhanced binding strength with the frameworks, resulting in a significant 

amount of CO2 adsorption. Aprea et al. reported the isosteric heat of CO2 adsorption 

(Qst) on polymeric copper(II) benzene-1,3,5-tricarboxylate (Cu-BTC) MOF to be 25.9 

kJ/mol.[21] Another study by Liu et al reported CO2 adsorption for a series of 

functionalized MIL-47-X (where X = -Cl, -Br, -CH3, -CF3, OH, OCH3) containing BDC 

as their constituent organic linker reached a maximum Qst value of -24.99 kJ/mol.[22] 

Besides increased strength of interaction, targeting high stability will likely establish 

MOFs as the next generation of materials for practical CO2 capture. Using fluorinated 

ligands is an effective approach for creating a highly stable, rigid, and multidimensional 

framework with a well-crystalline phase.[23,24] The -F moiety attached either to the 

ligand or trapped within the pores helps to stabilize the MOFs and acts as a structure-

directing agent that influences the final topology of MOFs.[25]   
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In this work, we have computationally designed eight MOFs linkers i.e., 1,4-benzene 

dicarboxylate (BDC), 3-fluoro 1,4-benzene dicarboxylate (FBDC), 3,6-difluoro 1,4-

benzene dicarboxylate (DFBDC-1), 2,3-difluoro 1,4-benzene dicarboxylate (DFBDC-

2), 2,3,5,6-tetrafluoro 1,4-benzene dicarboxylate (TFBDC), 3,6-dichloro 1,4-benzene 

dicarboxylate (DClBDC-1), 2,3-dichloro 1,4-benzene dicarboxylate (DClBDC-2), and 

1,4 naphthalene dicarboxylate (NDC) using molecular cluster model systems. This 

work studies the effect of fluorine and chlorine substitution at center and side positions 

of the linker on CO2 adsorption, predict the interaction strength and guides the 

designing of hydrophobic MOFs. Although some studies have been conducted for CO2 

adsorption in fluorinated MOFs, the effect of the number and position of the -F and -Cl 

on the organic bridging linkers of MOFs using the molecular cluster model has not been 

reported previously. Here, we employed the first principles-based hybrid periodic DFT 

method with van der Waals (in short vdW) corrections (i.e., Grimme’s D3 dispersion 

corrections) to calculate the equilibrium geometries of the complexes. The single-point  

energy of the equilibrium structures of the systems considered has been computed by 

both the DFT (B3LYP-D3) and second-order Møller-Plesset Theory (MP2) methods. 

The study of binding enthalpy (ΔH) shows the weak interaction of the CO2 molecule 

with the pristine linkers, so the strategy of Li-decoration has been used to see its effect 

on the ΔH value. We computationally found that among all the complexes, CO2 

adsorption at the center position of the Li-decorated BDC, FBDC, DClBDC-1 and side 

position of the BDC, FBDC, DFBDC-1, and DFBDC-2 shows a strong physisorption 

interaction, which is essentially required for facile CO2 release. Further to explain the 

interaction mechanism and find the contribution from different energy components to 

the ΔH value, the Energy Decomposition Analysis (EDA) was performed, and both the 

electrostatic and polarization energy components were found to be the most dominant 

ones. Also, to check the stability of the complexes, Frontier Molecular Orbital (FMO) 

analysis was performed at the equilibrium structure of the complexes, which shows a 

strong interaction, and it was found that the complexes remained stable even after Li 

decoration.  

     3.2 Computational details  

The mechanism of CO2 adsorption on the linkers has been investigated by employing 

the first principles-based unrestricted hybrid DFT. The equilibrium structures, 

geometries, energies of the molecular orbital, and the contribution of different energy 
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components to the relative enthalpy (ΔH) of the complexes were obtained by employing 

the B3LYP method with Grimme’s 3rd order dispersion corrections, i.e., B3LYP-D3, 

implemented in the Gaussian 16 suite code.[26] To incorporate the long-range weak 

vdW dispersion effects between the atoms of the complexes, Grimme’s dispersion 

corrections parameter (-D3) has been added with the DFT approach (i.e., B3LYP-D3), 

which is necessary for the weakly bound systems.[27–33] The hybrid B3LYP 

functional has been widely used for geometry optimization of systems containing metal 

atoms in their constitution, providing an accurate description and fair indication of the 

interaction energy.[34] We further calculated the ΔH at the second-order Møller Plesset 

(MP2) level of theory, which is a more accurate ab initio method. We took the relaxed 

structures obtained from the B3LYP-D3 method and calculated the single-point 

energies at the MP2 level to obtain the ΔH value. The correlation consistent polarization 

valence triple- ζ quality Gaussian basis set (cc-pVTZ) has been used for defining the 

atomic orbitals of all the atoms in the linkers.[35] This basis set is advantageous over 

other basis sets as it contains a higher basis function for each atom and gives much 

better results with high accuracy in the calculations. Using the same methods and basis 

sets, frequency (i.e., harmonic vibrational analysis) and thermodynamic calculations 

were performed to obtain the value of ΔH and confirm the stable geometry of the 

complexes. All the structures were optimized without any symmetrical constraints, and 

the optimized minimum-energy structures were confirmed to be stationary points on 

the potential energy surface. The equilibrium structures of all the complexes were 

visualized by using ChemCraft.[36] We used GaussView 6.1[37] for the pictorial 

representation of various adsorption sites, and this is a graphical interface implemented 

in Gaussian16.  

The relative or binding enthalpy (ΔH) calculation includes geometry optimizations of 

the pristine/pure and Li-decorated linkers with one CO2 molecule adsorbed to the center 

and side positions. After obtaining the equilibrium structure, the values of ΔH were 

calculated using the same B3LYP-D3 and MP2 methods. Also, the equilibrium 

geometries were further used to perform the localized molecular orbital energy 

decomposition analysis (LMO-EDA) using the General Atomic and Molecular 

Electronic Structural System "GAMESS" suite code.[38]  Further, energies of the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) collectively known as Frontier Molecular Orbital (FMO) has been calculated 
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to find the stability of the complexes. The temperature and pressure were kept at 298.15 

K and 1.0 atm, respectively, for all the calculations.  

 

     3.3 Molecular systems design and adsorption sites 

The linkers studied here contain the basic building unit of the first synthesized MOF-5 

(or IRMOF-1) material i.e., 1,4-benzene dicarboxylate (in short BDC) ligand or linker 

with halogen group elements attached to different positions of the BDC linker. These 

linkers contain hydrogen (H), carbon (C), oxygen (O), Fluorine (F), and Chlorine (Cl) 

atoms as their constituent atoms.  BDC is a benzene ring with a carboxyl group attached 

at the para positions of the ring commonly known as 1,4-benzene dicarboxylate. FBDC 

is 3-fluoro 1,4-benzene dicarboxylate, where one fluorine is attached at the meta 

position of the BDC linker. DFBDC-1 and DFBDC-2 are difluoro 1,4-benzene 

dicarboxylate with two fluorine atoms attached to different positions of the BDC linker. 

In the case of DFBDC-1, one fluorine atom is attached at the meta and the other is at 

the ortho position (i.e., 3,6-difluoro 1,4-benzene dicarboxylate) whereas, in the case of 

DFBDC-2, one fluorine is attached at the ortho while the other is at the meta position 

of the BDC ring (i.e., 2,3-difluoro 1,4-benzene dicarboxylate). TFBDC is 2,3,5,6-

tetrafluoro 1,4-benzene dicarboxylate ligand which is formed by attaching four fluorine 

atoms at both the ortho and meta positions. DClBDC-1 and DClBDC-2 are dichloro 

1,4-benzene dicarboxylate with two chlorine atoms attached to different positions of 

the BDC linker. In the case of DClBDC-1, one chlorine is attached at the meta position 

while the other is at the ortho position (i.e., 3,6-dichloro 1,4-benzene dicarboxylate) 

whereas, in the case of DClBDC-2, one chlorine is attached at the ortho position while 

the other is at the meta position (i.e., 2,3-dichloro 1,4-benzene dicarboxylate) of the 

BDC ring. NDC is 1,4 naphthalene dicarboxylate which is formed by a fused pair of 

benzene rings with carboxylate groups attached to the para positions. All the linkers 

considered in this work are depicted in Figure 3.1.    

In the present work, the COOH groups attached to the linkers act as an excellent 

substitute for ligand modification for CO2 adsorption. The high density of surface (-

COOH) groups enhances the physisorption behavior with the increase in binding 

energy value. This effect is attributed to the lone pair donation of the oxygen in the 

group and carbon in the CO2, and by hydrogen bond interactions of the acidic protons 

and the oxygen of CO2.[39] Furthermore, the introduction of polar functional groups 
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such as -F, -Br, -Cl, -OH, -OOH, -NO2, and -SO3 in the organic linkers of MOFs can 

enhance CO2 capacity, which is the result of interactions between the dipole of the polar 

functional group and the quadrupole moment of CO2.[40] MOFs functionalized with -

F and -Cl are effective approaches to introduce strong CO2 adsorption sites on MOFs 

that can increase the binding affinity between the sorbents and CO2. The F atoms are 

characterized by their high electronegativity and low polarizability, resulting in a highly 

polar C-F bond with a significant negative charge on the F atom as well as the 

hydrophobic nature of this bond. Consequently, fluorinated organic ligands are used in 

MOFs to enhance gas framework interaction due to the high porosity of the C-F bond 

and to increase water stability and hydrophobicity by incorporating F atoms into the 

pores.[41] While the F atom is the most commonly used halogen in the functionalized 

MOFs, Cl atom atoms are occasionally used as alternatives in the side chains of MOF 

aromatic skeletons to improve gas adsorption performance.  

 

Figure 3.1 The equilibrium structures of the pure MOF’s linkers: (a) 1,4-benzene dicarboxylate (BDC), 

(b) 3-fluoro 1,4-benzene dicarboxylate (FBDC), (c) 3,6-difluoro 1,4-benzene dicarboxylate (DFBDC-1), 

(d) 2,3-difluoro 1,4-benzene dicarboxylate (DFBDC-2), (e) 2,3,5,6-tetrafluoro 1,4-benzene 

dicarboxylate (TFBDC), (f) 3,6-dichloro 1,4-benzene dicarboxylate (DClBDC-1), (g) 2,3-dichloro 1,4-

benzene dicarboxylate (DClBDC-2), and (h) 1,4 naphthalene dicarboxylate (NDC).  
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Understanding the adsorption mechanism in a porous material requires knowledge of 

the adsorption sites of the adsorbate, so we chose the center and side positions of the 

linkers as the adsorption sites. We carried out to obtain the equilibrium structures of 

other adsorption sites, unfortunately, the structures were not thermodynamically stable 

as they contain the imaginary frequency with the positive value of the relative enthalpy. 

For each system, the CO2 molecule was placed perpendicularly to the center and side 

position of the pure and Li-decorated linkers. Figure 3.2 depicts the orientation of the 

CO2 molecule for its adsorption at the center and side positions of the BDC linker. 

 

Figure 3.2 The adsorption of CO2 molecule at the (a) center, and (b) side position of the BDC linker. 

     3.4 Results and discussion 

         3.4.1 Binding enthalpy  

The change of enthalpy (ΔH) is one of the deciding parameters in determining the 

stability of any hypothetical compound or complex system. A negative value of ΔH 

suggests that the structure is thermodynamically stable and can be synthesized 

experimentally. Here, the adsorption of CO2 at the center and side positions of both the 

pristine and Li-decorated linkers have been investigated. At first, the adsorption of CO2 

on all the pristine linkers was studied and the strength of their interactions was 

investigated. CO2 molecule moved away from its original center and side positions after 

geometry optimization. The equilibrium geometries of the complexes are shown in 

Figure 3.3. In this case, the computed value of ∆H lies in the range of -8.07 to -14.09 

kJ/mol computed by the B3LYP-D3 method, while the value lies between -6.76 to -

13.98 kJ/mol obtained by the MP2 method. It should be noted here that both the 

B3LYP-D3 and MP2 methods provide similar values of the ∆H within the range of 

DFT error. The computed values of ΔH are negative, which also indicates the stability 

and exothermic nature of the adsorption processes. These values of ∆H indicate that 

CO2 weakly interacts with the pristine linkers via vdW forces where the π electrons of 
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the benzene ring constituting the linkers attract the positively charged carbon atom of 

CO2. It is observed that CO2 adsorption at the center and side positions of the FBDC, 

DFBDC-1, DFBDC-2, TFBDC linkers, and side position of the DClBDC-2, and center 

position of the NDC linkers shows favorable physisorption behavior with the value of 

ΔH in the range of -12.05 kJ/mol to -14.09 kJ/mol. The highest binding configuration 

is observed for the NDC linker with one of the O atoms of CO2 pointing towards the 

center of the six-membered ring, and this structure has the ∆H value of -14.09 and -

13.98 kJ/mol computed by the B3LYP-D3 and MP2 methods, respectively. This low 

negative value of ∆H indicates the large amount of CO2 adsorption, and it is due to the 

increased surface area of the NDC linker as it contains one extra benzene ring as 

compared to the other linkers. It is interesting to observe that the CO2 adsorption at the 

side position of the NDC linker has the ∆H value -9.39 kJ/mol and -6.76 kJ/mol 

computed by the B3LYP-D3 and MP2 methods respectively. This difference in ∆H 

value at the center and side position of the NDC linker is due to the surface area 

available for CO2 adsorption and different kinds of interactions. In contrast, the side 

position of the NDC linker has less available area available for the interaction of CO2 

with the linker and hence the values of relative enthalpy have increased as compared to 

the value at the center position. In the case of fluorine atoms attached at the ortho and 

meta position of the BDC linker, the value of ΔH increases (or CO2 adsorption strength 

decreases) with the number of fluorine atoms. The increase in the number of fluorine 

atoms reduces the surface area and pore volume of the linker along with a minor 

decrement in the CO2 adsorption.[42] The same is observed for the FBDC, DFBDC-1, 

DFBDC-2, and TFBDC linkers where the value of ΔH increases with the number of 

fluorine atoms. This increased value of ΔH is consistent with the fluorinated triazine 

framework, where CO2 uptake capacity decreased upon increasing the fluorine content, 

mainly due to the high molecular weight of the fluorine atom.[43] It is also observed 

that the value of ΔH increases with the attached chlorine atoms at the ortho and meta 

position of the BDC linker forming DClBDC-1 and DClBDC-2 and as a result, it 

decreases the CO2 adsorption strength. Thus, we can say that CO2 adsorption at the 

center and side position of both the DFBDC-1 and DFBDC-2 linkers is more favorable 

than DClBDC-1 and DClBDC-2 linkers.  
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Figure 3.3 Equilibrium structures of both the pristine linkers and the adsorbed CO2 at the center and side 

positions of the linkers: (a) BDC-Center, (b) BDC-Side, (c) FBDC-Center, (d) FBDC-Side, (e) DFBDC-

1-Center, (f) DFBDC-1-Side, (g) DFBDC-2-Center, (h) DFBDC-2-Side, (i) TFBDC-Center, (j) TFBDC-

Side, (k) DClBDC-1-Center, (l) DClBDC-2-Side, (m) DClBDC-2-Center, (n) DClBDC-2-Side, (o) 

NDC-Center, and (p) NDC-Side. 

It is observed that the CO2 adsorption at both the center and side positions of the FBDC, 

DFBDC-1, DFBDC-2, TFBDC linkers, and the side position of the DClBDC-2 and the 

center position of the NDC linkers shows favorable physisorption behavior, while both 

the center and side position of the BDC and DClBDC-1 and side position of the NDC 

linker are not showing favorable physisorption. This behavior of the linkers is attributed 

to the amount of charge transfer that takes place between the linker and the CO2 

molecule. Thus, to further understand the adsorption process, the charge transfer (CT) 

between the linkers and the CO2 molecule was calculated using Mulliken Population 

Analysis (MPA), and the corresponding values are also presented in Table 3.1. The 

positive value of CT denotes the transfer of electrons from the linker to the CO2 

molecule, while the negative value denotes the electron transfer from the CO2 molecule 

to the linker.[44] The values of binding enthalpy (ΔH) and charge transfer (CT) have a 
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strong relation. The values of CT during CO2 adsorption at both the center and side 

positions of the FBDC, DFBDC-1, DFBDC-2, and TFBDC linkers are -0.016e, -0.015e, 

-0.014e, and -0.010e, respectively,  corresponding to their values of ΔH lying in 

between the range of -13.34 kJ/mol to -12.05 kJ/mol, and thus, they show favorable 

physisorption nature. CO2 adsorption at the center and side positions of the DClBDC-

2 depends on the position of the chlorine atoms attached to the primary BDC linker. 

The center position shows a value of ΔH about -9.95 kJ/mol and a CT value of -0.009e, 

while the side position has a value of -12.38 kJ/mol with a CT value of -0.005e. The 

weak CO2 adsorption at both the center and side positions of the BDC and DClBDC-1 

linkers and the side position of the NDC linker is attributed to the low CT value. The 

values of CT during the CO2 adsorption at the side position of both the BDC and NDC 

are 0.004e and 0.008e respectively, indicating the transfer of charge from the linker to 

the CO2 molecule and therefore this result suggests that the nature of the adsorption is 

mainly electrostatic interactions.  

Table 3.1 The charge transfer (CT) of CO2 at the center and side positions of the pristine and Li-decorated 

organic linkers.  

Linkers Position CT (e)  

Pure 

CT (e) 

Li-decorated 

BDC Center -0.004 0.153 

Side 0.004 0.153 

FBDC Center -0.016 0.156 

Side -0.016 0.156 

DFBDC-1 Center -0.015 -0.016 

Side -0.015 0.158 

DFBDC-2 Center -0.014 -0.014 

Side -0.014 0.158 

TFBDC Center -0.010 -0.015 

Side -0.010 -0.015 

DClBDC-1 Center -0.007 0.159 

Side -0.007 -0.013 

DClBDC-2 Center -0.009 -0.014 

Side -0.005 -0.009 

NDC Center -0.009 -0.011 

Side 0.008 -0.011 
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Next, we performed Li-decoration on the pristine linkers to see their effect on the 

binding strength (ΔH) of the CO2 molecule. Due to the strong affinity of positively 

charged metal ions to the adsorbing gases, this strategy has been widely implemented 

for hydrogen storage.[19,45–48] Moreover, the choice of metal ions and their 

coordination environment plays a crucial role in the performance of MOF for CO2 

adsorption. The introduction of a very low coordination number for a metal ion (CN=2) 

in the simulation can be a useful strategy. This approach can induce interactions that 

may not be possible in the crystal structure of a MOF with a higher coordination 

number. The low coordination number of Li metal ions can lead to the creation of 

unsaturated or open metal sites. The presence of open metal sites corresponds to high 

CO2 uptake, which is due to strong CO2-metal interaction.[49] The adsorption of Li 

atoms on all the linkers forming Li-decorated complexes was studied by fully 

optimizing the structures, with Li atoms originally positioned near the O atoms of the 

COOH group attached to the six-atom carbon ring (C6H4 units). After geometry 

optimization, the lithium atom preferred to be in a position between the two neighboring 

oxygen atoms. The Li atoms decorated on each side of the linkers carry an average 

charge value of approximately +0.2e/Li atom to +0.3e/Li atom, suggesting the transfer 

of charges from the Li atoms to the linkers. To further investigate CO2 capture, we 

optimized the structures with CO2 positioned at both the center and side positions as 

was performed for the pristine linkers. The strong interaction of CO2 with the linkers 

resulted in higher enthalpy of adsorption, which can be attributed to the large 

quadrupole moment of CO2 as well as the presence of coordinatively unsaturated metal 

(Li) sites. Moreover, the structures were a little distorted after geometry optimization,  

which is attributed to the transfer of charges from the Li atoms to the linkers. The 

equilibrium geometries of the complexes are shown in Figure 3.4. 
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Figure 3.4 Equilibrium structures of the Li-decorated linkers and the adsorbed CO2 at the center 

and side positions: (a) BDC-Li-Center, (b) BDC-Li-Side, (c) FBDC-Li-Center, (d) FBDC-Li-

Side, (e) DFBDC-1-Li-Center, (f) DFBDC-1-Li-Side, (g) DFBDC-2-Li-Center, (h) DFBDC-2-

Li-Side, (i) TFBDC-Li-Center, (j) TFBDC-Li-Side, (k) DClBDC-1-Li-Center, (l) DClBDC-2-

Li-Side, (m) DClBDC-2-Li-Center, (n) DClBDC-2-Li-Side, (o) NDC-Li-Center, and (p) NDC-

Li-Side. 

Based on the computed results of CO2 adsorption on the Li-decorated linkers, it is 

observed that the value of ΔH at both the center and side positions of the BDC and 

FBDC linkers has increased significantly. The side position of the DFBDC-1, DFBDC-

2, and the center position of the DClBDC-1 linker are observed to have a drastic change 

in the ΔH value after Li-decoration. We find a reasonable quantitative agreement 

between our data calculated by both the methods and the experimentally synthesized 

M2(dobdc) MOF systems.[50,51] This increment in ΔH is due to the large amount of 

charge transfer between the complexes. The center and side positions of the BDC and 

FBDC linker have the CT value of 0.153e and 0.156e respectively, as provided in Table 

3.1. Also, the values of CT at the side positions of the DFBDC-1 and DFBDC-2 are 

0.158e, while the center position of DClBDC-1 has a CT value of 0.159e. This positive 

value of CT indicates the charge transfer from the linker to the CO2 molecule, indicating 

their high CO2 adsorption at the center position and the possibility of their 

implementation in future porous MOF material. The CO2 adsorption at the center 
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positions of DFBDC-1, DFBDC-2, and the side position of the DClBDC-1 linker 

exhibits ΔH values of -16.85 kJ/mol, -11.25 kJ/mol, and -16.85 kJ/mol. These values 

are attributed to the CT values of -0.016e, -0.014e, and -0.013e respectively. It is further 

observed that the value of ∆H for the Li-decorated linkers with fluorine and chlorine 

attached at the ortho and meta positions does not follow the same trend as is observed 

in the case of pristine linkers. CO2 adsorption at the center and side positions of both 

the TFBDC and DClBDC-2, as well as the center position of the DFBDC-1, DFBDC-

2, and the side position of DClBDC-1 shows the reversible physisorption. This behavior 

is evident from the calculated values of ΔH, which is below the higher limit of 

physisorption. It is further noticed that the CO2 adsorption at the center and side 

positions of the FBDC linker shows an approximate value of ∆H exceeding the higher 

limit of physisorption (i.e., 20 kJ/mol), while still lying below the lower range of 

chemisorption (i.e., 50 kJ/mol). The same behavior of CO2 interaction is observed for 

the side position of the DFBDC-1, DFBDC-2, and the center position of DClBDC-1 

linkers. These ΔH values indicate a strong physisorption behavior and thus, the process 

of adsorption and desorption are reversible at room temperature. The values of ΔH 

during CO2 adsorption at the center and side positions of the linkers computed by both 

the B3LYP-D3 and MP2 methods are shown in Figure 3.5, respectively. Moreover, it 

is observed that the decoration of Li atoms on the NDC linkers does not influence the 

ΔH value much which was observed for the other Li-decorated linkers, despite its large 

surface area. Thus, we can say that the contribution of Li-atoms to the CO2 adsorption 

of the NDC linker is not as significant as is observed for the other Li-decorated linkers 

showing favorable physisorption behavior. CO2 adsorption at the center and side 

positions of the NDC linker have an equal amount of CT value. Also, the hybridization 

between the CO2 molecule and the Li atoms is weak, which indicates that the interaction 

between the CO2 molecule and the linker originates mainly from the electrostatic ion 

and quadrupole moment of the CO2 molecule and a major part of the electron/charge 

density comes from the atoms constituting the pristine NDC linker, which is depicted 

under the NBO analysis section. These negative value of ΔH indicates that the practical 

formation of porous materials using these linkers can be possible, and the present 

calculations suggests for synthesizing the MOFs with the application for CO2 capture 

experimentally. These linkers show strong affinity with the CO2 molecule and hence 

can be used as an efficient adsorbent for the future designing of an ideal porous material, 

especially MOFs.                                                                                                                                                          
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Figure 3.5 The binding enthalpy (∆H) value of the adsorbed CO2 molecule at the center and side 

positions of both the pure and Li-decorated linkers computed by the (a) B3LYP-D3, and (b) MP2 method. 

Based on the above discussion, it can be stated here that the CO2 adsorption on the Li-

decorated linkers shows strong physisorption behavior with the ΔH lying below the 

chemisorption range, and these linkers are excellent candidates for CO2 adsorption. This 

significant increase in the binding strength can probably be attributed to the 

combination of the high electrostatic interaction of CO2 to the Li-atoms and the polar 

fluorinated and chlorinated pore surface of the framework. The main purpose of this 

study is to suggest the synthesis and predict the properties of these linkers towards CO2 

capture, and none of the linkers studied here have been integrated into a MOF or 

synthesized experimentally. However, the calculated vibrational frequencies and 

binding enthalpies predict that the systems are thermodynamically stable. Both the 

frequency analysis and binding enthalpy have been shown to demonstrate a material’s 

stability and a posteriori synthesis in previous works.[13,14] The Li-decoration gives 

an accurate representation of the effect of metal units on the organic linkers. Indeed, 

increasing the length of the organic linkers results in a higher surface area of MOFs 

with enhanced gas adsorption. Nevertheless, extending the organic linker often 

compromises the stability of the MOFs. When CO2 molecules are desorbed, there is a 

tendency for the system to partially or entirely collapse, resulting in reduced porosity 

or even non-porous frameworks. Consequently, creating a more stable MOF framework 

with increased porosity remains a significant challenge. Moreover, it is important to 

acknowledge that CO2 adsorption in practical applications always takes place in the 

presence of water. Thus, hydrophobic frameworks are ideal for capturing CO2 in humid 

environments. Despite water’s large dipole moment causing it to interact more strongly 

with most frameworks than CO2, the hydrophobic nature of some MOFs enables them 

to minimize competitive water adsorption. In this regard, selecting MOFs known for 

their high chemical and thermal stability will be crucial in the future. Thus, we expect 
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these linkers can be integrated into MOFs which will have a potential application in 

CO2 capture and the present work will guide the researchers to synthesize these 

materials which may be readily fabricated experimentally in the future for industrial 

applications. 

Pore volume is another crucial factor in evaluating the porosity of MOFs. 

Consequently, designing MOFs with high porosity and creating effective methods to 

preserve and utilize their pore space has been a key focus in MOF research. Organic 

linkers are crucial in forming pore structures and by functionalizing these linkers, the 

pore parameters (i.e., pore size and shape, pore volume, and surface area) of the MOFs 

can be systematically modified to improve their selectivity and adsorption strength 

towards a particular gas.[52] MOF-5 (or IRMOF-1) serves as a classic example of using 

isoreticular control to create various pore sizes through the judicious selection of 

organic linkers. Some highly porous MOFs for the adsorption of gases with their 

organic linkers, pore volume, and surface area are provided in Table 3.2. 

Table 3.2 Some IRMOFs with their constituent linkers, and pore parameters (Brunauer-Emmett-Teller 

(BET) and Langmuir surface area, and pore volume). 

MOFs linker surface area (m2 g-1) pore volume (cm3 g-1) ref 

IRMOF-1 BDC 2205 (BET) 1.22 [53] 

IRMOF-3 2-NH2-BDC 1568 (BET) 1.07 [53] 

IRMOF-6 Cyclobutyl-BDC 2516 (BET) 1.14 [54,55] 

IRMOF-8 2,6-NDC 1021 (BET) 0.39 [56] 

MIL-101(Cr) BDC 5500 (Langmuir) 1.9 [57] 

 

         3.4.2 Energy decomposition analysis (EDA) 

EDA is one of the quantitative methods based on electronic structure calculations that 

tell about the contribution of various energy components/terms to the total interaction 

energy or binding enthalpy. It provides a better understanding of the factors involved 

in molecular interactions. The result of this analysis helps us to predict the properties 

of an interacting molecular system which are difficult to analyze experimentally. Here, 

EDA has been performed for CO2 adsorption at the side position of the BDC, FBDC, 

DFBDC-1, and DFBDC-2 linkers after obtaining the equilibrium structures. The 

contribution from different energy components to the total ΔH is shown in Figure 3.6. 

Our study shows that the components of electrostatic, exchange, repulsion, polarization, 
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and dispersion energies contribute to the total ΔH value for all the systems considered 

in the present investigation. Through this EDA, it is found that these complexes are 

effectively stabilized by electrostatic as well as polarization energy components, and 

thus are the main contributing components in the total ΔH. The contribution from 

exclusion and dispersion energy components to ΔH value was also found to be 

considerable. The repulsion energy term shows a positive contribution to the energy 

which is obvious due to Pauli’s exclusion principle. Thus, it is observed that among all 

the energy components, the electrostatic energy term is the most dominant one as 

depicted in Figure 3.6.  

 

Figure 3.6 The Energy Decomposition Analysis (EDA) of CO2 adsorption at the side position of the 

linkers. The electrostatic energy, polarization energy, dispersion energy, exchange energy, repulsion  

energy, and binding enthalpy are represented by ΔEels, ΔEpol, ΔEdis, ΔEexc, ΔErep, and ΔHbind respectively. 

The units are expressed in kJ/mol. 

         3.4.3 Frontier molecular orbital (FMO)  

To provide additional support to our calculated results and understand the interaction 

between the orbitals of adsorbed CO2 and the organic linkers, we have extended our 

study to investigate the overlapping of molecular orbitals. The frontier molecular orbital 

analysis (FMO) was used to determine the energies of the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels. The HOMO 

and LUMO are collectively known as Frontier Molecular Orbital (FMO).[58] The 

difference in energies of the HOMO-LUMO gives an energy gap (Eg) which explains 

the stability as well as charge transfer taking place within the complex. The high value 

of Eg indicates the high kinetic stability and low chemical reactivity of the complex and 

hence chemically harder.[59] Since the physisorption process is a very weak 
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interaction, to explain CO2 physisorption in the Li-linker complexes, there is a need for 

HOMO-LUMO energy gap and orbitals interactions. The HOMO is associated with 

bonding orbitals (σ) with more electrons, and LUMO is associated with anti-bonding 

orbitals (σ*) that doesn’t have any electrons at the ground state. 

This analysis was performed for all the linkers with adsorption of CO2 molecule at the 

side positions of the linkers. For both the pure and Li-decorated linkers, we investigated 

the Eg value by calculating the energy difference between the HOMO and LUMO after 

CO2 adsorption at the side position of the linkers. The computed energies of HOMO 

and LUMO of all the linkers and the energy gap between them are shown in Figure 3.7. 

It is observed from Figure 3.7 that there is a very small difference between the energy 

gap of FMO in the pure and Li-decorated linkers, however, the energy gaps of the Li-

decorated linkers are higher than the pure linkers, which proves that the complexes 

remained stable even after the Li-decoration. For comparison, the HOMO and LUMO 

energies of the isolated CO2 molecule were calculated to be -10.34 and 0.736 eV, 

respectively, corresponding to a HOMO-LUMO energy gap of 11.08 eV. The values of 

Eg of the BDC, FBDC, DFBDC-1, and DFBDC-2 complexes are 5.33eV, 5.09eV, 4.83 

eV, and 4.97 eV, respectively. Among all the complexes showing strong binding 

affinity, the highest HOMO-LUMO gap (5.33 eV) is observed for the BDC linker where 

the energy of the HOMO and LUMO are -6.69 and -1.37 eV, respectively. The lowest 

value of HOMO-LUMO is observed for DFBDC-1 linker and the HOMO-LUMO 

energy gap is about 4.83 eV. The chances of electrons going from HOMO to LUMO 

decrease as the difference between the energies of FMO increases. Hence these high 

values of the energy gap of the BDC, FBDC, DFBDC-1, and DFBDC-2 organic linkers 

demonstrate higher kinetic stability of the complexes.  
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Figure 3.7 The energy gap (Eg) between the HOMO and LUMO of both the pure and Li-decorated 

linkers. The energies are expressed in eV. 

 

Next, Natural Bond Orbital (NBO) analysis was performed to observe the interaction 

between the orbitals of the CO2 molecule, Li atoms, and the organic linkers. Figure 3.8 

shows the overlapping of the orbitals of both the pure and Li-decorated linkers with the 

adsorbed CO2 molecule. Figure 3.8(a)-(e) shows the orbital overlapping of pure linkers 

with the adsorbed CO2 molecule, where interaction is taking place between the p 

orbitals of C, O, and F atoms with the adsorbed CO2 molecule. Similarly, Figure 3.8(f)-

(j) shows the overlapping of Li-decorated linkers, where the s orbitals of Li and p 

orbitals of C, O, and F atoms are interacting with the p orbital of the CO2 molecule. The 

positive wave function i.e., the up spin of the electrons or alpha electrons is indicated 

by the red color orbital, while the negative wave function i.e., the down spin of the 

electrons or beta electrons is indicated by the blue color orbital. It is observed from 

Figure 3.8 that the s orbital of Li and p orbitals of the C, O, and F atoms in the pure and 

Li-decorated linkers are interacting with the p orbital of the CO2 molecule. These 

molecular interactions show that the CO2 molecule is strongly adsorbed on the side 

position of the BDC, FBDC, DFBDC-1, and DFBDC-2 linkers. It is observed from 

Figure 3.8 that for CO2 adsorption at the side position of the NDC linker, a major part 

of the electron/charge density comes from the atoms constituting the pristine NDC 

linker. 



 

83 

 

 

 

Figure 3.8 The HOMO-LUMO projections of CO2 adsorption at the side position of pure and Li-

decorated linkers (a) BDC linker, (b) FBDC linker, (c) DFBDC-1 linker, (d) DFBFC-2 linker, (e) NDC 

linker, (f) BDC-Li-decorated linker, (g) FBDC-Li-decorated linker, (h) DFBDC-1-Li-decorated linker, 

and (i) DFBDC-2-Li-decorated linker, (j) NDC-Li-decorated linker. 

 

Thus, it is clear from the above discussion that the kinetic stability of the complexes 

remained even after Li-decoration. The orbital overlapping of the CO2 molecule and 

the BDC, FBDC, DFBDC-1, and DFBDC-2 linkers depicts a large amount of CT value 

and is therefore responsible for the high binding enthalpy value. However, despite the 

large surface area, CO2 adsorption on the Li-decorated NDC linker is low due to weak 

hybridization between the CO2 molecule and the Li-atoms.    

 

     3.5 Conclusions 

In this study, we computationally investigated the effects of fluorine and chlorine 

functionalization and Li decoration of MOF organic linkers on CO2 adsorption using 

molecular models. The B3LYP-D3 and MP2 methods with the cc-pVTZ basis set were 

employed to evaluate CO2 adsorption strength at the atomistic level, with both methods 

yielding reasonably consistent interaction energies. The results of our investigation 

revealed that the CO2 adsorption at the center and side positions of the FBDC, DFBDC-
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1, DFBDC-2, and TFBDC linkers, as well as the side position of the DClBDC-2, and 

the center position of the NDC linkers exhibit favorable physisorption behavior, while 

CO2 adsorption at the center position of the Li-decorated BDC, FBDC, DClBDC-1 and 

side position of the BDC, FBDC, DFBDC-1, and DFBDC-2 linkers reflects a strong 

physisorption behavior, indicating Li decoration is an efficient approach in designing 

linkers with highly improved affinity. Furthermore, the result of the EDA reveals that 

the contribution from both the electrostatic and polarization energy terms to the ΔH is 

the most dominant one. The high energy gap (Eg) of the complexes revealed their 

kinetic stability even after Li-decoration. The present study deals only with the organic 

linkers of MOFs for CO2 adsorption. However, the use of isolated organic linkers 

presents certain limitations, including the absence of metal sites, framework-induced 

interactions, and structural confinement effects. Moreover, the adsorption behavior of 

fluorinated and chlorinated linkers integrated into MOFs under different operating 

conditions needs to be investigated experimentally and computationally to assess their 

practical applicability in CO2 capture. Thus, designing MOFs with high chemical and 

thermal stability is essential for CO2 capture, particularly under humid conditions. The 

incorporation of hydrophobic linkers can enhance the hydrophobic nature of MOF 

frameworks, potentially improving their hydrothermal stability and CO2 capture 

performance. We expect that the linkers investigated in this work will provide useful 

insights for developing stable MOF frameworks with improved CO2 adsorption 

characteristics and hydrothermal stability. The molecular-level understanding of CO2 

adsorption and electronic interactions developed in this chapter provides an important 

basis for extending the investigation toward catalytic conversion in porous materials. 

Therefore, the subsequent chapter focuses on electrochemical CO2 reduction using 

sulfur-linked MPc-based COFs to investigate the influence of framework engineering 

and electronic structure tuning on catalytic activity and product selectivity. 
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Chapter 4 

Metallophthalocyanine-based COFs for CO2 Reduction 

Reaction 

This chapter focuses on the theoretical investigation of MPc-based COFs as efficient 

electrocatalysts for the CO2 Reduction Reaction (CO2RR). The two structurally 

analogous COFs, namely CoPc-DNDS-COF (in short DNDS) and CoPc-DSDS-COF 

(in short DSDS), incorporating sulfur-containing thiomorpholine and dithiine linkers, 

respectively, are systematically studied to understand their structural, electronic, and 

catalytic properties. The chapter presents the design strategy of these COFs, 

highlighting the role of ligand engineering in tuning the electronic properties and 

catalytic performance. Using the first principles-based periodic DFT-D method, both 

the 3D bulk structures and 2D monolayer slab are analyzed to explore their electronic 

band structures and density of states (DOS). Furthermore, the CO2RR mechanism is 

investigated in detail by evaluating various reaction intermediates and their 

corresponding relative Gibbs free energy diagram. The study reveals distinct catalytic 

behaviors of the two COFs, where the DNDS exhibits high selectivity toward methane 

(CH4) formation, while the DSDS favors carbon monoxide (CO) production. Overall, 

this chapter provides fundamental insights into the CO2RR mechanism and 

demonstrates the potential of MPc-based COFs as tunable and efficient electrocatalysts 

for sustainable CO2 reduction. 

     4.1 Introduction                

The electrochemical CO2 reduction reaction (CO2RR) has been recognized as a 

promising approach to generate valuable products and mitigate CO2 emissions and 

energy crises.[1,2] However, the sluggish kinetics and thermodynamic stability of CO2, 

along with the competing hydrogen evolution reaction (HER), give rise to challenges 

in developing electrocatalysts with high selectivity and efficiency of CO2RR.[3,4] In 

recent years, a variety of heterogeneous and homogeneous electrocatalysts have been 

developed for CO2RR, however, the performance of these systems has yet to reach a 

level where they can be successfully implemented in industries for 

commercialization.[5–8] Metallophthalocyanine (MPc) acts as a class of 

electrochemically active organometallic homogeneous molecular catalysts for CO2RR 

possessing significant advantages in structural tunability, chemical stability, and easy 
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availability.[9–12] However, challenges such as inefficient electron transfer, facile 

deactivation, and dependence on organic media hinder their practical utility.[13] In this 

regard, integrating MPc units into COFs offers a promising avenue for advancing 

electrochemical materials and has emerged as a prominent area of research interest.[14–

18] MPc has been widely investigated for its redox properties and electrocatalytic 

activities.[19,20] The presence of metal ions in the MPc serves as a single atom 

catalytically active site for various chemical transformations, especially CO2RR to 

hydrocarbons. Yae et al. developed new kinds of bimetallic phthalocyanine-based  

COFs (i.e., CuPcF8-CoPc-COF and CuPcF8-CoNPc-COF) containing dioxine linkages, 

which served as efficient electrocatalysts for CO2RR.[21] Han et al. studied the 

electrocatalytic CO2RR mechanism of two-dimensional polyimide-linked  

phthalocyanine-based COFs.[22] Linkages or organic bridging linkers play a crucial 

role in improving the magnetic, electronic, and optical properties of the COFs.[23,24] 

Until now, various linkages such as pyrazine, dioxine, cobalt (II) tetraaza [14] annulene, 

and piperazine have been utilized in the formation of MPc-derived COFs, influencing 

the band structure of the resultant materials. Therefore, increasing the family of MPc-

based COFs by incorporating additional heterocyclic linkers presents a challenge and 

is highly desired for the sustainable development of energy technology. The integration 

of MPc units with sulfur-containing heterocycles within a single COF network through 

linkage chemistry engineering has not been reported before. Very recently, Yang et al. 

synthesized two novel CoPc-based COFs containing thiomorpholine and dithiine with 

their constituent linkers in CoPc-DNDS-COF and CoPc-DSDS-COF respectively.[25] 

The synthesis of these COFs were achieved via nucleophilic aromatic substitution 

reactions and the findings of their study indicated the conductive nature of the COFs, 

with well-defined and adjustable chemical structures, and act as a superb electrocatalyst 

for CO2RR to produce CO molecule as a final product. Catalytic behavior was well-

adjusted by altering the linkages via only one atom (i.e., the sulfur atom) such that the 

empty d-orbital and the poor electronegativity of sulfur offers a chance to modify the 

electronic conjugation in materials featuring heterocycles. Cobalt phthalocyanine 

(CoPc) has gathered significant attention due to its superior activity and selectivity 

towards CO.[26,27] However, the detailed investigation of CoPc units combining with 

sulfur-containing heterocycles resulting in a COF material and its application in CO2RR 

to methane (CH4) has not been reported previously. 
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Herein, we report the distinctive catalytic properties of the previously synthesized 

COFs i.e., CoPc-DNDS-COF (in short DNDS) and CoPc-DSDS-COF (in short DSDS) 

as a heterogeneous molecular electrocatalyst for CO2 reduction. As illustrated in Figure 

4.1, these COFs are formed using Co-hexadecaflurophthalocyanine (CoPc) as the nodes 

and 2,5-diaminobenzene-1,4-dithiol (DNDS) or 1,2,4,5-benzenetetrathiol (DSDS) as 

their constituent organic linkers. The main emphasis of this work is to use the two 

systematic isoreticular structural analogs of 3D semiconductive COFs as 

electrocatalysts for efficient CO2RR to methane (CH4).  At first, we examined the 

periodic unit cell of the 3D crystal structures of both the DNDS and DSDS COFs by 

thoroughly analyzing the structural and electronic properties using the QM periodic 

hybrid dispersion-corrected DFT (in short DFT-D) method. The bulk 3D crystal 

structure of both the DNDS and DSDS COFs shows an electronic band gap (Eg) of 

around 0.35 eV and 0.44 eV, respectively, computed by the DFT-D approach. To 

explore the reaction intermediates involved in the CO2RR to CH4, we have cleaved a 

(001) surface from the bulk 3D crystal structure and computationally designed a 2D 

monolayer slab structure for both the DNDS and DSDS COF materials. The study of 

the electronic band structure indicates that the value Eg of both the 2D DNDS and DSDS 

monolayers increases slightly, and these values are 1.49 eV and 1.64 eV, respectively, 

obtained by the same DFT-D method. After studying the electronic properties of both 

the DNDS and DSDS COF materials, we have examined the CO2RR by investigating 

various reaction intermediates present on the surfaces of DNDS and DSDS monolayer 

COFs. The calculation of the Gibbs free energy (ΔG) indicates that most of the reaction 

intermediates are energetically and thermodynamically feasible. Our investigation 

revealed that DNDS monolayer has excellent electrocatalytic activity and selectivity 

for CO2RR to CH4, while the DSDS monolayer has selectivity towards desorption of 

CO molecule, which are consistent with experimental findings. The results of our study 

represent the potential of MPc-based COFs towards CO2RR with high electrocatalytic 

activity and selectivity for the production of CO and CH4.  

 

     4.2 Computational details 

The periodic equilibrium structure (i.e., the structure of unit cells), optimized 

geometries, and electronic properties of both the 3-dimensional (3D) and two-

dimensional (2D) monolayer slabs of the DNDS and DSDS COFs were achieved by 
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performing hybrid dispersion corrected periodic DFT, i.e., B3LYP-D3 method. All 

these computations were carried out using the ab-initio based CRYSTAL23 suite 

code[28] where the B3LYP-D3 method has been implemented. The accurate 

geometries, energy, electronic structure, and electronic properties were obtained by 

considering the weak van der Waals (vDW) interactions between the atoms and layers 

of both the 3D crystal structure and 2D monolayer slab, i.e., Grimme’s 3rd order 

dispersion correction (-D3) has been added to the B3LYP DFT method (which is noted 

by B3LYP-D3 or DFT-D method throughout the chapter).37–48 Triple-ζ valence with 

polarization (TZVP) quality Gaussian type basis sets were applied for the carbon (C), 

cobalt (Co), fluorine (F), hydrogen (H), nitrogen (N), oxygen (O), and sulfur (S)  

involved in the formation of both the bulk 3D crystal and 2D (slab) layer structures.  

At first, after obtaining the equilibrium structures and geometries of both the bulk 3D 

crystal structures, the electronic properties, i.e., electronic band structures and total 

density of states (DOS) were computed at the same level of theory. Integrations inside 

of the first Brillouin zone were sampled on 4×4×16 Monkhorst-Pack[41] k-mesh grids 

for the 3D crystal structure during geometry optimization and 20×20×20 Monkhorst-

Pack k-mesh grids for the calculations of electronic band structure and DOS. The band 

pathway for the 3D bulk crystal structures followed the high symmetry k-points noted 

by: Γ-K-M-H-A-L-M-Γ followed by the original symmetry of the crystal. To 

investigate the contribution of the electron density of the cobalt (Co) atom in the total 

DOS, the partial DOS (PDOS) of the Co atom was computed and plotted in the present 

investigation. Further, the contribution of electron density from the d orbital of the Co 

atom in both the Co PDOS and the total DOS was also computed. Now, to explore the 

CO2RR reaction mechanism, the 3D materials were cut into periodic 2D monolayer 

slabs. The height of the unit cell was kept at 500 Å (which considers that there is no 

periodicity in the z-direction in the 2D layer structure model in the ab initio-based  

CRYSTAL23 code. In other words, to accommodate the vacuum environment or 

provide enough distance to prevent unphysical forces from affecting periodic images 

(where proper 2D layer structure is reflected), the vacuum region in the z-axis was kept 

at ~ 500 Å in these computations.[42,43] For the 2D monolayers, electrostatic potential 

effects were included in the present calculations, which reveals that the energy for both 

the electronic band structure and DOS is determined with respect to vacuum (i.e., w.r.t. 

vac.) by using the “POTC” keyword implemented in CRYSTAL23 suite code. The 

equilibrium structures, geometries, and electronic properties, i.e., the electronic band 
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structures and total DOS of the 2D monolayer slabs were calculated using the same 

periodic hybrid B3LYP-D3 method. Integration across the first Brillouin zone was 

performed using the 4×4×1 Monkhorst k-mesh grids for 2D slabs, with band structure 

plotted along the highly symmetric Γ-K-M-Γ direction, yielding eight electronic bands 

around the Fermi energy level (EF), consistent with the original symmetry of both the 

2D DNDS and DSDS materials. The total DOS was computed using atomic orbitals 

from C, Co, F, H, N, and S atoms for both the 2D monolayer COFs. The electronic self-

consistency criterion or the threshold for the convergence of energy, forces, and 

electron density was set to 10-7 a.u. during these calculations. For graphical 

representation and analysis of all the optimized structures including 3D bulk crystal 

structures, 2D monolayers, and reaction intermediates, a visualization code known as 

VESTA was used.[44]  

     4.3 Materials design 

The origin of our material design depends on the reticular incorporation of molecular 

CO2 electroreduction catalysts, metallophthalocyanines (MPcs), as a building block, 

resulting in the formation of conductive, porous, and extended framework network. The 

resulting COF materials, namely CoPc-DNDS-COF and CoPc-DSDS-COF consist of 

Co-hexadecafluorophthalocyanine (CoPc) as the nodes and the 2,5-diaminobenzene-

1,4-dithiol (DNDS) or 1,2,4,5-benzenetetrathiol (DSDS) works as a bridging linker in 

the subject COFs, as illustrated in Figure 4.1. These specific building blocks based on 

MPcs were selected for two key reasons.[45] Firstly, MPcs are widely recognized 

molecular catalysts for CO2 reduction whose activity and selectivity are strongly 

influenced by their metal centers. Secondly, the presence of functional groups with 

various heteroatoms adorning at the outer periphery of MPcs introduces an additional 

level of direct modification to the electronic properties of MPcs, facilitating electronic 

communication within the extensive conjugated framework. On the other hand, the 

catalytic behavior of the materials studied was well adjusted by altering the linker via 

only one atom, i.e., the sulfur (S) atom. We postulated that, based on the preceding 

design considerations, this ligand engineering with the MPc unit will enable us to 

systematically investigate the structure-property relationships of these materials 

category in the context of their catalytic performance using conductive framework 

materials, and will enable us to accomplish an efficient, hierarchical, and multifaceted 

tuning to the CO2RR. 
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Figure 4.1 Illustration of the chemical structure of the COF materials, where X stands for SH and NH 2 

group. The R with NH group in the resultant COF stands for the CoPc-DNDS-COF and S group stands 

for the CoPc-DSDS-COF. The metallophthalocyanine (MPc) part of the COF materials is shown by the 

dotted blue color circle, and the organic bridging linker part is shown by the dotted red color rectangle.  

     4.4 Results and discussion 

4.4.1 Equilibrium geometries 

The optimized equilibrium unit cell and electronic structure with the lattice parameters 

of both the 3D COFs (noted by CoPc-DNDS-COF and CoPc-DSDS-COF) were 

obtained by the hybrid B3LYP-D3 level of theory. The equilibrium geometries of the 

3D DNDS COF have the tetragonal symmetry with space group P4/M, showing the cell 

parameters a = b = 20.79 Å and c = 3.50 Å, as shown in Figure 4.2 (a), while 3D DSDS 

COF has the tetragonal symmetry with space group P4/MMM, showing the cell 

parameters a = b = 21.29 Å and c = 3.55 Å. The equilibrium lattice parameters are 

consistent with the experimentally synthesized COFs.[22,25] In addition, we also 

calculated the framework properties (i.e., surface area, pore volume, and density) of the 

3D bulk crystal structure of the DNDS and DSDS COFs using the same level of theory 

(i.e., B3LYP-D3). Equilibrium geometry, electronic band structure, total DOS, partial 

density of states (PDOS) of the Co atom, and the contributing component of the DOS 

of d-orbital of the Co atom of both the 3D CoPc-DNDS and CoPc-DSDS COFs are 

shown in Figure 4.2 (a)-(e) and Figure 4.3 (a)-(e). The 3D bulk crystal structure of the 

DNDS and DSDS COFs have a surface area of 905.10 m2/g and 900.01 m2/g and pore 

volume of 0.24 cm3/g and 0.25 cm3/g, respectively. The higher surface area and pore 

width offer a much higher number of exposed single active sites. A large surface area 
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facilitates proton (H+) and electron (e-) transfer across the solid-liquid-gas boundaries, 

minimizing the CO2RR to occur on a single atom. Moreover, utilizing extremely porous 

and stable substrates are crucial for enhancing catalytic efficiency and simultaneously 

reducing costs. Moreover, the densities of the 3D bulk crystal structure of DNDS and 

DSDS are 4.14 g/cm3 and 3.92 g/cm3, respectively.  Now, to explore the CO2RR 

mechanism, we have computationally designed a 2D monolayer slab of both the COFs, 

which has triclinic 2D layer symmetry (layer group number is 1). This 2D slab exhibits 

periodic symmetry in both the x and y directions, forming a triclinic 2D layer system 

with respect to the vacuum (w.r.t. vac.) space along the z-axis. The lattice parameters 

of these equilibrium 2D monolayer structures of the DNDS and DSDS are determined 

to be a = b = 20.71 Å and a = b = 21.25 Å obtained by the DFT-D method, which are 

in good agreement with the previous experimental results.[17] Equilibrium geometry, 

electronic band structure, total DOS, partial density of states (PDOS) of the Co atom, 

and the contributing component of the DOS of d-orbital of the Co atom of both the 2D 

CoPc-DNDS and CoPc-DSDS COFs are shown in Figure 4.4 (a)-(e) and Figure 4.5 (a)-

(e). Table 4.1 represents the equilibrium lattice parameters of the 3D bulk crystal 

structure and 2D monolayer slab of DNDS and DSDS COFs, indicating its space group 

symmetry, lattice constants (a, b, c), and interfacial angles (α, β, γ), bandgap (Eg), and 

state of the COFs calculated by the hybrid periodic DFT-D calculations.  

Table 4.1 The equilibrium structural parameters (lattice constants and interfacial angles), space group 

symmetry, bandgap (Eg), and material state of the bulk 3D crystal structure and 2D monolayer of the 

DNDS and DSDS COFs. 

Systems Lattice 

parameters 

(Å) 

Interfacial angles 

(°)  

Space group 

symmetry 

Bandgap 

(eV) 

Material state 

a = b c α = β  γ 

DNDS 

(3D) 

20.79 3.50 90° 90° P4/M 0.35 Semiconductor 

DSDS 

(3D) 

21.29 3.55 90° 90° P4/MMM 0.44 Semiconductor 

DNDS 

(2D) 

20.71 - 90° - P1 1.49 Semiconductor 

DSDS 

(2D) 

21.25 - 90° - P1 1.64 Semiconductor 
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      4.4.2 Electronic properties 

The electronic properties of a material are crucial for understanding its physical and 

chemical characteristics, as they represent the distribution of electrons across different 

energy levels and help in predicting the electrical behavior of the material. The 

equilibrium geometries, electronic band structure, energy bandgap (Eg), position of the 

EF, and total DOS have been calculated to investigate the electronic/materials properties 

of the COFs, as illustrated in Figures 4.2 (a)-(c), 4.3 (a)-(c), 4.4 (a)-(c), and 4.5 (a)-(c). 

Most importantly, the experimentally synthesized catalysts were analyzed to 

understand their distinct electronic properties, which provided valuable insights into 

their catalytic performance. Using the B3LYP-D3 method, geometry optimization was 

carried out to obtain the equilibrium structure and to perform the electronic properties 

calculations (band structure, total DOS, contribution of Co atom and its d orbital to the 

total DOS) of both the 3D bulk crystal structures and 2D monolayer slab structures of 

the COFs. At first, using the original 3D space group symmetry of the 3D bulk crystal 

structures of DNDS and DSDS COFs, as shown in Figures 4.2 (a) and 4.3 (a), eight 

energy bands surrounding the Fermi Energy level (EF) have been computed. These 

bands were plotted along a specific direction within the irreducible Brillouin zone, 

specifically selecting Γ-K-M-H-A-L-M-Γ high symmetric points followed by the 

original symmetry of the COFs. The electronic band from both regions comes closer 

towards the EF, and hence the electronic properties computed by the DFT-D method 

reveal that both the DNDS and DSDS COFs have a semiconductor behavior with a 

value electronic band gap (Eg) of 0.35 eV and 0.44 eV, respectively, as illustrated in 

the band structure and total DOS as shown in Figures 4.2 (b), 4.2 (c), 4.3 (b), 4.3 (c). 

In the present study, the normalized electronic band structures have been plotted, i.e., 

the electronic bands have been computed and drawn with respect to the EF. The present 

investigation reveals a substantial electron density surrounding the EF, which helps to 

increase carrier (electrons) concentration and is beneficial to the charge transfer 

processes, thus facilitating the electrocatalytic CO2RR. The presence of electron density 

around the EF was confirmed by computing and drawing the DOS. The electronic states 

near the Fermi energy level (EF) arise from the contributions of different constituent 

atoms of the DNDS and DSDS COF frameworks. The PDOS analysis further reveals 

that, among the electronic contributions originating from the Co atoms, the 3d orbitals 
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provide the predominant contribution to the Co-projected DOS, as illustrated in Figures 

4.2 (d)-(e) and 4.3 (d)-(e), respectively.   

 

 

Figure 4.2 (a) Equilibrium geometry, (b) Electronic band structure, (c) Total DOS of the 3D CoPc-

DNDS-COF, and Partial density of states (PDOS) of (d) Co atom, and (e) the contributing component of 

the DOS of d-orbital of the Co atom. 

 

Figure 4.3 (a) Equilibrium geometry, (b) Electronic band structure, (c) Total DOS of the 3D CoPc-

DSDS-COF, and Partial density of states (PDOS) of (d) Co atom, and (e) the contributing component of 

the DOS of d-orbital of the Co atom. 

Now, the electronic properties of the 2D monolayer of both the COFs have been 

computed to explore the electrocatalytic CO2RR mechanism using the same DFT-D 

method. The present calculations show that the designed 2D monolayer of DNDS and 

DSDS COFs exhibit a semiconducting nature with an electronic bandgap (Eg) of 1.49 

eV and 1.64 eV, respectively, as illustrated in Figures 4.4 (b) and 4.5 (b), suggesting 

their favorable electrical semi-conductivity and ensuring effective transfer throughout 
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the reaction mechanism. The calculated value of Eg is well consistent with the 

previously reported electronic energy band gap of CoPc COF, which has a value of 1.53 

eV.[22] Also, these values are approximate to the band gap values obtained for the 

experimentally synthesized novel pyrazine (pz)-linked MPc based 2D COFs i.e., ZnPc-

pz ~ 1.20 eV and CuPc-pz ~ 1.18 eV.[17] It is important to note that there is an increase 

in the Eg value of the 2D monolayers, as compared to the 3D bulk crystal structure of 

both the DNDS and DSDS COFs. This is because, as the linked unit size increases, the 

value of Eg of the unit decreases due to the reduction of quantum confinement, and as 

a result affects the electronic properties of the material.[46] To determine the electronic 

band structures at the equilibrium of the 2D monolayer of both the DNDS and DSDS 

COFs, a total of eight energy bands encompassing the EF have been computed and 

plotted along a particular direction of irreducible Brillouin zone, specifically by 

selecting the high symmetric points Γ-K-M-Γ, as illustrated in Figures 4.4 (b) and 4.5 

(b). The electronic band structure of both the 2D monolayer DNDS and DSDS COFs 

are notably flat, a characteristic frequently observed in porous materials like MOFs, 

COFs, and ZIFs.53 This flatness results from the abundance of pores and cavities within 

the framework, mitigating interactions among neighboring atoms.[47] In other words, 

the calculation of valence and conduction bands (CB) represents the flat bands which 

is due to the localization of electron density. Despite the fact that the bands are almost  

flat, we can still gain valuable qualitative insights into the electronic structure of the 2D 

monolayer COFs. It should be mentioned here that the current computations have 

incorporated the electrostatic potential calculations, i.e., the energies of the band 

structure and total DOS are presented with respect to vacuum (w.r.t. vac.). For the 

DNDS COF, the EF level was found to be approximately -4.32 eV, closely situated near 

the upper limit of the valence band (VB), while for the DSDS COF, the upper limit of 

the VB overlaps the EF level situated at approximately -5.23 eV. Additionally, the band 

structure calculations for both the COFs were identified to have an indirect electronic 

Eg, which is subsequently validated by the total DOS calculations. In Figure 4.4 (c), the 

total DOS of the DNDS is illustrated, revealing that the maximum of the VB and the 

minimum of the CB are located at approximately -4.71 eV and -3.21 eV, respectively. 

Notably, the EF level is positioned close to the maximum of the VB, while the minimum 

of the CB is approximately situated at -3.21 eV obtained by the DFT-D method. This 

discrepancy in energy level corresponds to the electronic band gap energy Eg, estimated 

to be around 1.49 eV. Moreover, the total DOS of the DSDS is illustrated in Figure 4.5 
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(c), indicating that the maximum of the VB and the minimum of the CB were observed 

at approximately -5.24 eV and -3.60 eV, respectively. Here, the EF level overlaps the 

maximum of the VB, while the electron density at the minima of the CB is 

approximately 1.64 eV away from the EF. This disparity in energies corresponds to the 

Eg value of 1.64 eV. The partial density of states (PDOS) calculations has been 

performed for both the 2D COFs to understand the availability of states for occupation 

in each case. The PDOS analysis of the Co atom suggests that a notable portion of the 

total DOS is attributed to the CB electron density, with the Co atom making a 

substantial contribution. In other words, the d-orbitals electron density of the states of 

the Co atoms are the main contributing component to the total density of states of both 

the COFs considered in the present investigation. However, the involvement of the Co 

atom in the VB electron density is relatively less, as illustrated in Figures 4.4 (d) and 

4.5 (d). 

 

Figure 4.4 (a) Equilibrium geometry, (b) Electronic band structure, (c) Total DOS of 2D monolayer slab 

of the CoPc-DNDS-COF, and (d) Partial density of states (PDOS) of the Co atom. 
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Figure 4.5 (a) Equilibrium geometry, (b) Electronic band structure, (c) Total DOS of 2D monolayer slab 

of the CoPc-DSDS-COF, and (d) Partial density of states (PDOS) of the Co atom. 

Thus, the results of our finding suggest that both the 2D monolayers of DNDS and 

DSDS COFs exhibit characteristics of an indirect band gap semiconductor with an Eg 

value of 1.49 eV and 1.64 eV, respectively, obtained by the DFT-D method and thus, 

both the COFs may serve as favorable candidates for CO2RR catalysts. It has been 

experimentally demonstrated that both the COFs studied here have the potential for 

electrocatalytic CO2RR into carbon monoxide (CO). However, there has been a lack of 

theoretical and computational investigation about the catalytic activities of both the 

COFs studied into CO or CH4. It should be noted here that until now, many research 

articles have shown electrocatalysts for the CO2RR. However, only a few reports on 

CO2RR on MPc-based COF, and MOF materials. This study fills the gap by 

investigating the catalytic mechanism of the 2D monolayers DNDS and DSDS COFs 

in facilitating the CO2RR mechanism, providing a thorough analysis to support its 

potential as an effective electrocatalyst towards CO2RR. 

4.4.3 CO2RR mechanisms  

Understanding the affinity relationship between intermediates and surfaces is crucial 

for determining the free energy changes (ΔG) in the elementary reaction steps. Most of 

the studies have reported two electron transfer products such as CO and HCOOH during 

the CO2RR. However, achieving highly efficient generation of valuable products 

through multiple proton-coupled electron transfers remains a scientific hurdle for COF-

based materials in the electrocatalytic CO2RR. One of the preferred reaction products 
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for CO2RR on the 2D porous material is CH4. The mechanism of CO2RR to CH4 at the 

cathode is an eight proton-electron (8H+/e-) transfer process. The initial elementary 

reaction typically involves the adsorption of gaseous reactants onto the catalyst surface, 

playing a pivotal role in determining the catalytic mechanism. Thus, we studied CO2RR 

on the surface of the DNDS and DSDS COFs, starting from CO2 adsorption. Using the 

B3LYP-D3 method, geometry optimization with harmonic vibrational analysis was 

carried out to determine the value of relative Gibbs free energy (ΔG) or the change of 

free energy of all the reaction intermediates involved in the CO2RR steps, and to 

evaluate the catalytic activity of both the DNDS and DSDS COFs.  A total number of 

eight possible reaction pathways of the CO2RR towards CH4 have been explored in the 

present study, and a possible reaction mechanism of the CO2RR is proposed in Scheme 

2. We have started with the analysis of the interaction between the key intermediates 

and the DNDS and DSDS surfaces i.e., at first, a CO2 molecule was adsorbed on the 

surfaces of both the DNDS and DSDS COF materials and it is attached to the Co atoms 

of the DNDS and DSDS COFs. This leads to a proton-coupled electron transfer (PCET), 

resulting in the formation of *COOH intermediate. Subsequently, the *CO intermediate 

undergoes hydrogenation, yielding *CHO, *OCH2, and *OCH3 intermediates, and 

finally eight proton-electron transfer processes are involved in producing CH4.  

At first, we studied the catalytic activity on the surface of DNDS and the results of our 

calculations revealed that the 2D monolayer slab of DNDS exhibits the ability to 

spontaneously capture CO2 molecules, as evidenced by their negative adsorption 

energy (𝛥𝐺𝐶𝑂2
< 0 𝑒𝑉). The equilibrium geometries of the reaction intermediates for 

the most favorable pathway of CO2RR into methane (CH4) in the CO2RR process on 

the surface of CoPc-DNDS-COF material computed by the DFT-D method are depicted 

in Figure 4.6. The calculated value of ΔG suggests that the lowest free energy pathway 

from CO2 to CH4 on the surface of DNDS is through CO2 → *COOH → *CO → *CHO 

→ *OCH2 → *OCH3 → *CH3OH → *CH3 → CH4 (pathway 2, see Figure 4.7; where 

* represents the active site of the catalyst) by forming various reaction intermediates 

during the CO2RR, suggesting that the production of methane is energetically more 

favorable than methanol. In the first proton-electron transfer process, the incoming pair 

of H+/e- may attack the carbon atom or the O atom of the CO2 molecule to form *HCOO 

or carboxyl (*COOH) intermediate respectively. The value of ∆G computed by the 

DFT-D method indicates that the formation of *COOH (∆G = 0.03 eV) is more 
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favorable than the *HCOO intermediate (∆G = 1.11 eV). Next, the second pair of H+/e- 

may attack the O atom of the OH group in *COOH to form H2O and *CO or carbon 

atom in *COOH to form formic acid (HCOOH). The active site-bound carbon 

monoxide (*CO) may either be desorbed from the electrode to generate free CO or 

proceed with further protonation. The value of ΔG required for CO desorption is 0.68 

eV which is higher than the value of ΔG needed for the release of H2O and *CO (-0.60 

eV), indicating their higher selectivity towards *CO. Thus, the computed value of ∆G 

indicates that the formation of *CO is more stable than HCOOH (∆G = 6.42 eV)  or 

CO desorption, as depicted in Figure 4.7, and therefore, the process of protonation 

proceeds further. The *CO intermediate formed is considered as the beginning of the 

process of electrocatalytic reduction of CO2 to methane and other C2+ products, and the 

adsorption energy of *CO is the descriptor of different products produced by the 

catalyst. In the present study, the computed value of ΔG required for the selectivity 

towards *CO is better than the energy observed for the previously synthesized 

COFs.[22] As the proton-electron happens sequentially, *CO is protonated to *CHO 

and *COH with the ΔG value of -0.16 eV and 1.96 eV, respectively. As for the possible 

pathway of CO2RR, the calculated energy value manifests a lower energy barrier for 

yielding the *CHO intermediate instead of yielding *COH species. In fact, the 

calculated free energy of *CHO, *OCH2, and *OCH3 are -0.16 eV, -0.53 eV, and 0.15 

eV, respectively (as depicted in Figure 4.7) indicating that the hydrogenation pathway 

is preferred over desorption. Both the *OCH2 and *OCH3 species are vital intermediates 

of CO2 electroreduction to CH4. Again, protonation of *OCH3 either leads to the 

formation of methanol (CH3OH) either attached to the surface or may desorb from the 

surface. The calculated value of CH3OH desorption (ΔG = 0.17 eV) is unfavorable, thus 

*CH3OH undergoes further protonation to yield *CH3 with an energy (ΔG) value of -

1.0 eV. Lastly, *CH3 is protonated to produce CH4 with the value of ΔG approximately 

equal to -0.97 eV, consistent with the experimentally synthesized porous materials.[48–

50] The corresponding structures of all the intermediates are shown in Figure 4.6, and 

the free energy diagram or potential energy surface (PES) representing the Gibbs free 

energies of the intermediates for all the eight reaction pathways on the surface of DNDS 

COF and at U = 0V are represented in Figure 4.7.  
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Figure 4.6 The equilibrium geometries of the reaction intermediates for the most favorable path of 

CO2RR into methane (CH4) in the CO2RR process on the surface of CoPc-DNDS-COF material 

computed by the DFT-D method. 
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Figure 4.7 The free energy diagram computed by the DFT-D method (i.e., Gibbs free energy (ΔG in eV) 

profile) of all the eight pathways followed in CO2 reduction reaction (CO2RR) into methane (CH4) at the 

surface of CoPc-DNDS-COF material.  

To elucidate the mechanism of CO2RR on the DSDS surface, we calculated the relative 

free energies along the typical pathways for the CO2RR on Co sites. The initial step 

involved the adsorption of a CO2 molecule on the Co site followed by the formation of 

the *COOH and *HCOO intermediates through the PCET process. The calculated value 

of ΔG associated with the formation of the *COOH and *HCOO intermediates were 

1.32 eV and 9.10 eV, respectively, indicating that *COOH formation is 

thermodynamically more favorable than *HCOO under the considered reaction 

conditions. Subsequently, *COOH underwent another PCET process to transform into 

*CO intermediate or desorption of C1 products like HCOOH and CO from the Co site 

of the catalyst. The simulated value of ΔG for the desorption of HCOOH is 6.42 eV, 

which is much higher than the energy required for the *CO formation, hence the 

reaction proceeds for the *CO intermediate formation or CO molecule desorption. The 

computed value of ΔG for the *CO intermediate is 0.76 eV, which is more than the 

energy barrier required for the CO desorption process (ΔG = 0.68 eV), indicating that 

the 2D monolayer of DSDS COF is much more favorable for CO desorption from the 

Co site of the catalyst. Thus, the results of our DFT calculations reveal that the DSDS 

surface is more prone to CO desorption rather than CH4 reduction, consistent with the 

value of ΔG required for the desorption of the CO molecule of some experimentally 
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synthesized COFs.[22,25,49,51,52] The optimized structures of the intermediates 

involved in CO2RR to CO desorption are depicted in the Figure 4.8, and the potential 

energy surface (PES) i.e., free energy diagram of the CO2RR to the formation of CH4 

on the surface of DSDS is represented in Figure 4.9. The main objective of this work 

was to investigate whether these experimentally synthesized COFs can reduce CO2 into 

CH4 or not. The results of our findings match well with the experimental report of 

effectively reducing the CO2 into CO on the surface of DSDS COF material, while our 

DFT calculations suggest that the DNDS COF can effectively reduce CO2 into CH4. 

Although direct experimental data on our specific material remains limited, some of the 

previously reported COFs emphasize the crucial role of DFT calculations combined 

with experiments in investigating reaction mechanisms for C1 and C2 products.[53–55] 

The mechanistic aspects of CO2RR to CH4 on the surface of a single atom catalyst and 

an organic frameworks shows an approximate values of ΔG about -3.0 eV and -1.0 eV, 

respectively,[54,56] suggesting that the simulated reactions in the current study are 

thermodynamically feasible and can occur on a long length scale. 

 

Figure 4.8 The equilibrium geometries of the reaction intermediates involved in the electrochemical 

reduction of CO2 into carbon monoxide (CO) on the surface of CoPc-DNDS-COF material computed by 

the DFT-D method. 
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Figure 4.9 The free energy diagram computed by the DFT-D method (i.e., Gibbs free energy (ΔG in eV) 

profile) of all the eight pathways followed in CO2 reduction reaction (CO2RR) into carbon monoxide 

(CO) and methane (CH4) at the surface of CoPc-DNDS-COF material. 

An important challenge in the CO2RR to hydrocarbons and alcohols is the rate of 

competing reaction, HER. For CO2RR, the binding of the CO2 needs to be strong 

enough for the molecule to be firmly attached to the surface, and the differential 

adsorption energy of *H must be small enough to prevent the predominant occurrence 

of the side reaction i.e., hydrogen gas formation (H2 evolution). In CO2RR, the first step 

of CO2 molecule adsorption is a critical step during the entire catalytic process, while 

for the HER process to occur, *H adsorption plays a significant role in deciding whether 

the CO2RR or the HER reaction mechanism will take place. Hence, we calculated the 

free energy change (ΔG) of the *H and *CO2 steps on the surface of DNDS and DSDS 

COFs. Based on simulated results, for the case of DNDS COF, the calculated value of 

∆G for *H (H is adsorbed on the active site of the catalysts) is -0.57 eV, which is much 

higher than the ∆G value observed for *CO2 (-1.09 eV), while for the case of DSDS 

COF, the calculated value of ∆G for *H is 0.89 eV, and for that of *CO2 is 0.11 eV. 

These calculated values of *H and *CO2 indicate the hindrance to the occurrence of 

HER on both the COF surfaces.  
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            4.4.4 Spin density                 

To elucidate the CO2 adsorption behavior and uncover the origin of the fast rate of 

hydrogenation in CO2RR to CH4, the electron spin density for the reaction intermediates 

was analyzed to reveal the CO2RR mechanism. We attribute the excellent CO2RR 

performance of the DNDS COF to the electron-rich Co atom, which effectively adjusts 

the local electron density of the active Co sites, thereby enhancing the adsorption of 

reactant molecules and facilitating electron transfer to the intermediates, as evidenced 

in Figure 4.10. The spin density arises from the transfer of electrons between the 

electrocatalyst and intermediates through bonding interactions, influencing the catalytic 

activity by modulating the electronic properties of the active sites. The strength of these 

bonds correlates with the extent of electrons (charges) transferred, which is a key factor 

influencing the catalytic kinetics, particularly the adsorption and desorption of 

intermediates. Consequently, the spin density analysis helps to investigate the density 

of electrons, which is the difference between the α electron density and the β electron 

density. These electronic densities (i.e., α and β) are often visualized as isodensity 

surfaces or isosurfaces which are useful for investigating systems with unpaired 

electrons. Electronic spin density is positive in areas where an electron is more likely 

to be found in the α spin state referred to as up-spin, and negative where an electron is 

more likely to be found in the β spin state referred to as down-spin.[57] The transfer of 

electrons between the adsorbed intermediates and the Co atom also revealed their strong 

interaction. Figure 4.10 (a)-(i) shows the electron spin densities of the reaction 

intermediates, where a large amount of charge transfers from the substrate to the Co 

atom, making the Co atom negatively charged. These negatively charged Co atoms are 

considered to be active sites in the CO2RR catalytic process. Moreover, it is observed 

that the N atom in the Pc ligand plays an important role in adsorbing and activating the 

CO2 molecule. The electron delocalization causes an increase in electron density on the 

CoPc surface, which modulates the adsorption energy of *COOH, *CHO, *CH2OH, and 

*CH3 intermediates, while facilitating the desorption energy of *CO, *OCH2, and 

*CH3OH from the catalyst surface. This process ultimately promotes the CO2RR to 

CH4.  
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Figure 4.10 Electron spin density of all the intermediates adsorbed on the DNDS surface during CO2 

reduction into CH4; (a) CoPc-DNDS surface; (b) *CO2; (c) *COOH; (d) *CO; (e) *CHO; (f) *OCH2; (g) 

*CH2OH; (h) *CH3OH; and (i) *CH3. The yellow region represents the positive part of the wave function 

i.e., α spin, while the sky blue region represents the negative part of the wave function i.e., β spin. The * 

asterisk represents that the species (intermediate) is adsorbed on the surface of CoPc-DNDS-COF. 

     4.5 Conclusions 

In summary, we have systematically investigated the critical roles of thiomorpholine, 

and dithiine linkages coordinated with the MPc unit in the activity and selectivity of the 

CoPc-DNDS and CoPc-DSDS COFs for the CO2RR to CO and CH4 using the DFT-D 

method.  The equilibrium structure, geometry, and electronic properties of the 3D COFs 

have been achieved by employing the first principles-based hybrid DFT method. The 

study of the electronic properties revealed that the band gap of the 3D DNDS and DSDS 

COFs are 0.35 and 0.44 eV respectively. The 2D monolayer slab structures of both the 

COFs were computationally designed to explore the CO2RR mechanism and their 

structural and electronic properties calculations found that the 2D monolayer structure 

of DNDS is an indirect bandgap of 1.49 eV, and that of the DSDS monolayer has a 
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bandgap of 1.64 eV, indicating the semiconducting behavior of both the COFs. The 

catalytic performance of the 2D monolayer COFs has been explored by computing the 

energy barriers corresponding to the change in Gibbs free energy (ΔG) during the 

CO2RR mechanism on the Co site of the catalysts. The analysis of the electrocatalytic 

activity indicated that DNDS efficiently reduces CO2 to CH4 with a value of ΔG 

approximately equal to -0.97 eV, whereas DSDS favors CO desorption with a value of 

ΔG equal to 0.68 eV. The excellent catalytic activity of the DNDS COF is due to the 

presence of a sufficiently strong interaction between the reaction intermediates and the 

Co atom attached to the MPc unit, which facilitates the protonation of *CO, leading to 

the generation of CH4 on the DNDS surface, as evident by the spin density of the 

intermediates. The results of our findings highlight the potential of a novel MPc group 

of low-cost and abundant electrocatalysts for producing CH4 from CO2. Moreover, our 

research demonstrates the great potential of using porous conductive COFs for the 

electrochemical conversion of CO2 to CH4 and paves the way for the design of high-

performance CO2 reduction catalysts through linkage engineering by strategically 

addressing the ideal combinations of metallophthalocyanines (MPc) with sulfur-

containing linkages. The insights obtained from the catalytic activity and selectivity of 

sulfur-linked MPc-based COFs in this chapter further motivated the exploration of 

porous frameworks capable of promoting multi-carbon product formation during the 

CO2RR. The present study primarily focused on the selective C1 product, particularly 

CH4 formation; however, the subsequent chapter extends the investigation toward Cu-

based MPc MOF for the electrochemical reduction of CO2 into both C1 and higher 

valued C2 products. This transition provides broader insights into the role of metal 

centers and structural engineering in regulating catalytic pathways and product 

selectivity in porous electrocatalysts.    
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Chapter 5 

Metallophthalocyanine-based MOF toward CO2 Reduction 

Reaction 

This chapter presents a comprehensive theoretical and computational investigation of 

a copper phthalocyanine (CuPc) based MOF as an efficient electrocatalyst for CO2RR 

toward both C1 and C2 products. The study focuses on understanding the fundamental 

mechanisms governing CO2 activation, intermediate formation, and product selectivity 

using periodic DFT-D method. A 2D monolayer slab model of the CuPc framework is 

constructed to examine its structural stability, electronic properties, and catalytic 

performance. The chapter systematically analyses key reaction pathways leading to 

important products such as methane (CH4), ethylene (C2H4), and ethanol (C2H5OH), 

with particular emphasis on the critical C-C coupling step responsible for C2 product 

formation. The role of dual active sites, comprising Cu-N4 centers and CuO4 nodes, is 

highlighted in enhancing catalytic efficiency and promoting multi-carbon product 

formation. Furthermore, adsorption energies and reaction energetics of intermediates 

are evaluated to determine the most favorable pathways. The present findings reveal a 

strong preference for C2H5OH formation over C2H4, along with competitive CH4 

formation. Overall, this chapter provides valuable mechanistic insights and establishes 

design principles for developing advanced MOF-based electrocatalysts for selective 

CO2 conversion into valuable fuels and chemicals.  

      5.1 Introduction 

The electrochemical CO2 reduction reaction (CO2RR) powered by renewable energy 

has attracted considerable attention for its versatility in generating a wide range of C1 

and C2+ end products.[1] Nevertheless, CO2RR faces formidable kinetic barriers, 

arising from challenges such as the competing H2 evolution reaction (HER), the 

inherent stability of the C=O double bond, and the complexity of C-C 

dimerization.[2,3] Among the potential products, C2+ species are especially appealing 

owing to their superior energy density and economic significance. To date, elemental 

copper (Cu) and Cu-based catalysts have emerged as the most widely studied, largely 

because of their unique ability to facilitate C-C bond formation during CO2 

reduction.[4,5] The exceptional ability of Cu and Cu-based electrocatalysts to promote 

C-C coupling and generate C2+ products arises from their unique electronic 
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characteristics and *CO intermediate binding strength. Unlike noble metals such as Ag, 

Au, or Zn, which bind *CO too weakly, or transition metals such as Co, Ru, or Pt that 

bind *H too strongly, Cu achieves a balance that allows *CO to retain stably adsorbed 

while remaining reactive toward further reduction.[6] This optimal *CO adsorption 

facilitates the accumulation of *CO intermediates at adjacent Cu sites, enabling their 

dimerization to *OCCO, *OCCHO, or *OCCOH, a key step in forming C2+ species. 

Additionally, the local *CO concentration, mass transfer process and surface residence 

time play decisive roles in driving C-C coupling by enhancing the probability of *CO 

interaction with *CO, *COH, and *CHO intermediates on the catalyst interface.[7] 

Beyond this intrinsic *CO binding property, the superior performance of C-C coupling 

performance of the Cu-based systems has also been attributed to the coexistence of 

multiple oxidation states (Cu0, Cu+, Cu2+) and their synergistic interfacial effects. 

Mixed-valence sites, particularly Cu+/Cu0 interfaces, can enhance the C2+ selectivity by 

simultaneously providing strong *CO adsorption (Cu+) and favorable coupling 

environments (Cu0).[8] Moreover, oxide-derived Cu catalysts with abundant grain 

boundaries, low coordination sites, and Cu(100)-type facets further promote *CO 

dimerization due to their high density of reactive centers and efficient charge 

transport.[9,10] Thus, to unravel the complexities of CO2RR and improve catalyst 

design, it is essential to develop a thorough understanding of the underlying mechanism 

processes, particularly for optimizing Cu-based systems and identifying viable 

alternatives for C2+ production.[11]  

Embedding MPc units into metal-organic frameworks (MOFs) and covalent organic 

frameworks (COFs) has emerged as an active area of research, primarily due to the 

presence of well-structured M-N4 active sites that serve as an ideal platform for 

studying the catalytic behavior of M-N4 single-atom catalysts (SACs).[12,13] In recent 

years, transition metal MPc-based porous materials have been widely investigated as 

an efficient electrocatalyst for CO2RR.[14,15]  In electrochemical CO2 reduction, the 

majority of MPc compounds primarily yield CO as the main product,[16,17] however, 

molecular copper phthalocyanine (CuPc) is unique in exhibiting activity towards the 

formation of C2H4.[18] The C-C dimerization step is widely acknowledged as a key 

step in the conversion of CO2 to C2+ products, and lowering the energy barrier 

associated with this process can enhance their formation. Computational studies have 

provided valuable insights into the initial C-C coupling steps and the factors that govern 
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the preference for C2 over C1 products. However, fewer studies have examined the 

elementary steps following C-C coupling, particularly the critical intermediates that 

influence the selectivity between ethylene and ethanol.[4,19–21] As ethylene is the 

predominant C2 product, most theoretical investigations have focused on elucidating its 

formation mechanism. Recently, a few researchers have begun to address the energetics 

of ethanol pathways, and there is still no clear agreement on the competitive 

relationship between these two major C2 products or on the intermediates at which their 

reaction pathways diverge. This lack of agreement complicates the efforts to rationally 

tune product distribution. 

Herein, we present a theoretical and computational investigation of a 2D CuPc-Cu-O 

MOF (in short CuPc), highlighting its potential as an efficient electrocatalyst for 

CO2RR into both C1 (CH4) and C2 (C2H5OH, C2H4) products, offering a promising 

technological route for transforming CO2 into valuable carbon-based fuels and 

chemicals. The MOF studied here was previously synthesized by Qiu et al.,[22] using 

2,3,9,10,16,17,23,24-octahydroxyphthalo-cyaninato)copper(II) (PcCu-(OH)8) as the 

linker and the square-planar CuO4 units as the metal node, serving as a dual active site 

for the electrocatalytic reduction of CO2RR into C2H4. The presence of two 

simultaneous active metal centers can result in enhanced catalytic performance due to 

unique electronic interactions occurring between the paired active sites.[23]  Here, we 

have explored the potential of CuPc material for C1 (methane) and C2 (ethylene, 

ethanol) products by employing hybrid periodic DFT methods with van der Waals 

(vdW) dispersion corrections (i.e., Grimme’s-D3 dispersion corrections, (in short DFT-

D)). To probe the CO2RR mechanism, a computational model of CuPc monolayer slab 

was constructed, and its equilibrium structures, along with intrinsic electronic 

properties including electronic band structure, density of states (DOS), and partial 

density of states (PDOS) were analyzed using the same DFT-D method. The designed 

monolayer exhibits a semiconducting nature with a low electronic bandgap (Eg) value 

of about 0.64 eV, suggesting its favorable electrical conductivity and ensuring effective 

transfer throughout the reaction mechanism. The investigation reveals that the CO2RR 

on the CuPc surface favors the formation of the C2 product i.e., C2H5OH, with a relative 

adsorption energy (ΔEads) of -2.76 eV, rather than the formation of C2H4 which has the 

value of ΔEads 2.11 eV, along with the remarkable electrocatalytic activity for CO2 

reduction to CH4 with a ΔEads value of -2.28 eV. 
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     5.2 Computational details  

First, to investigate the reaction mechanism, a computational model of a 2D CuPc-Cu-

O (in short CuPc) MOF monolayer was constructed, with a vacuum space exceeding 

500 Å (i.e., there is no periodicity along the z-direction) to prevent interactions between 

neighboring layers. Next, the equilibrium geometry of the CuPc was obtained using 

first principles hybrid periodic DFT calculations, specifically the B3LYP functional, as 

implemented in ab initio-based CRYSTAL23 suite code.[24] Given the presence of 

numerous weak van der Waals (vdW) interactions both between CuPc layers and within 

the atomic frameworks, it was essential to account for dispersion effects.  Thus, third-

order semiempirical Grimme’s (-D3) dispersion corrections were incorporated to 

account for these vdW contributions.[25–28] The B3LYP-D3 approach is well 

recognized for providing reliable thermochemical predictions in systems involving both 

covalent bonding and dispersion-dominated interactions. This method was further 

employed for geometry optimizations, as it yields densities and energies less prone to 

spin contamination compared to other methods.[29] In the CRYSTAL2325 suite code, 

the atomic orbitals of the CuPc were described using localized Gaussian-type orbitals 

(GTOs), rather than plane waves, offering a more suitable basis for hybrid DFT-D 

calculations. During the geometry optimization and single-point energy calculations, 

the SPIN and SPINLOCK keywords were employed to define the unrestricted wave 

functions and to fix the total spin state of the CuPc, respectively. Additionally, the 

ATOMSPIN keyword was used to assign the individual spins of the active site Cu atom. 

In the present investigation, the H, C, N, O, and Cu atoms were described using the 

triple-ζ valence with polarization quality (TZVP) Gaussian type basis sets.[30] Thus, 

the B3LYP-D3 method with Gaussian-type basis sets yields results comparable to the 

high-level G0W0 calculations, which are labor-intensive and computationally expensive 

and not implemented in the CRYSTAL23 suite code.25 

After achieving the equilibrium geometry of the CuPc, its electronic properties, 

including the band structures and total density of states (DOS) were computed at the 

same theoretical level. Monkhorst k-mesh grids were employed to compute the 

structural and electronic properties of CuPc, including geometry, DOS and band 

structure. For the CuPc layer, a 4×4×1 k-mesh grid with a resolution of 2π×1/60 Å-1 

was applied. In total, eight electronic bands near the Fermi level (EF) were analyzed 

within the first Brillouin zone along the highly symmetric k-directions, i.e., Γ-K-M-Γ. 
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Contributions from the atomic orbitals of C, N, H, O, and Cu atoms were incorporated 

to compute the total orbital electron DOS. The band structure and DOS calculations 

were referred to the vacuum level, with electrostatic potential effects included through  

POTC calculations implemented in the CRYSTAL23 suite code.[31] The convergence 

criteria for ground state energy, as well as for geometry optimization, band structure, 

and DOS calculations, were set to 10-7 a.u. For the Visualization and analysis of the 

crystal structures, VESTA[32] was used. 

     5.3 Material details  

The origin of this material design depends on stable, rigid, macrocyclic compounds 

with an 18 π-electron aromatic system, phthalocyanines (Pcs), known for their chemical 

and thermal stability. The central cavity of these compounds can be metalated to form 

metallophthalocyanines (MPcs).[33] These materials are intriguing for electrolysis due 

to their ability to incorporate various elements into the Pc core, possess a high density 

of N-donor sites, and their adaptable structure, enabling precise tuning of the 

catalytically active metal sites and the synergy between them.[34] Moreover, several 

characteristics make metallophthalocyanines promising candidates for electrocatalysis: 

(i) their extended π-conjugated system, (ii) the possibility of synthesizing MPcs with a 

wide range of elements across the periodic table, (iii) favorable electron transport 

capabilities, and (iv) the well-established correlations between catalytic behavior and 

quantum descriptors.[35] Keeping these points in mind, we studied the electrochemical 

CO2RR of a previously synthesized MOF constructed using (2,3,9,10,16,17,23,24-

octahydroxyphthalo-cyaninato)copper(II) as organic metallo-linker, represented by 

(CuPc-(OH)8 combined with square-planar CuO4 as the metal nodes, as illustrated in 

Figure 5.1. The electron-donating effect of the eight hydroxyl groups on the CuPc-

(OH)8 metallo-linker is expected to improve the coordination ability of the nitrogen 

atoms, thereby strengthening the Cu-N interaction.[36,37] As a result, it is predicted 

that combining CuPc-(OH)8 with a CO-producing site will be highly promising for 

achieving both high selectivity and durability in the CO2RR mechanism. In the CuPc-

Cu-O, the four nitrogen atoms at the center of the phthalocyanine can bond with various 

metal atoms, allowing for atomic-level adjustments to the CuPc-Cu-O structure.  
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Figure 5.1 Illustration of the chemical structure of CuPc MOF material. The  metal node and the linkage 

parts of the CuPc MOF are shown by the dotted red color rectangle and circle, respectively. 

5.4  Results & discussion 

5.4.1 Equilibrium geometry, structural and electronic properties 

When 3D MOFs are used for CO2RR, they exhibit slow charge and mass transfer, 

inefficient electron conductivity, and hindered gas diffusion, leading to higher 

resistance and reduced electrocatalytic performance.[38] Therefore, to understand the 

CO2RR mechanism towards the formation of C1 and C2 products, we designed a 2D 

monolayer slab structure of the CuPc, whose chemical structure is illustrated in Figure 

5.1. This 2D monolayer offers ultrahigh specific surface area, more exposed metal 

atoms with rich dangling bonds for higher catalytic activity, and increased carrier 

concentration through the vacancies, thereby improving electrical conductivity.[39,40] 

The DFT-D study reveals that the CuPc exhibits P4/MMM tetragonal layer symmetry 

(with a layer group number 61). This means that periodic symmetry is present along 

the x- and y-axes, representing the tetragonal 2D layer system, while along the z-axis, 

there is no symmetry, indicating a vacuum space in this direction. The active Cu atom 

in the pristine CuPc exhibits an oxidation state of 0, consistent with a Cu0-like electronic 

configuration within the semiconducting Cu-N4 coordination environment. The 

equilibrium geometry, electronic band structure, total density of states (DOS), and 

partial density of states (PDOS) of Cu atom’s d-subshell in the CuPc, achieved using 

the same DFT-D method, are depicted in Figure 5.2. Using hybrid periodic DFT-D 

calculations, we determined that the equilibrium lattice parameters are approximately a 

= b = 18.08 Å, and interfacial angles, i.e., α = β = γ = 90°. The equilibrium structure of 
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the CuPc monolayer as depicted in Figure 5.2 (a), with their corresponding equilibrium 

lattice parameters including lattice constants (a and b), interfacial angles (α, β, and γ), 

layer group symmetry, average bond distance for Cu-N(a), N(a)-C, and N(b)-C atoms 

of the Pc unit of the linker, bandgap (Eg), and material state summarized in Table 5.1. 

These optimized bond lengths are estimated to have an uncertainty of approximately 

±0.02 Å, which is consistent with the expected accuracy of the B3LYP-D3 method.[41] 

The electronic bandgap (i.e., Eg=0.65 eV) of the CuPc can be effectively tuned by 

optimizing structural parameters such as lattice constants and bond lengths, which 

directly influence the orbital overlap and electronic delocalization. A slight reduction 

in lattice constants enhances the spatial proximity between Cu centers and coordinating 

nitrogen atoms, strengthening π-d conjugation between the metal d-orbitals and ligand 

π-systems. This increased orbital overlap broadens the band dispersion, thereby 

narrowing the electronic bandgap and facilitating charge transport.[42,43] Similarly, a 

slight reduction in the Cu-N bond length enhances covalent interaction between Cu d-

orbitals and p-orbitals of the N atom, leading to stronger electronic coupling within the 

CuPc framework. This increased orbital overlap broadens the electronic bands and 

promotes carrier delocalization across the conjugated plane, thereby reducing the 

electronic bandgap. The reduced electronic bandgap improves the electrical 

conductivity, facilitating more efficient electron transfer during CO2RR, while 

maintaining the structural integrity.[44,45] Thus, a careful balance in lattice constants 

and bond lengths tuning can significantly improve the electrical conductivity and 

charge-transfer efficiency of the CuPc, ultimately promoting superior CO2 reduction 

performance. 

Table 5.1 The equilibrium structural parameters (lattice constants and interfacial angles), space group 

symmetry, bandgap (Eg), and material state of the 2D monolayer slab of the CuPc. 

MOF Lattice 

parameters 

(Å) 

Interfacial 

angles (°) 

Layer 

group 

symmetry 

Average bond 

distance (Å) 

Bandgap 

(eV) 

Material  

state 

a = b α = β = γ 

CuPc 18.08 90 

 

61 and 

P4/MMM 

 

Cu-N(a) =1.95, 

N(a)-C =1.38, and 

N(b)-C =1.33 

0.65 Semiconductor 
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The performance of an electrocatalytic reaction is strongly influenced by the electronic 

conductivity of the catalyst, as efficient charge transfer is essential. To explore this, we 

computed the electronic properties, both the electronic band structures and density of 

states (DOS) of the CuPc using the same DFT-D approach. The band structure, plotted 

along the highly symmetric Γ-K-M-Γ path with respect to the vacuum (w.r.t vac.), as 

shown in Figure 5.2 (b), with the Fermi energy level (EF) situated at -5.28 eV. The 

resulting band gap (Eg) for the CuPc was found to be 0.65 eV, consistent with the band 

gaps observed for previously reported COFs and MOFs.[15,46] This lower value of the 

electronic band gap (the energy gap between the VB and CB) helps to increase the 

conductivity of the structure and makes it easy to transmit the electrons from the VB to 

the CB. It was observed that two of the bands in the valence and conduction bands 

overlapped with each other near the EF level, suggesting the existence of localized 

electronic states. Consequently, pronounced peaks appeared in the DOS near the band 

edges, arising from the high density of accumulated states. Also, the band structure 

calculations revealed that the bands are flat due to localization of electron density, a 

characteristic commonly observed in COFs and MOFs.28,38 Two energy bands 

overlapped near the bottom of the CB, close to the EF level, while the bands in the VB 

also overlapped at -5.73 eV. Also, the total density of states (DOS) representing the 

number of available electrons or hole states per unit volume at a given energy, was also 

evaluated, as it is crucial for understanding the carrier concentrations and distribution. 

The DOS, computed w.r.t the vacuum, revealed an absence of electron clouds in regions 

lacking energy bands, with only a minor electron density appearing slightly above the 

EF level, as illustrated in Figure 5.2 (c). To examine the electronic contributions near 

EF, we analyzed the Cu atom’s d-orbital electron density, as plotted in Figure 5.2 (d), 

which confirms that the d-subshell electrons of Cu dominate the states around EF in the 

total DOS. Hence, the Cu d-orbital electron density plays a vital role in enhancing the 

catalytic performance of the CuPc, thereby boosting its overall efficiency in the CO2RR 

mechanism. The analysis clearly shows that the Cu atom’s d-orbital makes the 

dominant contribution to the total DOS. Upon energy adsorption, holes are generated 

on the Cu atom, suggesting that it serves as an electron-rich active center. In addition,  

the phthalocyanine group, with its extended conjugation and multiple nitrogen atoms, 

enhances the electron density around the coordinated metal center, thereby facilitating 

d-electron transfer. This leads to enhanced charge polarization and, consequently, 
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improved CO2RR catalytic activity. Thus, the unique structural and electronic 

properties of the CuPc demonstrate their high potential for CO2RR catalysis. 

 

Figure 5.2 The (a) equilibrium geometry, (b) band structure, (c) total density of states (DOS), and (d) 

partial density of states (PDOS) of the Cu atom’s d subshell of the CuPc. 

Although MPc-based catalysts show good performance in the electroreduction of CO2 

to C1 and C2 products, their long-term stability remains a significant challenge. 

Therefore, to study the thermodynamic stability of the CuPc monolayer slab, we have 

calculated the binding energy (𝑬𝒃) (often denoted by formation energy), cohesive 

energy (𝑬𝒄𝒐𝒉 ), and change in binding energy (𝜟𝑬𝒃) of the Cu atom on the CuPc using 

the expression provided below:                                                          

                                                   𝑬𝒃 = 𝑬𝑪𝒖𝑷𝒄 − 𝑬𝑷𝒄 −  𝑬𝑪𝒖                                    (i) 

                           𝑬𝒄𝒐𝒉 = [𝒂𝑬𝑯 + 𝒃𝑬𝑪 + 𝒄𝑬𝑪𝒖 + 𝒅𝑬𝑵 + 𝒆𝑬𝑶  −  𝑬𝒕𝒐𝒕𝒂𝒍 ]/𝒏              

(ii) 

where 𝑬𝒃  is the binding energy of the Cu atom on CuPc, 𝑬𝑪𝒖𝑷𝒄  and 𝑬𝑷𝒄  are the total 

energies of CuPc with and without the Cu atom, respectively, and 𝑬𝑪𝒖  corresponds to 

the energy of a single Cu atom. The cohesive energy (𝑬𝒄𝒐𝒉 ) refers to that of the Cu 

metal atom,  𝑬𝒕𝒐𝒕𝒂𝒍 stands for the total energy of CuPc in its stable crystal structures, 

whereas 𝑬𝑯 , 𝑬𝑪, 𝑬𝑪𝒖 , 𝑬𝑵  , and 𝑬𝑶  represent the energies of H, C, Cu, N, and O atoms, 

respectively. The terms 𝑎, 𝑏, 𝑐, 𝑑, and 𝑒 indicate the number of corresponding H, C, 

Cu, N, and O atoms, with 𝑛 being the total number of atoms within the unit cell. Thus, 

the change in binding energy (𝜟𝑬𝒃) is given by the expression:  

                                                      𝜟𝑬𝒃 =  𝑬𝒃 − 𝑬𝒄𝒐𝒉                                              (iii) 

A negative value of 𝑬𝒃  reflects the thermodynamic stability and practical feasibility of 

the system.[47] For the CuPc, the computed value of 𝑬𝒃  was -3.59 eV, confirming both 
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its stability and the experimental viability of its synthesis, consistent with earlier reports 

on CO2RR materials.[48,49] Also, the cohesive energy provides important insight into 

the structural robustness of catalysts during the electrocatalytic reduction process. The 

relatively high value of 𝑬𝒄𝒐𝒉  (6.73 eV/atom) for CuPc suggests strong interatomic 

bonding, thereby ensuring excellent structural integrity of the CuPc monolayer.[50] 

Furthermore, the calculated result of 𝜟𝑬𝒃  (-10.32 eV) suggests that Cu atoms tend to 

stay uniformly distributed within the CuPc framework instead of aggregating into 

metallic clusters, confirming the stable atomic arrangement of Cu in the CuPc.  

5.4.2 Reaction mechanisms  

Understanding the mechanism of various product formations in the electrocatalytic CO2 

reduction is essential for developing efficient catalysts. We next examine the catalytic 

behavior of CuPc for CO2 reduction to C1 and C2 products. The CO2RR process is 

initiated by the adsorption and activation of a CO2 molecule on the catalyst surface. 

Since the adsorption energy of intermediates strongly influences the reaction pathway, 

it plays a decisive role in determining the product selectivity. We first evaluated the 

adsorption strength of CO2 on different active sites, namely the Cu atoms of the linker 

and metal node, and the nearby nitrogen atoms N(a) and N(b) within the linker, as 

shown in Figure 5.3. The DFT-D calculations revealed that the CO2 adsorption at N(a) 

exhibited an adsorption energy of - 4.19 eV, while N(b) showed a value of - 4.12 eV. 

Moreover, CO2 adsorption at the Cu atom of the metal node resulted in an adsorption 

energy value of - 4.18 eV, while that at the linker has an adsorption energy value of - 

4.22 eV. The results indicated that CO2 binds more strongly to the Cu atom of the linker 

than the other three sites, which is obviously due to the coordinatively unsaturated Cu 

sites present at the edges. This suggested that CO2 molecules preferentially tend to be 

adsorbed at the Cu atom of the linker. Thus, in line with the minimum energy principle,  

CO2 molecules preferentially adsorb and become activated at the Cu atom of the linker 

during the initial step of CO2RR (CO2 + * → *CO2-CuPc). It is noteworthy that in the 

CuPc, CO2 adsorption at the Cu center (- 4.22 eV) and the adjacent N atom (- 4.19 eV) 

are nearly identical, reflecting a delicate balance of electronic and geometric effects. 

The Cu d-orbitals interact with the π* orbital of CO2, while the neighboring N atom 

contributes through lone-pair donation, leading to cooperative stabilization. Such Cu-

N synergy enhances electron delocalization and increases electron density around Cu 

active sites, thereby facilitating charge transfer and CO2 activation.[51,52] Therefore, 
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the N atoms indirectly promote catalysis by modulating the Cu electronic environment 

and stabilizing intermediates through Cu-N cooperative interactions. 

  

Figure 5.3 CO2 adsorption at the various possible sites of CuPc. 

Next, the study focused on elucidating atomic carbon as a critical surface intermediate 

that directs the selectivity of C1 and C2 products through different competing reaction 

routes. This mechanistic analysis is based on the adsorption energies of key 

intermediates obtained from the periodic DFT-D calculations in the present 

investigation. Due to the high computational cost, limited efficiency and robustness of 

transition-states (TS) searches in large periodic MOF frameworks, relative adsorption 

energy (ΔEads) was employed as a reliable thermodynamic descriptor to evaluate 

catalytic activity and pathway selectivity.[26,53–55] The intermediates along the CH4 

pathway were considered as the basis for C2 product formation, where C-C coupling of 

*CO with either *COH or *CHO was identified as the first step toward generating C2 

products. Notably, the same intermediate can give rise to different products depending 

on their adsorption strength. For instance, when *CO binds weakly, it tends to be 

desorbed as CO gas; however, stronger adsorption enables further hydrogenation or C-

C coupling, leading to hydrocarbons or C2 products. Thus, a moderately higher *CO 

adsorption energy is necessary to retain *CO on the catalytic surface long enough to 

enable its further reduction into more complex hydrocarbons like CH3OH, CH4, C2H4, 

and C2H5OH.  
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• CO2 reduction to C1 products 

The activation of CO2 is crucial for CO2RR due to the inert nature of CO2 molecules. 

As discussed above, the Cu metal atom coordinated with the Pc unit was identified as 

the active site for CO2RR. We began by examining CO2 adsorption on the CuPc 

monolayer slab, where the calculated ΔEads was - 4.22 eV, indicating strong binding. 

The spontaneous CO2 adsorption at the central Cu site facilitated the activation of CO2 

for subsequent reactions. Following this, we analyzed the reduction pathway of CO2 

toward four C1 products: carbon monoxide (CO), formic acid (HCOOH), methanol 

(CH3OH), and methane (CH4). All the possible intermediates involved in CO2RR to 

CH4 are depicted in Figure 5.4-5.5, and their corresponding energies are shown through 

the potential energy surface (PES) diagram depicted in Figure 5.6. The most feasible 

reaction pathway for CO2RR to CH4 was discussed in this study, along with the 

competing reaction intermediates.  

CO2 reduction to *HCOOH intermediate: Generally, after two proton/electron 

transfers, the electrochemical reduction of CO2 typically involves *HCOO, *COOH, 

*HCOOH, and *CO intermediates. If the catalyst’s binding strength with the molecules 

is weak or the intermediate that follows *HCOOH and *CO is unstable, the resulting 

formation of *HCOOH and *CO will be the primary reduction products. However, 

hydrocarbons can eventually form if the *CO or *HCOOH intermediate undergoes 

hydrogenation. Thus, enhancing the interaction between the catalyst and key 

intermediates is an effective approach to enhance the performance of CO2 

electroreduction into hydrocarbons. After the first proton-electron transfer, the 

calculated values of ΔEads to form the *COOH and *HCOO intermediates were -5.69 

eV and -3.14 eV, respectively, presenting a greater propensity for *COOH formation. 

Subsequently, the transfer of a second proton/electron pair to *COOH via proton-

coupled electron transfer (PCET), produces either *CO or *HCOOH intermediates. 

These two *HCOOH and *CO intermediates were found to be competitive, as the 

*COOH intermediate could be protonated directly to form *HCOOH or can undergo 

C-O bond cleavage to yield *CO. The calculated value of ∆Eads for the *CO 

intermediate (-3.49 eV) was considerably higher than that of *HCOOH (-5.07 eV), 

exhibiting improved selectivity towards *HCOOH over *CO. It is important to note 

here that these two intermediates may also desorb from the catalyst’s active site,  

resulting in the release of CO and HCOOH molecules. However, the desorption of CO 

and HCOOH molecules required an Eads value of 0.67 eV and 6.29 eV, respectively, 



 

131 

 

which were significantly higher than the value needed for the formation of the 

*HCOOH intermediate (-5.07 eV). In other words, the desorption of CO and HCOOH 

was endothermic, favoring further PCET processes through *HCOOH intermediate. 

The adsorption of all potential intermediates involved in the two-electron pathway on 

the surface of CuPc, along with their corresponding hydrogenation energies, are 

displayed in Figure 5.4 (a)-(f). Next, we investigated the possibility of generating 

hydrocarbon products, including methane and methanol, by evaluating whether the 

*HCOOH intermediate could undergo further hydrogenation to form *COH or *CHO 

intermediates. 

 

 

Figure 5.4 The equilibrium geometries of the possible reaction intermediates associated with the two -

electron CO2RR to *HCOOH intermediate on the CuPc surface, with (a) CuPc surface; and the 

intermediates: (b) *CO2; (c) *HCOO; (d) *COOH; (e) *CO; and (f) *HCOOH. 

 

*HCOOH reduction to methane: In the advanced C1 pathways, which involve 

hydrocarbons and alcohols beyond CO or HCOOH, further PCET of *HCOOH or *CO 

to *CHO (formyl) or *COH is considered a key step that influences both selectivity and 

reaction potential. Consequently, both the *COH and *CHO are the potential reaction 

intermediates for CH3OH and CH4 formation. The energy required for further 

hydrogenation of *HCOOH to *CHO intermediate was -1.77 eV, lower than the value 

achieved for *COH (-0.28 eV), indicating that the formation of *CHO intermediate was 

relatively facile. That is, it was more conducive to C hydrogenation to form *CHO than 

O hydrogenation to form *COH intermediate, and thus production proceeded through 
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*CHO intermediate. We optimized the stable adsorption structure of all the potential 

intermediates in the *HCOOH reduction to CH4 on the CuPc surface, and the resulting 

stable configurations are shown in Figure 5.5 (a)-(o). The subsequent hydrogenation of 

*CHO resulted in the formaldehyde (*OCH2), *CHOH, and *C formation, with the 

preferred pathway determined by the lowest energy requirement. The calculated ΔEads 

values indicated that formation of the *OCH2 (-4.17 eV) reaction intermediate was 

more favorable than the *CHOH (-1.88 eV), and *C (-0.39 eV) with a water molecule. 

Thus, *OCH2 was further reduced to *CH, methoxy (*OCH3), and *CH2OH 

intermediates with the value of ΔEads = -2.15 eV, -6.78 eV, and -6.88 eV, respectively, 

favoring the formation of the *CH2OH intermediate. Next, the carbon-bound *CH2OH 

intermediate can either undergo C-O bond cleavage to yield methane while leaving an 

adsorbed *O on the surface or accept a hydrogen at the carbon end of *CH2OH to 

produce the methanol (*CH3OH) intermediate. The *CH2OH intermediate could also 

lead to the formation of *CH2 intermediate with a H2O molecule. Thus, the reduction 

of *CH2OH was considered the critical step controlling the selectivity between methane 

(CH4) and methanol (CH3OH) production. After CH4 was produced from the reduction 

of *CH2OH, an adsorbed *O remained on the surface, which was subsequently reduced 

to H2O via *OH intermediate. Alternatively, *CH2OH could also be reduced to 

*CH3OH to produce CH4. The calculated value of ΔEads indicated that the 

hydrogenation of *CH2OH to *CH3OH was energetically favored, with a value of -8.37 

eV, compared to the other intermediates. In simpler terms, the results of our DFT-D 

calculations indicate that the desorption of CH4 from *CH2OH exhibits a higher 

reaction energy, suggesting that generating CH4 is thermodynamically challenging. 

Thus, it should be emphasized that CH4 formation proceeds via the *CH3OH 

intermediate. Now, the *CH3OH intermediate could either desorb from the surface to 

produce CH3OH or be further reduced to generate CH4. As illustrated in Figure 5.6, the 

desorption energy of the CH3OH (-1.09 eV) molecule was less negative than that of the 

*CH3OH (-8.37 eV) intermediate formation. This suggests that the formation of the 

*CH3OH intermediate is easier and more spontaneous. Now, *CH3OH is further 

reduced to produce *CH3 or *OH intermediates along with H2O molecule and methane, 

respectively. However, the calculated values of ΔEads show the favorable formation of 

*OH intermediate (-3.73 eV) and CH4 release over *CH3. The *OH intermediate is 

further hydrogenated to produce H2O and the active site of the catalyst with an ΔEads 

value of -2.28 eV. Each of these steps is thermodynamically feasible due to the low 
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energy barriers, and the ΔEads values are comparable with the previously reported 

linkage-based COF for CO2RR to CH4.[26] A clearer understanding of the adsorption 

energies of all possible intermediates and the product formation is obtained from the 

PES diagram depicted in Figure 5.6. 

 

 

Figure 5.5 The equilibrium geometries of the possible reaction intermediates associated with the 

subsequent six-electron reduction of *HCOOH to CH4 on the CuPc surface with intermediates: (a) 

*HCOOH; (b) *COH; (c) *CHO; (d) *C; (e) *CHOH; (f) *OCH2; (g) *CH;  (h) *OCH3; (i) *CH2OH; 

(j) *CH2; (k) *O; (l) *CH3OH; (m) *OH; (n) *CH3; and (o) *CuPc. 

 

The kinetics of the CO2RR mechanism are incomplete without addressing the H2 

Evolution Reaction (HER) since hydrogen production is undesirable when the aim is to 

produce CO2RR products. HER is typically a more kinetically favorable reaction and 

can therefore compete with CO2RR, lowering its selectivity. To achieve efficient CO2 

adsorption and activation, the binding strength of CO2 at the active site must surpass 

that of hydrogen (H) intermediate to suppress HER. To evaluate this, we performed 

additional DFT-D calculations to compare the ΔEads values of H and CO2 on the Cu site 

of the linker. The computed ΔEads values showed that H adsorption (-3.98 eV) was 

weaker than CO2 adsorption (-4.22 eV). These results suggest that the process of HER 

can be significantly prohibited on the CuPc-based MOF catalysts. 
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Figure 5.6 The potential energy surface (PES) diagram representing the ΔEads values for CO2 reduction 

to CH4 through various reaction intermediates on the CuPc surface at 0 VRHE. The energies are expressed 

in eV. 

• CO2 reduction to C2 products 

The transformation of CO2 into C2 products such as C2H4 and C2H5OH depends on C-

C coupling between *CO intermediates, which requires the synergy of two adjacent 

catalytic sites. Since copper-based catalysts are known to favor hydrocarbon formation, 

a CuPc-based MOF featuring a homogeneous Pc unit and spatially separated CuO4 

metal node as dual active sites emerge as a promising candidate for CO2 reduction to 

C2 compounds. The incorporation of Cu sites with lower coordination was found to 

enhance the binding energies of *CO and *CHO, while simultaneously lowering the 

energy barrier for C-C bond generation via OC-CHO coupling, thus promoting the 

formation of multi-carbon (C2+) products. It is noteworthy that the pivotal step in CO2 

electroreduction toward C2 products is the C-C coupling between adsorbed CO and 

CHO, however, the present study cannot stabilize the *COCO intermediate. Previous 

studies have demonstrated that when the arrangement of closely adjacent copper atoms 

is < 2.6 Å, such a short Cu-Cu distance is beneficial to the direct C-C coupling between 

two *CO intermediates (i.e., the *CO-*CO coupling to yield *OCCO).[51,56] In 
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contrast, MOFs with di- and tri- copper sites usually take the form of either *CO-*CHO 

or*CO-*COH coupling, instead of the *CO-*CO coupling, where the adjacent Cu-Cu 

sites are separated by ∼ 3.3 Å to ∼ 3.6 Å.[57–59] For the systems with even longer 

adjacent Cu-Cu distances (> 4Å), the migration of CO species for the C-C coupling is 

necessary during the reaction. For instance, in the Cu(111)@Cu-THQ system, the dual 

CuO4 site acts as the CO source, while the Cu(111) surface provides stronger CO 

adsorption and reduction capability, promoting C-C bond formation and C2+ product 

generation.[60] Similarly, in the present CuPc featuring both CuO4 and CuPc sites with 

the adjacent Cu-Cu separation distance of 9.04 Å, the C-C coupling is expected to occur 

via a similar mechanism, where a *CO intermediate desorbs and migrates to the *CHO 

site to enable dimerization.  

 

CO2 reduction to *2CO and *CHCO intermediates: Initially, two CO2 molecules 

were adsorbed onto the active sites of CuPc, one binding to the Cu atom of the organic 

linker and the other to the metal node. The adsorption energy (ΔEads) value required for 

both the CO2 molecules to get adsorbed on the active sites of the CuPc was -5.23 eV. 

After the adsorption of CO2 molecules on each Cu atom, both the CO2 molecules 

underwent hydrogenation and were reduced to two *COOH intermediates, followed by 

the proton-coupled electron transfer that produced *CO intermediates on each of the 

active sites with ΔEads values of -1.73 eV and -3.78 eV, respectively, along with the 

desorption of two H2O molecules. CO is a crucial intermediate in the CO2RR to produce 

C2 compounds, so its binding energy plays a significant role in determining the product 

distribution. If a catalyst has low binding energy, CO desorbs from the surface, 

preventing C2 products formation. In contrast, if the binding energy is too high, CO is 

retained too strongly, which can lead to catalyst poisoning. We observed that the 

transition from *CO-*CO to *COCO coupling, the calculated *COCO intermediate 

failed to stabilize on the active site as the Cu-Cu distance is 9.04 Å, and one *CO 

underwent hydrogenation to produce *COH or *CHO. The finding indicates that prior 

to C-C coupling, *CO intermediate bound to the linker undergoes additional 

hydrogenation, generating *CHO and *COH intermediates, while another *CO 

intermediate remains attached to the metal node. The ΔEads values required for the 

formation of *COH and *CHO together with the *CO intermediates were -0.52 eV and 

-1.95 eV, respectively, suggesting subsequent hydrogenation leading to C2 (here 

ethylene and ethanol) primarily proceeds via the *CHO intermediate, consistent with 
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earlier reports.[22] All the possible intermediates involved in CO2RR to C2H4 and 

C2H5OH are depicted in Figure 5.7-5.8, and their corresponding energies are shown 

through the PES diagram depicted in Figure 9. It is important to note that the conversion 

of CO2 to C2 compounds requires C-C bond formation between *CO and either *COH 

or *CHO, necessitating the cooperation of adjacent catalytic sites. Furthermore, the 

CuO4 site with its square-planar configuration exhibits weak CO binding, meaning that 

*CO intermediates tend to desorb as CO gas rather than progressing toward 

hydrocarbon formation through further hydrogenation.[61,62] Therefore, the CO 

molecule on the metal node was desorbed and combined with *CHO to form *CCO 

and a H2O molecule, while on the other hand, the *CHO intermediate before coupling 

with the *CO intermediate, underwent further hydrogenation to produce *CHOH. Next, 

the *CO intermediate present on the metal node coupled with the *CHOH intermediate, 

forming a *CHCO intermediate and a H2O molecule, depicting that during the coupling 

process, the intermediates flipped, allowing the carbon atom to bind to the Cu atom of 

the linker. Therefore, the energies required for the formation of *CCO and *CHOH 

have been calculated, and the low value of ΔEads for the *CHOH intermediate (-3.06 

eV) indicates its favorable formation over *CCO (-0.03 eV). The resulting stable 

configurations for CO2 reduction to *2CO and *CHCO intermediates in the pathway of 

generating C2 products are shown in Figure 5.7 (a)-(i).   

 

 

Figure 5.7 The equilibrium geometries of the possible reaction intermediates associated with the first 

seven-electron reduction of CO2 to *CHCO intermediate on the CuPc surface with (a) CuPc surface; and 

intermediates: (b) *2CO2; (c) *2COOH; (d) *2CO; (e) *CHO + *CO; (f) *COH + *CO; (g) *CHOH + 

*CO; (h) *CCO; and (i) *CHCO. 
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*CHCO reduction to ethylene and ethanol: The *CHCO intermediate was further 

hydrogenated into various intermediates to finally produce C2H4 or C2H5OH, which 

then desorbed from the CuPc unit to yield C2H4 or C2H5OH. After *CO and *CHOH 

coupling to form *CHCO intermediate, the *CHCO intermediate was further reduced 

to form *CHCOH, *CH2CO, and *OCHCH intermediates with ΔEads values of -3.83 

eV, -4.90 eV, and -5.36 eV, respectively, confirming the favorable formation of the 

*OCHCH intermediate. Further reduction of *OCHCH led to the formation of the next 

key intermediates, including *CHC, *CH2CHO, and *OCHCH2, with ΔEads values of -

1.23 eV, - 4.33 eV, and - 4.42 eV, respectively. These reaction steps are 

thermodynamically permissible, as indicated by their relatively low energy barriers. 

The *OCHCH2 intermediate was subsequently subjected to hydrogenation to produce 

*CHCH, *CH2CH2O, and *O with C2H4 desorption. However, the computed values of 

ΔEads indicate that the C2H4 desorption and *CHCH formation are unfavorable, and 

hence, further reduction of the *CH2CH2O intermediate takes place. The resulting 

stable configurations of all the possible intermediates for *CHCO reduction to C2 

products are shown in Figure 5.8 (a)-(n).  

 

Figure 5.8 The equilibrium geometries of the possible reaction intermediates associated with the 

subsequent five-electron reduction of *CHCO toward C2 Products (C2H4 and C2H5OH) on the CuPc 

surface with intermediates: (a) *CHCO, (b) *CHCOH; (c) *CH2CO; (d) *OCHCH; (e) *CHC; (f) 

*CH2CHO; (g) *OCHCH2; (h) *O; (i) *CHCH; (j) *CH2CH2O; (k) *OH; (l) *CHCH2; (m) *CH2CH2OH; 

and (n) CuPc surface. 

 

Next, the *CH2CH2O intermediate was further hydrogenated to generate *OH with 

C2H4 desorption, *CHCH2 with H2O molecule, and *CH2CH2OH intermediate with the 
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ΔEads values of 0.67 eV, -4.66 eV and -4.92 eV, respectively, favoring the formation of 

*CH2CH2OH intermediate. This intermediate was further hydrogenated to produce 

C2H5OH at the catalytic active site, with a ΔEads value of -2.76 eV, consistent with the 

previously reported value for C2 product,[63] and thus, indicating the exothermic nature 

and thermodynamic feasibility of C2H5OH desorption. It is noteworthy that, compared 

to *OH, the formation of the *CHCH2 intermediate was more favorable, and subsequent 

hydrogenation of *CHCH2 produced C2H4 at the catalytic active site, with a ΔEads of 

approximately 2.11 eV, as depicted through the PES in Figure 5.9, indicating the 

endothermic and thermodynamically unfavorable behavior. Particularly, to clarify the 

competition between these two C2 products, we note that although both C2H4 and 

C2H5OH originate from the *CHCO intermediate, their subsequent hydrogenation steps 

proceed through distinct intermediates. A small variation in the adsorption energies of 

key intermediates (*OCHCH, *OCHCH2, *CH2CH2O, CH2CH2OH, and *CHCH2) 

governs the relative formation of C2H4 and C2H5OH, as illustrated in Figure 5.9. The 

route leading to CH2CH2OH formation is thermodynamically more favorable (ΔEads = 

- 4.92 eV) than that leading to CHCH2 (ΔEads = - 4.66 eV) and C2H4 desorption (ΔEads 

= 0.67 eV), indicating that C2H5OH formation is exothermic and energetically 

preferred, whereas C2H4 desorption is endothermic and less favorable under the studied 

conditions. This mechanistic distinction rationalizes the observed preference for 

C2H5OH over C2H4 on the surface of CuPc and highlights the critical role of subtle 

energetic differences between intermediates in directing C2 product selectivity. Thus, 

the detailed analysis of the reaction mechanism favors the formation of C2H5OH over 

C2H4, which agrees with the experimental results of PcCu-Cu-O MOF acting as a dual 

active site for C2 products. The experimental work on PcCu-Cu-O MOF demonstrated 

a single C2 product; however, our study reveals the various competing intermediates 

involved in the generation of C2 products. A clearer picture of ΔEads values for all 

intermediates and competing pathways at a potential of U = 0 V Vs RHE is illustrated 

through the PES diagram depicted in Figure 5.9. 
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Figure 5.9 The potential energy surface (PES) diagram representing the ΔEads values for CO2 reduction 

to C2H4 and C2H5OH through various reaction intermediates on the CuPc surface at 0 VRHE. The energies 

are expressed in eV. 

 

• Competition between C1 and C2 products 

The proposed pathways for CO2RR to C1 products (CO, HCOOH, CH3OH, and CH4) 

and C2 products (C2H4 and C2H5OH) commence with the reduction of CO2 to *HCOOH 

and *CO, which served as pivotal surface intermediates directing subsequent PCET 

toward different reaction routes leading to C1 and C2 products. The further reduction of 

*HCOOH and *CO dimerization represents a competitive process. For the CH4 

production, *HCOOH reduction to *CHO and *COH intermediates takes place with 

ΔEads values of -1.77 eV and -0.28 eV, respectively, suggesting the favorable formation 

of *CHO intermediate, while for the C2 product, *CO may be coupled with the *COH 

or *CHO to get C-C bond coupling. The C-C coupling in the present study proceeds 

after the formation of *COH and *CHO, and the results of our DFT-D calculations 

dictate that the formation of *CHO + *CO (-1.95 eV) is more favorable than the *COH 

+ *CO intermediate (-0.52 eV). The next step involves the C-C coupling to form *CCO 

(-0.03 eV) or further hydrogenation of *CHO to yield *CHOH with *CO attached to 

the metal node with ΔEads value of -3.06 eV. The results propose a greater propensity 

for the occurrence of *CHOH + *CO, and further hydrogenation lead to *CHCO (-2.64 

eV). Here, the two key intermediates after C-C coupling study are *CCO and *CHCO 
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with ΔEads values of -0.03 eV and -2.64 eV, respectively, suggesting favorable 

formation of *CHCO. Thus, results reveal that the energy barrier for *CO coupling is 

lower than that for the subsequent reduction of *CO to the *CHO (-1.77 eV) 

intermediate associated with C1 product formation. Thus, CO2 reduction to C2H5OH 

through *CHO intermediate is the most feasible one among the mechanisms 

investigated for both C1 and C2 products. All the calculated values of ΔEads are subject 

to an estimated uncertainty of approximately ±0.02 eV, which reflects the typical 

accuracy of the B3LYP-D3 method.[41] 

 

5.4.3 Structural and chemical stability 

The structural and chemical stability of the CuPc was examined to assess its robustness 

during CO2RR. In our computational study, the CuPc framework with the adsorbed 

intermediates was fully optimized during geometry relaxation to accurately capture the 

equilibrium adsorption geometries and local electronic effects. The optimized 

adsorption geometries showed negligible structural distortion near the active Cu-N4 

center, and the local coordination environment around Cu remained intact. In other 

words, during the geometry optimization of the intermediates for C1 and C2 products, 

the optimized Cu-N(a) = 1.95 Å, N(a)-C = 1.38 Å, and N(b)-C = 1.33 Å bond lengths 

closely match with the optimized bond lengths of the pristine CuPc structure, 

suggesting that adsorption does not induce significant structural disturbance at the 

catalytic site. Moreover, the moderate and thermodynamically consistent adsorption 

energies further suggest that the Cu-N coordination framework remains intact during 

electron transfer and hydrogenation steps. Furthermore, previous studies have 

demonstrated that the strong in-plane Cu-N coordination and π-π interactions between 

layers of the MPc-based porous materials effectively prevent Cu aggregation and 

restacking during CO2RR, maintain both structural and catalytic integrity.[22,63,64]  

To further assess the chemical stability of the active sites, the Mulliken charge 

distribution of CuPc has been analyzed before and after the CO2 adsorption obtained 

by the B3LYP-D3 method. This Mulliken charge analysis has been performed at the 

equilibrium geometries of the system. In pristine CuPc, the central Cu exhibits a charge 

of +0.64 e, consistent with a Cu(0)-like electronic character, and shows minimal 

variation after adsorption (+0.64 to -0.69 e). The adjacent N atoms also display only 

slight charge redistribution (-0.16 to -0.03 e), confirming that the oxidation state of Cu 
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remains effectively unchanged. The maintained Cu-N coordination and planar structure 

confirm that the Cu centers remain in the Cu0 state throughout CO2 adsorption, 

reflecting the electronic and structural robustness of the active site. These findings, 

consistent with previous reports,[65] demonstrate that the Cu-N framework remains 

both structurally and chemically stable throughout the CO2 reduction process. 

This study offers important mechanistic understanding of CO2 electroreduction 

(CO2RR) on MPc-based MOFs, with particular emphasis on the generation of C2 

products such as C2H5OH and C2H4. Using first principles periodic hybrid DFT-D 

calculations, the study reveals the energetic favorability of key reaction pathways and 

underscores the significance of the Cu-N4 active site and synergistic interactions within 

the CuPc framework to enhance the electrocatalytic activity toward CO2RR. Notably, 

the CuPc surface shows a thermodynamic preference for C2H5OH over other products, 

pointing toward its potential in selectively producing C2 compounds. The structural and 

chemical stability of the CuPc remained stable during the reduction reaction. Overall, 

these insights establish a theoretical basis for the rational design of MOF-based 

electrocatalysts and contribute to advancing strategies aimed at improving both 

selectivity and efficiency in CO2 conversion to valuable multi-carbon products.  

 

5.5 Conclusions 

In summary, we have provided mechanistic insights into CO2 adsorption, activation, 

and reduction, along with the associated pathways leading to further reduced C1 (CH4) 

and C2 (C2H4, C2H5OH) products, explored through first principles DFT-D (B3LYP-

D3) calculations. The results of the electronic band structure calculations revealed a 

bandgap of 0.65 eV, while the density of states calculations indicated that the catalytic 

performance predominantly arises from the synergistic contributions of Cu atoms 

present with the nitrogen atom of the MPc unit of the 2D CuPc monolayer. Further 

calculations revealed that the Cu-N4 complex in the CuPc has the lowest CO2 adsorption 

energy, which indicates the fast proton/electron kinetics, and the negative value of 

binding energy (Eb = -3.59 eV) signifies the thermodynamic stability and experimental 

feasibility of the CuPc. Next, the periodic hybrid DFT-D calculations were 

subsequently conducted to reveal the detailed change in relative adsorption energy 

(ΔEads) profiles for each reaction intermediate during the catalytic activity of the CuPc 

towards major C1 (CH3OH, CH4) and C2 (C2H5OH and C2H4) products. The simulated 
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values of ΔEads revealed that among the two possible reaction pathways, the *HCOOH 

(-5.07 eV) pathway favored further hydrogenation over the *CO (-3.49 eV) pathway 

for CO2RR to CH4 (-2.28 eV) after the complete eight electron (8e-) transfer. The CuPc 

surface preferentially promotes the C2H5OH formation over the C2H4, with a more 

favorable ΔEads value of -2.76 eV versus 2.11 eV, suggesting that the MPc-containing 

MOFs tend to favor C2 over C1 product formation. These findings offer new 

perspectives on improving the selectivity of CO2 conversion toward C1 and C2 products 

and emphasize the importance of strategically designing highly efficient 

electrocatalysts for CO2 electroreduction into valuable products. Overall, this work 

contributes to the advancement of carbon capture, utilization, and storage (CCUS) 

technologies by providing an atomistic-level understanding that can guide the rational 

design of next-generation electrocatalysts for efficient CO2 conversion. We anticipate 

that this study will benefit both theoretical and experimental researchers working on 

the CO2RR mechanism on the MPc-based catalysts and aid in the development of more 

effective CO2RR systems.  
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Chapter 6 

Conclusions and Future Perspectives 

The major conclusions drawn from the research work carried out in the present thesis 

are highlighted in this chapter. Future perspectives and possible directions for further 

research on these novel porous MOF and COF-based materials for CO2 capture, direct 

air capture (DAC), and electrochemical conversion are also discussed here.  

     6.1 Conclusions 

This thesis presents a joint comprehensive theoretical and computational investigation 

into the rational design of porous materials for CCUS, with a particular focus on MOFs 

and COFs. Using a combination of non-periodic DFT, hybrid periodic DFT, and post-

Hartree-Fock (HF) calculations, the thesis systematically has explored the adsorption 

and catalytic behavior of functionalized porous materials toward efficient CO2 capture 

and electrochemical reduction. The overall objective of the thesis was to study the CO2 

adsorption strength, electronic properties, catalytic activity, and product selectivity in 

MOF and COF-based systems. The conclusions of the research work presented in the 

thesis are summarized below: 

1. The thesis first examined the role of organic linkers in governing CO2 

adsorption behavior. A detailed non-periodic investigation of different 

functionalized MOF linkers demonstrated that linker engineering plays a 

decisive role in controlling adsorption energetics and host-guest interactions. In 

particular, the combined B3LYP-D3 and MP2 methods demonstrated that Li 

decoration significantly enhanced the binding enthalpy of CO2 while 

maintaining reversible adsorption behavior. The EDA has revealed that the 

effects of both the electrostatic and polarization dominate the adsorption 

mechanism. Further, the FMO study has clarified the nature of charge 

distribution occurring during adsorption. These findings provide important 

molecular-level insights into the design of next-generation MOF linkers with 

improved CO2 affinity and adsorption performance.   

2. The second major contribution involved in investigating sulfur-linked MPc-

based COFs for electrochemical CO2 reduction to C1 products. The periodic 

DFT calculations revealed the structural stability and semiconducting behavior 

of the COFs while elucidating the catalytic pathways associated with CH4. The 
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study has demonstrated that sulfur-containing linkages effectively modulate the 

electronic structure and adsorption behavior of reaction intermediates, thereby 

influencing the catalytic selectivity and reaction energies. The calculated Gibbs 

free energy profiles have revealed favorable reaction pathways for CO2 

adsorption and proton-coupled electron transfer steps, confirming the catalytic 

potential of sulfur-linked CoPc COFs for selective CO2 electroreduction. This 

work highlights the importance of linker engineering in tuning catalytic activity 

within extended porous materials. 

3. The final part of the thesis focused on a CuPc-Cu-O MOF for electrochemical 

CO2 reduction toward both C1 (CH4) and C2 (C2H4, C2H5OH) products. Using 

hybrid periodic DFT calculations, the structural, electronic, and catalytic 

properties of the MOF were systematically analyzed. The results reveal 

favorable energetics for the formation of multi-carbon products, particularly 

C2H5OH, indicating that the designed MOF provides suitable active sites and 

electronic environments for efficient C-C coupling. Mechanistic analysis has 

demonstrated that the Cu-centered active sites stabilize key intermediates 

involved in multi-electron-proton transfer processes, thereby promoting C2 

product formation. The work establishes that the extended porous framework 

facilitates charge transport and reactant accessibility, enhancing the catalytic 

efficiency of the system. These findings provide valuable mechanistic 

understanding for the rational design of MPc-based MOFs as efficient 

electrocatalysts for sustainable CO2 conversion.  

Overall, this thesis presents a strong theoretical understanding connecting adsorption 

behavior, electronic structure, and catalytic performance in porous MOFs and COFs. 

By integrating molecular-level adsorption studies with periodic catalytic investigations, 

the work provides fundamental insights into the design principles required for efficient 

CO2 capture and electrochemical conversion. The systematic exploration of linker 

effects, metal-center activity, and structure engineering advances the understanding of 

how porous crystalline materials can be tailored for specific CCUS applications. 

     6.2 Future Perspectives 

The present thesis provides a joint theoretical and computational foundation for the 

rational design of porous MOFs and COFs for CO2 capture and electrochemical 

conversion. Although significant insights have been obtained regarding adsorption 



 

151 

 

energies, electronic properties, and catalytic pathways, several promising directions 

remain open for future exploration. The possible future perspectives emerging from this 

work are outlined below: 

1. A major future direction involves the experimental realization and validation of 

the theoretically designed Li-decorated linkers into integrated MOFs. While the 

computational studies demonstrate favorable CO2 adsorption, experimental 

synthesis would provide direct confirmation of the predicted performance.  

2. Another important perspective is the exploration of a wide range of linker 

functionalization strategies, such as chelation, impregnation, and metal doping, 

to further tune the pore environment, adsorption strength, charge transport, and 

catalytic selectivity. Such modifications may lead to the development of porous 

materials with enhanced stability and improved catalytic efficiency under 

operating conditions.  

3. The thesis primarily investigates equilibrium adsorption energies; however, 

future work could extend toward studies involving adsorption kinetics, diffusion 

behavior, cyclic regeneration performance, and simulations. Multiscale 

computational modelling combining DFT calculations with molecular 

dynamics (MD), grand canonical Monte Carlo (GCMC) simulations could 

provide deeper insights into CO2 capture at operating conditions.  

4. The investigation of different transition metal centers also presents an important 

research direction. In addition to Co and Cu, other metals such as Fe, Ni, Mn, 

Zn and bimetallic systems may exhibit unique catalytic properties for selective 

CO2 reduction. The selective formation of C2+ products remains one of the most 

challenging aspects of CO2 electroreduction. Therefore, future research may 

focus on understanding and controlling C-C coupling pathways in detail. The 

incorporation of dual or hetero metal active sites could further improve C-C 

coupling and promote the formation of higher-value multi-carbon products. In 

addition, advanced computational methods combined with machine learning 

methods may help identify descriptors governing intermediate stabilization and 

product selectivity, thereby accelerating the discovery of highly efficient 

electrocatalysts for multi-carbon products.  

5. The outcomes of this thesis can be further extended toward advanced CCUS 

technologies, particularly in the rapidly growing field of direct air capture 
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(DAC). Since atmospheric CO2 concentrations are ~420 ppm, DAC requires 

adsorbent materials with exceptionally high selectivity, reversible CO2 binding, 

fast adsorption-desorption kinetics, and excellent stability under humid 

conditions. The insights from this thesis provide an important foundation for 

designing next-generation porous materials suitable for DAC applications.  
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