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Synopsis 
 

As the average CO2 concentration in the air is currently at 417 ppm and rising, the 

commercial Bosch-Haber’s process of NH3 production being a major contributor of 

CO2 emissions; it is eminent that sustainable methods of ammonia production have 

to be explored. While the commercial method of ammonia fixation from N2 gas faces 

the bottleneck of huge energy demand and carbon footprint; a commercial substitute 

for Bosch-Haber process is yet to be achieved. Considering the cost and energy 

needed to explore new materials, computational scanning and analysis will help in 

reducing efforts needed to develop new materials. N2 being a highly stable molecule, 

its activation at exothermic condition has always been a challenge. Given a rich 

electron source that can easily transfer electron to the nitrogen π* orbitals, N-N bond 

activation can be achieved without supplying large amount of heat. Implementing 

the idea of two-dimensional (2D) surfaces that can act as electron reservoirs, the 

reduction of N2 to NH3 on different families of 2D materials have been extensively 

discussed.  The nature of catalysis on Mo-metal single atom catalyst (Mo-SAC) 

anchored on heteroatom doped graphene substrate of different sizes and edge 

orientations has been confirmed to be a local site activity (Chapter 3). The scope of 

implementing several metal SACs has been studied for N2 activation with the N-N 

bond elongation being triggered by the transfer of electrons from metal d-orbitals to 

N2 π* orbitals. More importantly, the quantitative catalytic efficiency of one metal 

over the other is highly influenced by the description of the atomic orbitals (Chapter 

4). However, a qualitative trend in the catalytic nature of different metals can be 

investigated through the use of non-commercial academically licensed 

computational software. Further investigation on possible catalytic centers on 

graphene led to incorporating Al-metal clusters, the most earth abundant element, 

and a trade-off can be made on the catalytic center to be incorporated when graphene 

is to be used as the 2D support for nitrogen reduction reaction (NRR). A significant 

reduction in the Gibbs free energy change, ΔGNRR required for NRR can be reduced 

to 0.78 eV in Al5-cluster as compared to 1.24 eV in vanadium-SAC by modulating 

the chemical coordination around the metal centers (Chapter 5).  
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We have also studied the catalytic efficiency of two electrically conductive 2D 

materials – Mo2C and vanadium dichalcogenides (VX2). The conductive nature of 

these 2D substrates enhances the process of electron transfer from the catalyst the 

antibonding orbitals of N2. Rather than relying on metal catalyst centers, we have 

used non-metal atomic centers for NRR on these conducting 2D materials. Here, 

boron is the atomic center of interest and when introduced as an adatom on defective 

Mo2C, ΔGNRR reduces to 0.57 eV (Chapter 6) and the same non-metallic boron atom 

center when introduced as a substitutional dopant on 2H-phase of VS2 shows a 

further reduction in ΔGNRR to 0.22 eV (Chapter 7). Furthermore, these catalysts can 

be realised as electrocatalyst due to their conducting nature, and the thesis highlights 

how the NRR performance can be enhanced with chemical modifications on 

different 2D substrates. Moving forward with the goal of obtaining commercially 

viable catalysts that do not involve tedious and sophisticated synthesis protocols that 

are mandatory for the above-mentioned materials, we have studied porous 

coordination compounds that can be achieved via reticular synthesis. Two-

dimensional metal organic framework (MOF) comprised of porphyrin ligands and 

early transition metals are investigated for ammonia production at ambient aqueous 

condition, and Ti-based porphyrin MOF is being proposed as an active 

electrocatalyst for NRR with ΔGNRR of 0.35 eV (Chapter 8).  

Besides exploration on different 2D materials for N2 reduction to NH3, we have also 

put emphasis on studying the correlation between electronic properties of the 

catalysts and their NRR performance. The notable properties are band-centers, work 

function, atomic charges, density of states and free energy differences of NRR 

intermediates. These properties have been found to satisfactorily correspond to 

ΔGNRR, thereby establishing them as universal parameters for developing novel 

catalysts.  

This Ph.D. thesis focuses on the development of experimentally feasible sustainable 

2D material with earth abundant and economically viable metal and non-metal active 

centers. The goal of this research is to develop an active, low cost, stable and efficient 

electrocatalyst for NRR via an exhaustive computational study. 

 

(705) 
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Chapter 1 

 
A Brief Overview on Two-dimensional 

(2D) Materials for Nitrogen Reduction 

Reaction (NRR) 
 

This chapter summarizes the chemistry behind reduction of nitrogen (N2) gas to 

ammonia in ambient conditions and the challenges associated with this chemical 

process. The electronic concept derived from the molecular orbitals of N2 gas has been 

explained to be the driving force behind designing sustainable catalysts for N2 

activation and reduction. A detailed overview on the two-dimensional (2D) materials 

reported for nitrogen activation and reduction has been presented in this chapter. The 

bottlenecks towards implementing certain family of 2D materials have also been 

discussed and the layout of the thesis is described at the end of this chapter. 
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1.1 Introduction 

Ammonia, the basic hydride of nitrogen, formed by the reaction of nitrogen (N2) and 

hydrogen (H2) gas is an essential compound to humankind and nature. With its major 

application as fertilizers in agriculture and global food security, ammonia is an inevitable 

component for our sustenance. Moreover, this compound is also inspiring diverse green 

energy technologies: as a fuel for electricity, heat generation, hydrogen carrier and clean-

burning motors. However, the synthetic production of ammonia with the Haber-Bosch 

process in large plants is driven by fossil fuels at temperature of 400–500°C and pressure 

of 150–300 bar in the presence of an iron-based catalyst.1 Around 96% of the hydrogen 

required for Haber -Bosch process is further derived from fossil fuels and with 90% of 

global ammonia produce derived from the combustion of non-renewable energy sources. 

This accounts to nearly 3–5% of the natural gas produced globally being utilized for 

ammonia production via the Haber-Bosch process and the carbon footprint of this 

industrial process surpasses 2.16 tonne of CO2 for every tonne of NH3 produced.2 In spite 

of high energy consumption and CO2 production, the global ammonia market is 

approximated at 122.4 billion US dollars in 2022 with a registered year-to-year growth 

of 4.6%.3  The global ammonia consumption as estimated by a market research carried 

out in 2022 showed China to be a prominent manufacturer and consumer of ammonia 

with the major application of ammonia being production of urea and its use in agriculture 

correspond to the increased demand for food with increasing population. The demand for 

ammonia will continue to grow with growing population and renewable ammonia 

production currently contributes less than 0.02 metric tonne of global ammonia produce.4 

Figure 1.1 shows the global ammonia demand from 1900-2020 and its usage in 

production of nitrogen containing compounds and the consumption of these nitrogen 

containing fertilizers in major regions of the world. The consumption of ammonia as urea 

can be seen to be relatively high for countries with large populations such as China and 

India.  
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Figure 1.1: (a-b) Global ammonia demand, 1900-2020 (top), and uses (bottom); (c) 

Nitrogen fertiliser application by region and product as estimated in 2020.4   

The global challenge to achieve sustainable fossil-free ammonia production has been 

the major focus of research for the past few decades. While several approaches to produce 

ammonia at ambient conditions have been attempted, the attempts ranging from 

mimicking the biological “nitrogen cycle” and utilizing the oxides of nitrogen as the 

nitrogen source; their reproducibility cannot be directed for commercial ammonia 

production.5-6 Furthermore, to efficiently screen and investigate effective materials or 

approaches via experimental verification is rather exhaustive and depends on the 

availability of capital resources. In this respect, computational and theoretical approaches 

to understand ammonia production from N2 and H2 at ambient conditions play a major 

role in deciphering the practicability of implementing certain materials for experimental 

validation and aid in the search for a utopian renewable catalyst for ammonia production.  

1.2 Nitrogen molecule: activation and reduction to NH3 

N2 gas also known as dinitrogen, is an elemental molecule formed by strong trivalent 

coordination of two nitrogen atoms and its dissociation requires 945 kJ/mol of energy.7 

This high N-N bond dissociation energy justifies the need for high temperature and 

pressure conditions in the Haber-Bosch process. If we look into the molecular orbitals of 
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dinitrogen, the triple bond in N2 has been formed by sp3 hybridization of the 2s and 2p 

orbitals of nitrogen atoms as shown in Figure 1.2. It is important to reiterate that electron 

occupation in bonding molecular orbital leads to stabilization of the bonds while presence 

of electrons in the antibonding orbitals lead to destabilization and weakening of the 

bonds. The presence of paired valence electrons in the bonding π2px, π2py and σ2pz orbitals 

account to the triple bond as observed in dinitrogen and the absence of electrons in the 

antibonding orbitals further leads to its stabilisation. When an electron is removed from 

the bonding orbital to form N2
+ or an electron is added to form N2

-, the bond order 

becomes 2.5 and the N-N bond is weakened in these charged species of N2. However, 

this approach to weaken the strongly bonded N≡N bond is unfavourable due to the 

generation of charged species and the high ionization and electron gain enthalpies of N2 

molecule.  

 

Figure 1.2: Molecular orbital diagram of N2 molecule.8 

As such, the importance of using a catalyst that can influence N-N bond weakening 

at room temperature without creating charged species becomes crucial and catalysts that 

act as electron reservoirs are essential to weaken the strong N≡N bond and reduce 

dinitrogen to ammonia at ambient conditions. The catalyst holds on to the N2 molecule 

and the charge disparity caused by electron transfer from the catalyst to the molecule 
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triggers the reduction process to produce ammonia. The mechanistic routes to reduce N2 

adsorbed on the catalysts are as shown in Figure 1.3. There are two different modes of 

N2 adsorption on the catalyst – a perpendicular or end-mode mode and a parallel or side-

on mode: with three possible routes of nitrogen reduction reaction (NRR). A distal and 

alternating route of dinitrogen reduction is anticipated for N2 adsorbed in the 

perpendicular (or end-on) mode, while an enzymatic route is prominent in the parallel 

(or side-on) mode of N2 adsorption. A more uncommon consecutive route on NRR has 

also been found and reported for the side-on mode of N2 adsorption.   

 

Figure 1.3: Possible mechanistic routes of nitrogen reduction reaction (NRR): distal and 

alternating route for N2 adsorbed in end-on mode, while enzymatic route is observed in 

side-on adsorbed N2. 

Traditional catalysts for nitrogen activation are derived from the Fe3O4 catalyst 

(Haber-Bosch process) or Fe-Mo complex of the nitrogenase enzyme. Several transition 

metal–N2 complexes of Mo, Fe and Co have been reported as an approach to activate the 

triply bonded N≡N at ambient condition and N2 reduction.9-11 Another transition metal 

catalyst reported for N2 activation is the Mo–Ti–S cluster with a Ti center as the active 

site.12 These traditional catalysts act as catalysts by donating d-electrons to the 

antibonding π*-orbitals of N2 while accepting the lone pair of electrons from N2, thereby 

the π- backdonation to cause N≡N bond dissociation. However, there are several 

challenges in ensuring the stability and recyclability of these transition metal complexes; 

and with growing cost of metals using bulk metals as catalysts are discouraged. Materials 
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that act as reservoirs of electrons with a dynamic ability to give as well as donate 

electrons are essential. Herein, catalysts that act as electron reservoirs when coupled with 

an active center are attractive candidates to be implemented as catalysts for N2 activation 

and reduction.  Over the last few decades, two-dimensional (2D) materials have garnered 

attention in electrical conductivity, energy storage, catalysis, and sensors owing to their 

large surface area.13-15 Another advantage of these 2D materials are their flexibility to be 

implemented as heterocatalysts, electrocatalysts or photocatalysts. The active center 

incorporated in the 2D materials can be ad-atoms which can be metal or non-metal in 

their atomic or cluster form and surface modifications created by atom vacancy or 

doping. The 2D material supports reported for N2 activation and reduction include 

carbon-based materials; metal carbides and borides (MXenes and MBenes); transition 

metal dichalcogenides; coordination network polymer materials - metal organic 

frameworks (MOFs) and covalent organic frameworks (COFs).  

1.3 NRR in carbon-based materials 

The 2D carbon-based material of interest include graphene, graphitic carbon nitride 

(g-C3N4) and reduced-graphene oxide (r-GO); with graphene being the most reported 

owing to its semiconducting nature, zero bandgap, mechanical strength, superior thermal 

conductivity, and charge mobility at room temperature. The delocalised electrons in the 

basal plane of graphene are weakly effective for directed catalytic N2 activation and 

reduction to NH3. Upon manipulating the graphene surface with vacancy defects or 

heteroatom dopants such as B, N, P and S; the electronic and structural properties of 

graphene can be modulated to augment the catalytic activity.16-21 In particular, N species 

when present as pyridinic, pyrrolic or graphitic nitrogen and B heteroatom dopant causes 

polarization N-C or B-C bond, and this polarization creates an ideal condition to induce 

N2 adsorption and subsequent N≡N bond dissociation.22-24 However, in the absence of 

empty orbitals for π- backdonation, the activation of N2 in heteroatom-doped or defective 

graphene is not efficient enough to lead to NH3 production.25 Consequently, introducing 

an active metal center to the heteroatom-doped or defective graphene is an excellent 

proposition to be developed as heterocatalysts or  electrocatalysts for NRR. The metal 
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centers when incorporated as single atom catalysts (SACs), diatomic atom catalysts 

(DACs) and atomic nanoclusters will maximise the activity and efficiency of metals.  

1.3.1 Metal single atom catalysts (SACs) on chemically modified 

graphene for NRR 

Single atom catalysts (SACs) constructed by anchoring isolated single metal atoms 

on 2D materials provide high catalytic activity because of the metal low-coordination 

environment and significantly reduce the metal usage.26 Precious metal SACs, Ru and 

Au, anchored on N-doped graphene have proved promising for catalysing the activation 

and reduction of N2.
27-28 These single metal sites supported on N-doped carbon 

demonstrated a higher activity and Faradaic efficiency than their bulk nanoparticle 

analogues due to a much stronger  interaction of N2 with the metal SACs.28 Density 

Functional Theory (DFT) calculations have also showed that NRR selectivity is higher 

in metal SACs over the bulk metal catalysts as the competing hydrogen evolution 

reaction (HER) is suppressed.29 While the activity of the precious metals is appealing for 

NRR, these metals are costly, and their limited availability pose a larger challenge 

towards obtaining sustainable catalysts for ammonia production. In this regard, lighter 

transition metals being abundant and cheaper are more attractive. Fe and Mo are the 

preferred choice of transition metals due to their presence in nitrogenase enzyme.30  

Tian and co-workers reported Mo-SAC with trivalent coordination of N (MoN3) on 

graphene nanoflakes, with a detailed catalytic profile of N2 reduction on the Mo/N active 

site and graphene acting as an electron transportation bridge.31 FeN3-graphene catalyst 

with Fe SACs has been reported by Li and co-workers as a highly active catalyst for N2 

reduction. The strongly bonded N≡N bond shows a drop in the bond order from 3 to 2.75 

and 2.5 for perpendicular and parallel modes of N2 adsorption, respectively thereby 

indicating inert N≡N bond is activated.32 The N-doped graphene scaffold (N3-graphene) 

pertains to graphene with a single vacancy (SV) defect and it has been found to stabilise 

Mo-SAC and Cr-SAC and the M-N3/SV-graphene catalysts so formed showed high 

activity and selectivity for N2 reduction.33 
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Figure 1.4: Schematic representation of metal-SAC embedded in N-doped graphene (a) 

single vacancy (SV) or M-N3 and (b) divalent vacancy (DV) or M-N4 graphene.34  

However, N-doped graphene with divalent vacancy (N4/DV-graphene) defect, as 

represented in Figure 1.4, has been found to bind the Fe-SAC more strongly with a more 

negative binding energy and a correlation between the binding energies of metal-SACs 

with N4/DV-graphene as a function of the defect, N-atom configuration and doping.34 In 

particular, Wen and co-workers demonstrated that divalent vacancy (DV)-graphene with 

higher number of atom doping shows higher structural stability in Mo-SAC than  single 

vacancy (SV)-graphene.35 Mo-SAC with N4-coordination embedded in divacant 

graphene showed excellent catalytic activity towards N2 reduction with a low energy 

barrier as compared to the competing Hydrogen Evolution Reaction (HER).36 Another 

active metal SAC on N-doped graphene nanosheet reported for NRR is Fe, wherein 

augmenting the magnetic nature of Fe-SAC can enhance the binding efficiency and 

electron transfer between the catalyst and N2 molecule.37 These divalent vacancy 

graphene with porphyrin-like N4-centres, when anchored with Ti-SAC and V-SAC has 

also been found to show higher NRR performance than the most active Ru(0001) metal 

surface.29,38 The high efficiency towards N2 activation and reduction has been influenced 

by the strong electron donation from metal d-orbitals to N2  π* orbital  and back-bonding 

from occupied N2 π orbital to metal d-orbitals of the single atom catalyst. Several metal 

SACs - Cr, Mn, Fe, and Mo embedded in divacant graphene revealed a high activity for 

N2 fixation. In particular, the synergistic effect between graphene and Cr-SAC with a 

high spin density promoted the activation and reduction of N2.
39 The activity and energy 
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barrier for these metal SACs to reduce N2 were evaluated and ratified through theoretical 

investigations. Detailed theoretical investigations on several metal SACs placed on the 

edge of graphene have also been reported by Wei et. al showed a higher activity of Co-

SAC due to a selective stabilization of *N2H and destabilization of *NH2 intermediates 

which could not be seen in other metal SACs.40  

Other heteroatom dopants on graphene that have been reported for N2 activation and 

reduction are B, S and Se. Co-SAC with B-doped graphene yielded a CoB4 structure 

responsible for NRR attributed by the electronic nature of B-dopants, polarized C-B 

bonds on the graphene surface and Co showing weak adsorption for the product NH3, 

thus facilitating ammonia production.41   Sulphur coordinated Mo-SAC on graphene as 

reported by Wen et. al is another potential catalyst and the NRR performance can be 

predicted via a universal electron descriptor derived from electronegativity of metal and 

coordinated S-dopants.42 Zhou and co-workers proposed Mo-SAC anchored on Se-

heteroatom doped graphene to be effective catalysts and the most favourable for NRR 

activity as compared to Mo catalysing NRR. Zhou et. al proposed that Mo/Se-G shows 

the most favourable NRR activity compared with Mo supported on graphene with other 

heteroatom dopants (B, N, P and S).43  

 

Figure 1.5: Schematic representation of synthesizing ISAS-Fe/NC with Fe-SAC catalyst 

from the chemical precursors and a model representation of the Fe-SAC coordinated to 

N-doped carbon.45 

While the high activity and selectivity of the metal SACs have been predicted and 

proposed from theoretical investigations, experimental research has been limited due to 

engineering bottlenecks and operando protocols to prove the existence of metal-SACs on 

graphene sheets. Nonetheless, porous carbon, which is mesostructured graphene has been 
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developed as electrocatalyst for NRR. Han et. al demonstrated Mo-SAC on N-doped 

porous carbon to give a high NH3 yield and Faradaic efficiency (FE) of 50.0 ± 5.3 

μgh−1mgcat.−1 and 14.6 ± 1.6%, respectively at 0.3 V vs. RHE.44 Isolated single Fe atomic 

sites (ISAS) supported on N-doped carbon has been experimentally proven to show high 

durability and activity for reduction of N2 via electrochemical process in a neutral media. 

This ISAS-Fe/NC electrocatalyst (Figure 1.5) is the first reported non-precious 

transition-metal-based catalyst that showed the highest NH3 yield of 62.9 ± 2.7 

μgh−1mgcat.−1 at an onset potential of -0.4 V vs RHE and FE of 18.6 ± 0.8% in aqueous 

solutions.45 Likewise, Cu-SAC on N-doped carbon electrocatalyst synthesized by 

Pennycook’s group for NRR with NH3 yield of 53.3 ± 1.86 μgh−1mgcat.−1 and 13.8% FE, 

showed high NRR activity and selectivity. DFT investigation proved Cu-N2 coordination 

in graphene to show a strong binding efficiency to N2, and the cleavage N≡N triple bond 

following the activation of N2 molecule.46 In particular, modulating the coordination of 

the metal-SAC in N-doped porous carbon from Mn-N4 to Mn-O3N1 has proven to show 

high NRR activity at ambient conditions. The single atom catalyst site, Mn-O3N1 show a 

synergistic adsorption of N2 and stabilization of *N2H intermediate, thereby enhancing 

NH3 production with a high yield of 66.41 μgh−1mgcat. −1 and FE of 8.91% at −0.35 V in 

0.1 M HCl solution.47 

1.3.2 Metal diatomic atom catalysts (DACs) to single-metal cluster 

catalysts (SCCs) on graphene  

Diatomic catalysts (DACs) and single-metal cluster catalysts (SSCs) are a new 

development to SACs wherein a higher loading of metal atoms act as the active catalytic 

center to activate N2. While metal SACs possess a high selectivity and activity for NRR, 

it comes with its own limitations. The presence of only one single adsorption site for the 

activated reactant is unfavourable in catalytic reactions that involve the co-adsorption of 

reactants.48 There is also a high possibility of metal atoms agglomeration, sintering   or 

dispersion during a reaction when SACs are employed. Furthermore, the low metal 

loading of SACs on 2D materials when compared to DACs or SSCs lead to mediocre 

activity in long-term implementation.49  
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Theoretical investigations have shown that NRR-preferred Fe and Mo metal when 

combined with several other transition metals form bimetallic catalysts on graphene. The 

Fe and Mo center are found to be responsible for nitrogen adsorption and the second 

transition metal showing a synergistic effect to improve the NRR catalytic efficiency by 

promoting electron transfer between the 2D-surface and adsorbed N2 molecule.50,51 The 

NRR activity of homoatomic and heteroatomic DACs on graphene have been 

theoretically studied by Ma et. al. The stability and activity of the heteroatomic 

M1M2@N-doped graphene (NG), the heteroatom combination being chemically active 

early transition metals, investigated via bonding/antibonding orbital population and 

electronic property analysis showed a synergic reactivity effect in the heteroatomic 

DACs as compared to the homoatomic counterparts. As such, with a lower energy barrier 

of 0.24 eV in VCr@NG, which shows a strong suppression of HER (hydrogen evolution 

reaction) – the competing reaction and the chemical space to active NRR catalysts can 

be expanded.52 The prominence of arrangement of the two metal atoms in DACs has been 

further explored by Qu and co-workers in their study on two metal single-atom, non-

bonded double-atom and bonded double-atom centers on N-doped graphene. They 

reported a higher catalytic activity of NRR on the bonded double-atom catalyst; in 

particular, heteroatomic Mn-Fe catalyst with Mn-atom as the primary active center and 

Fe-atom showing a synergistic effect in stabilising the intermediates and facilitating NH3 

production.53  

 

Figure 1.6: Microscopic structure of diatomic PdCu catalyst anchored on N-doped 

carbon (PdCu/NC) obtained from (a) low-magnification and (b) magnified atomic 

resolution HAADF-STEM image showing diatomic site as bright spots; (c) Theoretical 
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representation of the PdCu atom pair on N-doped graphene as a schematic model of 

PdCu/NC.54 

Experimental report on metal diatomic catalysts or dimers for NRR highlighted a 

higher NRR performance on combination of rare-earth and earth-abundant transition 

metal pair PdCu embedded in N-doped porous carbon(PdCu/NC). This modulated PdCu 

DAC (Figure 1.6) showed NH3 yield 69.2±2.5 μgh-1mgcat.
-1 and a higher FE of 24.8±0.8 

% than its single metal Pd-SAC counterpart.54 However, Pd being a rare earth metal, a 

combination of NRR-preferred Fe and Mo metal as Fe-Mo dimer has been investigated 

by Li et. al. A higher selective NRR electroreduction in Fe-Mo anchored on N-rich 

carbon (FeMo@NxC) is observed than the SAC-counterparts (Fe@NC and Mo@NC) 

owing to a combined ligand, geometric and synergistic effect of Fe-Mo dimer 

coordination. Albeit a lower NH3 yield rate of 14.95 μg h−1 mg−1 at −0.4 V, the selectivity 

and FE of 41.7% at −0.2 V is higher than previously mention PdCu/NC catalyst.55 

 

Figure 1.7: Different engineering approaches to develop graphene-based materials 

catalysts for nitrogen reduction reaction (NRR).   
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Single-metal cluster catalysts (SCCs) are relatively more stable and feasible than 

SACs or DACs in solvent-mediated synthesis protocols. SCCs of non-precious metals 

are significant in advancing towards the next generation catalysts for NRR. In particular, 

Fe being an NRR-preferred metal when investigated by making a comparative study for 

its cluster forms, Fe3 and Fe4 with Fe-SAC and Fe-DAC on N-doped graphene exhibited 

a higher NRR activity. The synergistic enhancement in charge transfer between N2 and 

Fe4 cluster along with an aided stabilization of the reactant species are crucial factors that 

could not be observed or pronounced in SAC and DACs.56 Similar characteristics have 

been observed in trimetallic clusters of earth abundant transition metals on N-doped 

graphene- Mn3@NG, Fe3@NG, Co3@NG, and Mo3@NG with the SSCs inducing N2 

activation via a π-backdonation and improved charge transfer. Despite the theoretical 

supports proving the stability and activity of metal SCCs on graphene for NRR 

performance, experimental trials are yet to be reported.57 Figure 1.7 shows a summary 

of the different engineering and chemical approaches undertaken to develop graphene-

based catalysts for nitrogen reduction reaction (NRR). The conventional thermal energy 

sources when used to cross the energy barrier of NRR are unsustainable, thereby 

electrical energy derived from solar or wind energy are greener routes to catalysis. 

Electrocatalysis is the cornerstone towards achieving a greener economy and 

sustainability for meeting the future energy needs. Graphene sheets and stand-alone 

carbon supports show limited electrical conductivity and wettability, unless incorporated 

with a conducting stable support. These caps the prospects of administering 2D-graphene 

sheets as electrocatalysts for NRR, thereby it would be important to look towards 

electrically conducting 2D materials.  

1.4 NRR in metal carbides and borides (MXenes and MBenes) 

MXenes and MBenes belong to a large family of 2D early transition metal carbides, 

nitrides, carbonitrides and borides with diverse stoichiometric composition and 

structures. These 2D materials exhibit superior stability, electrical conductivity, 

wettability, and surface chemistry that leads to exciting chemical, physical and electrical 

properties. These 2D sheets are derived from their bulk MAX or MAB (M= transition 

metal, A = group 13 or 14 elements, X= C or N) phases by selectively etching the group 
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A elements.  For instance, a MXene Ti3C2 is obtained when Al, held by weak interaction 

forces with MX layer, is etched from its MAX precursor, Ti3AlC2. With a hexagonal 

coordination of the transition metals to carbon, nitrogen or boron in MXenes and MBenes 

(as shown in Figure 1.8); the orientation and stacking can lead to formation of two 

prominent phases - 1T and 2H phases, both of which show contrasting magnetic and 

metallic properties.58,59 

 

Figure 1.8: Representative models of the most primarily formed two-dimensional 

MXene and MBene with varying stoichiometric composition.59 

1.4.1 MXenes for NRR  

The most primarily known MXenes are 2D metal carbide nanosheets, M2C or M3C2 

with exposed metal surfaces.  They possess excellent potential as electrocatalysts owing 

to exposed metal surface and bonding interactions between 2s and 2p orbitals of carbon 

to metal d-orbitals which promote electron transfer from the 2D surface to the reactants. 

The layered structure and high surface area of MXenes with active sites and chemically 

inert surface has been influential in activating and reducing N2 molecule in a study carried 

out by Azofra and co-workers. M3C2 MXenes of Group 4, 5 and 6 transition metals, when 

investigated showed promising potential for N2 activation along with a stabilization of 

the protonated *N-NH and *N-NH2 intermediates. In particular, 2D monolayers of V3C2 

and Nb3C2 exhibited remarkable N2 reduction potential with overpotentials of 0.64 and 
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0.90 V vs. SHE, respectively.60 Similar results are obtained when M2C MXenes of 3d, 

4d and 5d transition metals are investigated for their NRR limiting energy barriers. A 

lower NRR energy barrier of 0.28 eV and 0.23eV, respectively are observed in 

hypothetical Mn2C and Fe2C MXenes while the experimentally reported Mo2C MXene 

show a free-energy barrier of 0.46 eV. As such, the electron arrangement of Mn and Fe 

with half-filled d5 and d6 electrons are desirable to influence the electron back-donation 

from the filled orbitals of N2, thereby leading to weakening of the N-N bond and lowering 

the energy barrier. These insights from hypothetical MXenes are crucial for designing 

better and efficient electrocatalysts for NRR.61,62 However, the use of strong etching 

agents like hydrofluoric acid (HF) in aqueous condition used for the synthesis of MXenes 

from their MAX precursor leads to surface termination with F, OH or O functional 

groups. Pristine MXene phases without any surface termination can be achieved when 

synthesized via a bottom-up approach like chemical vapor deposition (CVD) which is 

usually more expensive than the top-down etching process. These surface termination 

functional groups, F and OH inactive the surface of Mn+1Cn leading to formation of 

Mn+1CnTx (Tx = O2) MXene nanosheets leading to poor NRR performance and selectivity.  

 Ti3C2Tx (T = F, OH) nanosheet reported by Zhao’s group for electrocatalytic 

nitrogen fixation gave an NH3 yield of 20.4 μgh-1mg-1 cat with 9.3% Faraday efficiency.63 

However, upon introducing a metal center or dopant, an improved performance in NRR 

activity can be observed. Fe-SAC inserted on Ti3C2Tx MXene nanosheet not only act as 

an active center for NRR activity but also activate the surface by removing the inactive 

F and OH terminal groups. The reduction in the surface work function leads to a high 

NH3 yield of 21.9 μgh-1mg-1 cat and a FE of 25.44%.64 A relatively higher NRR yield 

and performance of 27.56 μg h−1 mg−1 and Fe (23.3 %) can be seen when Ru-SAC is 

anchored on Ti3C2O substrate. The Ru-SAC binds to the MXene layer and four terminal 

oxygen atoms to act as the catalytic center for NRR.65 Wang et. al reported eight 

prospective metal SACs - Y, Zr, Nb, Hf, Ta, W, Re, and Os on Mo2CTx-MXene for NRR 

with Mo2CTx-YSAC as the optimal candidate with a low free-energy barrier of 0.08 eV 

for NRR.66 However, the extremely low abundance of yttrium (Y) in earth’s crust 

invalidates the quest for a sustainable electrocatalysts. Nevertheless, exploring other 
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possible dopants or MXenes yielded positive results. As such, when Ti-SAC is anchored 

on Mo2CO2 the free-energy barrier of NRR on Ti@Mo2CO2 is reported to be 0.64 eV.67 

Several transition metal SACs when anchored on Ti3C2O2 has been reported to show high 

NRR activity by Gao and coworkers, the target transition metal being earth abundant Fe 

and Co.68  

In addition to introducing metal SACs or centers, incorporating non-metals or 

altering the terminal functional groups on the MXene surface can also lead to a higher 

NRR activity. B-doped Mo2CO2 and W2CO2 MXenes showing excellent NRR with 

limiting potentials of -0.20 V and -0.24 V respectively under ambient condition. The B 

center mimics the electronic orbital distribution of transition metals and enhance the 

electron backdonation from N2 molecule and also promoting the formation of protonated 

*N2H species.69 The electron deficient nature of B in B@V3C2O2x, a vanadium carbide 

MXene is predicted to be responsible for the adsorption of N2 and high electrocatalytic 

NRR performance.70 Besides the use of boron, another non-metal carbon when injected 

into MXene surfaces has been reported to interact with adjacent metal d-orbitals and the 

electron filling in C-2p orbitals promote N2 adsorption with the NRR free- energy barriers 

ranging from 0.14 eV to 0.38 eV in C@Nb2CO2, C@Mo2CO2, and C@W2CO2.
71 

Modifying or altering the terminal groups in Mn+1CnTx (Tx = OH, F, O2) can bring about 

a significant reduction in the NRR limiting potential and enhance NRR selectivity.72,73 

Various other forms of MXenes have been effectively utilized as electrocatalysts for 

NRR, i.e., V3C2 and Nb3C2 reported with overpotentials of 0.64 eV and 0.90 eV, 

respectively.74 A considerable increase in the number of MXenes composites reported 

for NRR has been summarized in Figure 1.9 and MXene composites with several other 

2D materials have also been reported as electrocatalysts for NRR and the insights from 

these investigations are fundamental in developing a sustainable catalysts.75 
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Figure 1.9: Summarization of the timeline on the MXenes reported as electrocatalysts 

for NRR at ambient conditions.75   

The metal nitride MXene analogues are another attractive family of conducting 2D 

materials with experimental and computational investigation in their infancy. While 

pristine 2D molybdenum nitride nanosheet is not ideal for NRR, when doped with Fe-

single atom centers, rate determining potential decreases and the Fe-doped MoN2 can be 

proposed as a promising electrocatalyst for NRR.76 Cheng et. al reported metal nitride 

MXene Ti2NO2, with single-Mo center anchored on it to exhibit a high NRR performance 

at a low overpotential of 0.16 V.77 This detailed computational investigation on 2D 

M2NO2 MXene (M = Ti, V, Cr) anchored with several transition metal SACs- Mo, Mn, 

Fe, Co, Ni, or Cu highlighted the NRR performance of metal-SACs@M2NO2 MXene 

besides their high conductivity and HER inhibition. The only known experimental report 

on 2D layered metal nitride is W2N3 MXene with N-atom vacancies and the NH3 yield 

reported by Jin et. al is 11.66 mg h-1 mgcat-1 and a very low FE of 11.67%.78  

1.4.2 MBenes for NRR  

MBenes or transition metal borides are counterparts of MXenes that can show either 

boron exposed or metal exposed surfaces, and they can be roughly classified into MB or 

M2B2, M3B4 and M4B6 type, where M is the transition metal. Boron being more electron 

deficient than carbon, the combination of transition metals with boron can diversify into 

different geometrical arrangement and electronic properties. A high-throughput 

screening yielded 12 kinds of ferromagnetic MBenes (MnB, HfB, ZrB, Au2B, Mo2B, 

Nb5B2, Nb3B4, Ta3B4, V3B4, OsB2, FeB2, and RuB2) from the MAB phases.79,80 The 
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electrocatalytic activity of these 12 MBenes when investigated showed outstanding 

stability in aqueous conditions and MBenes with exposed boron surfaces- OsB2, 

FeB2 and RuB2 showed favourable NRR performance with lower limiting potentials. The 

coexistence of occupied B-p orbitals and unoccupied transition metal d-orbitals in these 

boron exposed MBenes provide even superior activity and selectivity for NRR.81 With 

several stoichiometric chemical composition of MBenes, identifying an ideal 

composition of MBene optimal for NRR is crucial. Guo at. al investigated the stability 

and activity of all possible defect-free, dopant-free MBenes with both boron and meta 

exposed surfaces. The study determined MB and M2B (homo-atomic or heteroatomic) 

MBenes to show intrinsic basal activity for NRR and inhibit hydrogen evolution on the 

surface.82 Xu et. al reported a family of 2D metal monoboride, MB (M = Cr, Mn, Fe, Co, 

Ni and Mo) for electrocatalytic application towards NH3 production from a detailed 

investigation on the adsorption energies of *N2H and *NH2 species. 2D-MoB nanosheet 

has been found to the optimal candidate for NRR with a low limiting potential of -0.30 

V.83 Similar study on MB monolayers by Li and coworkers reported VB, CrB, and MoB 

monolayers as efficient electrocatalysts for NRR performance.84 These MB monolayers 

possess similar electrocatalytic properties for NRR in their MXene forms, Mo2B2 and 

Cr2B2 both of which show exposed metal surfaces with reported NRR limiting potentials 

being -0.50 V and -0.35 V, respectively.85,86  

Subsequently, Qi and co-workers emphasized the importance of metallic and 

electronene like features in MBenes to be crucial for N2 activation and reduction; and the 

promising family of MBenes with free-energy barriers < 0.7 eV are TiBene, YBene, 

ZrBene and WBene.87 Furthermore, the electrocatalytic strength of the MBenes can be 

preliminary gauged form the exfoliation properties of their MAB phases. A linear 

relationship between the exfoliation energy of element Al from M2AlB2 and N2 binding 

energy on the corresponding MB phases can be apprehended. The highest NRR activity 

as predicted by Cheng et. al are in FeB and TaB, both of which shows high NRR 

selectivity.88 Likewise, a theoretical screening on several MBenes, shown in Figure 1.10, 

by Xiao and co-workers highlighted Ta3B4, Nb3B4, CrMnB2, Mo2B2, Ti2B2 and W2B2 to 

show favourable stability, activity and selectivity for N2 reduction in ambient conditions. 
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The lowest NRR limiting potentials -0.24, -0.43, and -0.39 V reported in their work are 

observed on W2B2, Mo2B2 and Ta3B4, respectively.89 While the research in computational 

and experimental investigation on MXenes and MBenes are in their embryonic stage, 

these predictions will guide the design of next generation sustainable electrocatalysts for 

NRR.  

 

Figure 1.10: Comprehensive picture of all possible MBenes from the transition metals 

of the periodic table that been reported by theoretical and experimental studies; the 

different stoichiometric formula and structure of the MBenes are also provided herein.89 

 1.5 NRR in transition metal dichalcogenides 

 Transition metal dichalcogenides (TMDCs) exist in MX2 form depending on the 

combination of the transition metal (M) and chalcogen (X= S, Se and Te); and the 2D 

nanosheets of MX2 can exist in either 1T or 2H phase based on either octahedral (1T) or 

trigonal prismatic (2H) coordination of metal atoms to the chalcogen. 2D-TMD 

monolayers possess a zero band-gap and show versatile nature ranging metallic (NbS2 

and VSe2), semi-metallic (WTe2 and TiSe2), semiconductors (MoS2 and WS2), and 

insulators (HfS2). Owing to the atomically thin nature of 2D-TMDs along with a high 

electronic conductivity, tunable and direct band-gaps, strong spin-orbit coupling and 
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natural abundance this family of 2D materials have attracted a lot of attention as 

electrocatalysts for some challenging chemical processes. Additional improvements in 

the catalytic properties of the 2D-TMDs can be brought about by incorporating point 

defects such as vacancy defect, adatoms and substitutional doping of the transition metal 

or chalcogen atoms, as shown in Figure 1.11.  

 

Figure 1.11: A schematic overview of different transition metals that can combine with 

chalcogens (S, Se and Te) to form transition metal dichalcogenides (TMDs). Top and 

side views of 2H and 1T phases of the TMDs, with the different engineering defects that 

can be incorporated in TMDs to enhance the NRR catalytic efficiency.   

1.5.1 Mo-based TMDs for NRR 

The first ever report on the use of TMDs for NRR is when 2D MoS2 nanosheets has 

been reported by Zhang and co-workers in 2018 with NH3 yield of 13.09 mg h-1 mgcat. -

1 at -0.5 V vs. RHE and FE of 1.17%.90 The prospect of utilizing 2D MoS2 as an 

electrocatalyst for NRR has been derived from the computational investigation carried 
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out by Azofra and co-workers wherein Fe-deposited 2D MoS2 produced NH3 in aqueous 

media when an energy barrier of 1.02 eV is supplied to promote the first electron-proton 

transfer in NRR.91 This led to the study by Zhang et. al on Fe binuclear heterogeneous 

catalyst embedded in 2D-MoS2 monolayer showed outstanding efficiency and stability 

for N2 activation and reduction. The presence of two Fe-centers has been explained to be 

more effective than a single Fe-atom center in their study.92 Experimental investigations 

prompted by Zhao et al. found that Fe nanodots on MoS2 exhibited superior 

electrocatalytic activity for NRR with average NH3 yield of 12.5 μg⋅h-1⋅cm-2 and a 

relatively higher FE of 10.8% at -0.1 V vs RHE at ambient conditions.93 

Several other metals and non-metal catalyst have also been explored as alternatives 

to Fe-dopant on 2D MoS2. The NRR performance of V-SAC anchored on 1T-MoS2 phase 

has been reported to be exceptionally better than its Fe counterpart with an energy barrier 

of 0.66 eV.94  Guo et al. carried out a theoretical screening of several transition metals 

and found that Ti-decorated MoS2 is an excellent NRR electrocatalyst with a NRR 

limiting potential of -0.63 V in ambient condition.95 A systematic study on 3d-transition 

metal SACs embedded in the vacant S-site of MoS2 monolayer with S defect by Zhao’s 

group highlighted Mo-SAC embedded MoS2 (Mo@MoS2) as an optimal electrocatalyst 

for NRR with the lowest energy barrier of 0.53 eV.96 On this basis, further research 

showed Re-SAC embedded in MoS2 to be another promising NRR electrocatalyst that 

showed high catalytic activity and selectivity with the free-energy barrier becoming as 

low as 0.43 eV when N2 is reduced via the distal pathway.97 

Apart from the transition metal (TM) atom catalysts on MoS2 for electrocatalytic 

NRR, diatomic boron doping in MoS2 has also been implemented by Li and co-workers.  

The novel diatomic-boron-modified MoS2 (B2@MoS2) is reported to show exceptionally 

high NRR performance at a lower overpotential of 0.02 V as compared to 0.30 V in a 

single-boron modified MoS2 (B@MoS2) analogue.98 Experimental investigation carried 

out by Zhang et al. on MoS2 nanosheets with S-vacancy when tailored with Co-dopants 

presented excellent NRR activity with FE of over 10% and NH3 yield of 0.63 mmol h-1g-

1 at -0.3 V vs RHE.  The combined effect of Co-doping with defective S-vacancy on the 
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MoS2 nanosheet facilitated N2 adsorption and activation.99 An extension to this study on 

defected MoS2 nanosheet with sulphur-vacancies has been carried out by Ma and 

coworkers and the presence of excessive Mo-atoms in the defected MoS2 sheet resulted 

in a high NH3 yield of 46.1×10−11 mol s−1 cm−2 and FE of 4.58%.100  

Besides MoS2, the most commonly reported Mo-based TMD, the analogous 

molybdenum selenide, MoSe2 that possess similar structure to MoS2. The heterogeneous 

multiphasic 1T@2H-MoSe2 has been reported as an electrocatalyst for NRR with a 

relatively low FE of 2.82% ± 0.1% and NH3 yield as high 19.91 ±0 .89μg h-1mgcat. -1 at 

-0.6 V vs. RHE.101 Akin to the efficient performance of metal SACs anchored on MoS2 

for NRR, 2D MoSe2 loaded with transition metal SACs also showed favourable NRR 

performance. The performance of 28 transition metal SACs on MoSe2 studied via 

computational investigations highlight high N2 adsorption and activation on Mn, Os and 

V anchored MoSe2 with respective limiting potentials of -0.39 V, -0.36 V and -0.36 V.102 

Similar is the case on Fe-adsorbed MoSe2 and MoTe2 reported by Sun et al. wherein the 

Fe-adatoms promote N2 activation and N-N weakening thereby enhancing NRR 

performance on the Mo-based dichalcogendides.103 

1.5.2 TMDs of other transition metals for NRR 

In addition to Mo-based TMDs, the dichalcogenides of other transition metals, 

mostly sulphides have also been used as electrocatalysts for NRR.  TiS2 nanosheet, a 

dichalcogenide of 3d transition metal Ti, has been shown to reduce nitrogen at ambient 

condition with a FE of 5.50% and NH3 yield of 16.02 μgh-1mgcat.-1at -0.6 V vs RHE. 

The NRR performance of 2D TiS2 nanosheet is considerably higher than that of bulk 

TiS2.
104 The sulphides of several other transition metals have been investigated by Li and 

co-workers and the edges of these TMDs show efficient nitrogen fixation. The NRR 

electrocatalytic activity follows the order of VS2 > NbS2 > TiS2 > MoS2 > WS2 > TaS2 

with VS2 edges showing favourable binding of N2 and the lowest energy barrier of 0.16 

eV for N2 reduction.105 While the basal plane of VS2 is inactive for NRR, the presence of 

point defects generated by sulphur atom vacancy led to a stronger binding of N2 to V-

adatom defect site in VS2. The energy barrier to reduce N2 to NH3 in defective VS2 can 
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be further brought down by introducing a non-metal B-dopant in S-vacant sites of 

VS2.
106,107 Another family of transition metal sulfides reported by Wang and co-workers 

is the metallic NbS2 nanosheets developed via exfoliation method. The highly cationic 

Nb4+ metal center is responsible for a high NH3 yield of 37.58 μgh-1mgcat.-1 and FE of 

10.12% at -0.5 V vs SHE.108 Aditionally, the defective S-vacancy sites in metal 

disulphides acting as the active catalytic center for NRR, the presence of adatom or 

anchored metal SACs is also crucial for tuning the NRR activity. Chu et al. used this 

strategy to develop Mo-doped SnS2 with S-vacancy to show a high NH3 yield of 41.3 μg 

h-1 mgcat -1 and a FE of 20.8 % with the higher metallic nature caused by S-vacancy 

influencing N2 adsorption and reduction.109  

WS2 nanosheet is another TMD that possess similar structure to MoS2 and similar 

modification in WS2 can be brought about by creating defective S-sites and introducing 

metal in the sulfur defect sites. Cr@WS2, Tc@WS2 and Os@WS2 SACs has been 

predicted to efficiently convert N2 into NH3 in ambient conditions with favourable 

limiting potentials of -0.37 V, -0.27 V and -0.33 V, respectively.110 The catalytic potential 

of Sc to Zn, Nb to Cd, W, Pt and Au SACs supported on WS2 studied by Ma and co-

workers showed the presence of Ni-SAC on WS2 to be the most optimal transition metal 

for excellent NRR performance.111 Another study by Ma and group on WS2 led to the 

generation of sulphur defects on WS2 and these WS2-x nanosheets displayed NH3 

production of 16.38 μg h-1 mgcat.-1 and FE of 12.1 % at −0.6 V  vs RHE.112 A comparison 

between the influence on the NRR efficiency from chalcogen vacancy defects and 

vacancy replaced by tungsten atom on several phases of tungsten dichalcogenides, WX2 

(X=S, Se and Te) showed a lower NRR limiting potential in the latter. The presence of 

tungsten atom in the chalcogen vacancy site causes a steric effect at the electrocatalyst 

surface and this can be utilized to develop better catalysts for NRR.113  
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Figure 1.12: Structural images of Fe-doped ReS2 monolayers, Fe-ReS2 (a) SEM 

(scanning electron microscope) image, (b) HRTEM image showing the ReS2 

monolayers, (c) atomistic model of Fe-ReS2 with the two-dimensional electron 

localization function (ELF) mapping.114 

Rhenium disulphide (ReS2) and platinum disulphide (PtS2) are other 2D transition 

metal dichalcogenides that have been garnering the interests of several researchers for 

nitrogen reduction.  Lai et al. proposed doping low valency transition metals (Fe, Co, Ni, 

Cu, Zn) in the weakly interacting Re-S layers to tune the charge density of the doped 

ReS2 surfaces. A favourable modulation in the charge density can be observed on Fe-

doped ReS2, represented in Figure 1.12, shows the highest NRR performance and NH3 

yield of 80.4 μg h−1 mgcat−1 (FE = 12.3 %), than the pristine ReS2 counterpart.114 The 

same can be observed on Ru-SAC loaded PtS2 monolayer which shows a higher NRR 

performance than PtS2 or benchmark Ru (0001) surfaces.115 The results and findings on 

these conducting 2D materials depicts the impact tweaking the chemical activity in the 

surfaces by introducing defects or dopants or metal adatoms. These results can serve as 

a guide to the design of novel and cost-effective electrocatalysts for NRR.  
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1.6 NRR in Metal Organic Frameworks (MOFs) and Covalent Organic 

Frameworks (COFs) 

MOFs are porous three-dimensional materials made up of metal ions/clusters as 

secondary building units and organic ligands as linkers whereas COFs are porous organic 

materials comprised of only lighter elements (i.e., H, B, C, N, O) coordinated by covalent 

bonds. The coordination networks of MOFs and COFs in their bulk or three -dimensional 

form are acknowledged for their porous nature and the large intrinsic surface area. The 

downsizing of MOFs and COFs into their 2D form leads to a higher electrical 

conductivity, decreased electron transport distance and generation of hierarchical pores 

with exposed active sites.  The active sites in MOFs are usually the metal ions and they 

are responsible for adsorption and activation of N2. On the other hand, 2D-COFs are 

lacking of an active site as the lighter elements are incapable of binding N2; thereby a 

metal center is incorporated in these 2D-COFs and implemented as catalysts for NRR. 

Metal single atom centers with a designated coordination environment of organic linkers 

when embedded in 2D-COFs are anticipated to adsorb N2.     

Cui et. al conducted a DFT investigation on a family of TM3(HAB)2 (HAB = 

hexaaminobenzene) 2D-MOFs for electrocatalytic NRR and a high catalytic efficacy for 

NRR has been reported on Mo3(HAB)2 MOF along the distal pathway at ambient 

conditions.116 An experimental investigation on hexaaminobenzene 2D-MOFs carried 

out by Li and co-workers reported a mixed-metal Co3Fe-MOF with a high FE of 25.64% 

and NH3 yield of 8.79 mg h-1 mg-1. The FE of NRR in the 2D MOF is much higher than 

the previously mentioned 2D materials.117 Another family of 2D MOF reported for NRR 

is the p-conjugated metal bis(dithiolene) MOF with the metal coordinated as MC4S4 (M= 

Fe, Ru, Os, Co, Rh, Ir, Ni, Pd and Pt). The highest NRR performance has been observed 

on 2D-OsC4S4 MOF at a relatively low potential of 0.31 V. The unique coordination of 

the metal center with the C4S4-ligand is decisive in tuning the electrocatalytic 

performance in this family of 2D MOFs.118 A similar tetravalent coordination of metal in 

2D-M3C12X12 MOFs (M = Cr, Mo, and W) with X = NH, O, S, and Se functionalization  

has been reported to be accountable for the high NRR performance in W3C12X12 (X = Se, 
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S, and O) with limiting potentials −0.01 V, −0.14 V, and −0.59 V respectively.119 The 

reticular chemistry of MOFs and their experimental feasibility has led to the investigation 

on a family of nitrogen-free 2D-MOFs by Jacob’s group. The metal benzenehexathiol, 

M–BHT MOF (M= Sc-Zn, Mo, Ru, Rh, Pd and Ag) when investigated for NRR catalysis 

through computational investigations showed the M-S4 centers to act as electron 

reservoirs and be responsible for adsorption of N2. Mo-BHT exhibited the highest 

turnover of NH3 and a lowest energy barrier of 0.37 eV amongst all the transition metals 

considered in their study.120 Dai et al. designed another family of nitrogen-free 2D MOFs, 

M3(C2O)12, M = Sc-Au and the theoretical exploration on their stability, experimental 

feasibility and catalytic activity brought forth Mo3(C2O)12 monolayer as a prospective 

electrocatalyst for NRR.121 It is also imperative to consider the sustainability and  

availability of these metal centers reported to be active in 2D-MOFs. As such, coronene-

based 2D-MOFs (M−PTC) are more attractive electrocatalysts for NRR as a superior 

activity of lighter transition metals (Sc-Cu) can be achieved.  V-PTC and Fe-PTC MOFs 

are seen to show a low overpotential of -0.60 V and -0.53 V with a high selectivity for 

NRR under mild conditions.122  

One of the major challenges in achieving excellent NRR performance is maintaining 

a good NH3 yield rate and FE in aqueous reaction conditions when there is a prominence 

of competing hydrogen evolution reaction (HER). In an attempt to subdue HER, 

hydrophobic materials with the catalysts are used and a boron rich 2D COF supported on 

N-doped porous carbon designed by Liu et. al using this protocol delivered a maximum 

NRR FE of 45.4% and NH3 yield rate of 12.53 µgh-1mg-1 at −0.2 V.123,124 However, the 

amorphous nature of this COF and the need for a support deem it less appealing for 

adoption in commercial setting.  As such, metal atoms embedded 2D-COFs are more 

appealing owing to their crystalline and free-standing nature with the metal center 

responsible for N2 reduction.  Stable COFs formed through the solvothermal reaction of 

phenylenediamine and octacarboxyphthalocyanine with transition metal SACs (M = Nb, 

Mo, Co, Hf, Ta, W) has been explored by Zhang et. al following the experimental 

evidence of Co-based COF. Three 2D-COFs (Nb, Mo, Ta) have been reported to exhibit 

high catalytic activity and selectivity for NRR, with Nb-COF showing the lowest NRR 
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limiting potential of -0.02 V.125 A family of conductive 2D-COF constructed by the 

robust linkage of octaamino-metallophthalocyanine and pyrene-tetraone has been 

investigated with several possible transition metal SACs. Amongst the 20 metal SACs 

considered in the study from Su’s group, Mo-based COF shows outstanding NRR 

catalytic activity and selectivity with excellent electrical conductivity.126 Another family 

of phthalocyanine-based 2D MPc-TFPN COFs has been explored via multiple-level 

descriptors for NRR activity and the best NRR performance can be observed in WPc-

TFPN with a low limiting potential of −0.19 V.127 The strong binding of transition metal 

SACs in the N4-unit of phthalocyanine COFs leads to efficient adsorption of N2. The 

crucial role of N-atoms in binding the transition metals can be observed in terpyridine-

based COFs and 2D Fe-terpyridine-COF shows the lowest onset potential of -0.49 V 

amongst the 3d-trantion metals which are much more abundant and sustainable as 

compared to the heavier 4d and 5d metals.  The Fe-SAC is involved in the charge transfer 

and π back-donation of electrons from N2, leading to optimal binding of the protonated 

*NxHy species.128 Besides metal SACs, bimetallic 3d- transition metals (Co, Fe, Mo, Ru 

and W) when incorporated in 2D Cu-salphen COF exhibits high NRR performance and 

the lowest NRR limiting potential of -0.29 V in MoRu-salphen COF is accompanied with 

a high theoretical FE ranging from 76–100%.129 

 

Figure 1.13: Atomistic presentation of (a) Fe-based 2D porphyrin MOF (Fe-TCPP) and 

(b) Fe incorporated in phthalocyanine-based 2D-COF (FePc-pz) framework.131-132   
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Although the number of 2D-MOFs and COFs reported experimentally for nitrogen 

reduction in ambient conditions are limited, recent investigations have proven the 

viability and stability of 2D In-MOFs designed by Sun and co-authors with an ultra-thin 

thickness of 1.3 nm. The NH3 yield has been found to increase gradually as the pH of the 

reaction media is increased and a maximum yield of 79.20 µgh-1mg-1 and FE of 14.98% 

can be observed at an alkaline condition (pH=12).130 The ammonia yield and FE has been 

found to significantly increase when naturally abundant porphyrin (M-TCPP) and 

phthalocyanine (MPc-pz) organic ligands are incorporated as linkers in 2D-MOFs. Fe–

TCPP exhibited prominent NRR performance with a yield of 44.77 mg h-1mgcat.-1 (FE = 

16.23%) while the NH3 production rate in FePc-pz is noted at 33.6 μg h−1mgcat−1 (FE = 

31.9%); the atomistic structure of these Fe-based 2D MOF and COF is as shown in 

Figure 1.13.131,132 The Fe−N4 center in these MOFs present a unique electronic state and 

act as catalytic site thereby showing a strong N2 binding, faster N2 activation, NRR 

selectivity and kinetics. Similar NRR electrocatalytic efficiency can be observed in 

quasiphthalocyanine N-coordinated Ti-COF designed by Jiang et. al and the NH3 yield 

of 26.89 μgh-1mgcat.-1 (FE = 34.62%) is higher than Cu-COF and Co-COF 

counterparts.133 While 2D MOFs and COFs show the highest NRR performance to date, 

experimental demonstrations are limited and there is still a need for further investigation.  

Although computational investigations on modelling 2D materials as catalysts for 

NRR is on the rise in the last few decades; the exactness and reproducibility of these 

reports are limited by the research methodology, atomistic model incorporated, reaction 

mechanism description, hypothesizing experimental feasibility and activity. Besides the 

need for a realistic representation of the model and methodology, it is also important to 

check the selectivity of the catalyst towards NRR over competing reactions such as 

hydrogen evolution reaction (HER) and nitric oxide reduction reaction (NOxRR). While 

there is a plethora of computationally active catalysts for NRR, we are yet to attain 

commercial success and the search should now converge towards obtaining 

experimentally viable catalysts.  
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1.7 Motivation and Objectives of the Thesis 

Ammonia production from the Bosch-Haber’s process is one of the most energy 

expensive processes that gobbles up nearly 6% of global energy. This humongous energy 

consumption can be accepted owing to varied applications of ammonia in agriculture, 

chemicals, and industry. However, for its application as a carbon free green fuel, which 

is an emerging research area, the Haber’s process to synthesise ammonia may pose a 

losing bargain as compared to the energy released from ammonia as a fuel. It is therefore 

time to investigate on metal and non-metal centers anchored or assimilated on two-

dimensional (2D) materials at a minimal cost for effective reduction of N2 to NH3.  

Computational explorations on the plausible design of novel 2D materials for ammonia 

production need to be explored and there is a need to study the catalytic activity and 

chemical efficacy of different metal and non-metal centers for artificial nitrogen fixation. 

The advantages when different 2D materials are implemented for NRR and the research 

gaps/challenges in reproducing the theoretical findings to experimental prototypes in 

each family of 2D material are being summarised in Table 1.1. 

Table 1.1: Table summarising the advantages of different 2D materials discussed in this 

thesis with the research gap in procuring them for commercial explorations (CE). 

2D material Advantages Research gap CE 

 

 

 

 

Graphene 

1.Semiconducting with 

zero band gap. 

 

2.Mechanical stability 

and flexibility. 

 

3.Economically viable. 

4.Can be used as 

hetero/electrocatalyst for 

NRR. 

1.Limited wettability and 

low stability in aqueous 

environment. 

 

2.Dopant or vacancy 

defect predicted by 

theory not engineered 

accurately in 

experiments. 

 

 

 

 

1.Unfeasible 

bottom-up 

synthesis 

protocol. 
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MXenes, 

MBenes & 

TMDs 

1.High electrical 

conductivity and 

volumetric capacitance. 

 

2.Adjustable band gap 

and high thermal stability. 

 

2.Targeted use as 

electrocatalysts. 

1.Restacking or 

agglomeration of 2D 

layers into dense 3D 

structures. 

  

2.Etching 

technique used 

to procure the 

2D sheets is 

commercially 

unpragmatic. 

2D-MOFs 

& COFs 

1.Low cost, easy 

synthesis and operation. 

 

2. Porous structures that 

are tailorable, high 

surface area and limited 

agglomeration of 

catalytic sites. 

 

3. Tunable band gap and 

can be targeted as 

photo/electrocatalysts.  

 

1.Low conductivity and 

long-term stability of the 

frameworks.  

 

2.New materials and 

synthesis protocols other 

than conventional 

methods not being 

explored.  

 

3. Limited applications to 

catalysis.  

1.Facile and 

commercially 

pragmatic 

bottom-up 

synthesis 

procedures.  

 

2.Changes can 

be limited to 

solvent used, 

reaction time 

and temperature 

which can be 

automated.   

 

The thesis provides an edge by studying different families of 2D materials, unlike most 

projects that focus on only one specific family, for NRR in a comprehensive fashion. The 

objective of this thesis is to improve NRR performance as surface modifications are 

implemented on different families of 2D material with a goal to move towards a 

sustainable and highly scalable material that can be produced in a commercial scale. This 

thesis has been organized in nine chapters, with an overview on the two-dimensional 
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(2D) materials reported for nitrogen activation and reduction, provided in this chapter. 

The organization of the thesis from Chapter 2 to Chapter 9 is provided in the next section. 

1.8 Organization of the thesis 

Chapter 2 deals with the theoretical background and provide an overview of quantum 

mechanical methods, the density functional theory (DFT), theories and improvements to 

solve the Kohn-Sham equations. A brief discussion on van der Waals correction, implicit 

solvation, atomic charge analysis and the software used in the thesis are detailed in this 

chapter.  

Chapter 3 and Chapter 4, discusses the activation of N2 molecule on metal single 

atomic catalysts (SACs) anchored on graphene with hetero-atom dopants. The local 

activity of metal SACs, upon confirmation from Chapter 3, are further explored on 

different transition metal SACs for N2 activation and reduction in Chapter 4. 

Chapter 5 explores the difference between aluminium (Al), the most earth abundant 

metal, to reported active transition metals on graphene for N2 activation and reduction 

efficiency. The essential trade-off to be made on choosing an abundant metal for 

sustainable catalysis or high activity has been addressed in this chapter.  

Chapter 6 delves into the nitrogen reduction efficiency of an electrically conductive 

2D material, Mo2C with non-metal active centers. The activation and reduction of N2 is 

corroborated to the p-band centre and electron occupancy of the active boron centers, as 

a lead for developing metal free electrocatalysts for NRR.   

Chapter 7 provides a detailed investigation on the NRR activity of chemically 

modified 2D vanadium dichalcogenides (VX2) with non-metal dopants, and a pivotal role 

of thermodynamic favourability of NH3 formation from the reactant N2.  An electron 

“donor–acceptor” mechanism between non-metal and N2 is responsible for modulating 

the NRR energy barrier in VX2 monolayers.  

Chapter 8 describes the NRR activity and selectivity of metalloporphyrin metal 

organic frameworks (MOFs) with stable metal-N4 complex unit. The NRR performance 
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of these MOFs is influenced by a linear relationship between the surface dependent 

electronic properties (work function, d-band center) and N-N bond strength to the energy 

barrier required for N2 reduction.  

Chapter 9 summarizes the important findings from all the working chapters and the 

future scope of this thesis.  
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Chapter 2 

 

Theoretical Background and 

Computational Methodology 

In this chapter, the theoretical foundations of computational methodology and different 

quantum simulation tools implemented for obtaining the results presented in this thesis. 

The fundamentals of studying quantum mechanical systems as a wave function with the 

many-body Schrödinger equation, introductory theorems that construct density 

functional theory (DFT), electron correlation, ab initio functional formulation, 

exchange-correlation approximation, and basis-sets essential to represent the many-

electron system are discussed in this chapter. DFT is a quantum mechanical modelling 

method used to analyse the properties of materials by using functionals of electron 

density. DFT is one of the most popular methods in computational chemistry and plays 

an increasingly important role in scientific research. This chapter introduces the 

theoretical aspects of computational chemistry – Schrödinger equation, Born-

Oppenheimer and Hartree approximation in the first part; fundamentals of DFT – 

Hohenberg-Kohn theorems, Kohn-sham equation, and exchange-correlation functional 

in the second part; protocols beyond energy calculations- ab-initio molecular dynamics, 

van der Waals correction, implicit solvent model and atomic charge  analysis in the 

third part and the introduction of deMon2K and VASP software in the final part. 
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2.1 Introduction 

All everyday objects and the universe are comprised of matter made up of atoms and 

the interactions of the subatomic particles- electrons, protons and neutrons represent the 

properties of matter. These properties of matter can be the behaviour of macroscopic 

bodies whose velocity is smaller than the speed of light, or microscopic subatomic 

bodies. All physical phenomena of the macroscopic bodies are perceivable by human 

senses and are thus described with classical mechanics.  The position and momentum of 

a macroscopic body is simultaneously known at any point of time and energy is thereby 

as a continuous quantity.  However, microscopic particles possess velocities comparable 

to the speed of light and their linear momentum and position cannot be measured 

simultaneously. These subatomic microscopic particles possess dual nature - particle and 

wave nature and their energy is in the form of wave packets; thereby quantum mechanics 

have been implemented to describe the properties of these subatomic particles.  

2.1.1 Quantum mechanics and the wave equation 

Quantum mechanics was invented and fully developed in the 1920s to explain the 

paradoxical particle -wave nature of subatomic particles which could not be explained 

with classical mechanics. The fundamental backdrop of quantum mechanics is the 

Schrödinger equation which represents the wave-nature of the microscopic particles as a 

linear partial differential wave equation and the simplest form of Schrödinger equation1 

to represent the wave function of a quantum-mechanical system is,  

 Ĥ Ψ (r, R) = E Ψ (r, R)                         (2.1) 

where Ĥ is the Hamiltonian operator, Ψ (r, R) is the wave function in 3n-space and n-spin 

coordinates, E is the total energy of the quantum system, respectively.  The position of 

such a quantum system is represented as a probability density obtained from the product 

of the wave function, Ψ and its complex conjugate, Ψ*.  Furthermore, the observable 

physical properties of these quantum particles are obtained when suitable operators or 

functions act on the wave function Ψ.   
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For a many-electron quantum system where the electrostatic interactions between 

electrons and nuclei are Coulombic in nature, the many-particle Schrödinger equation is 

described as,  

Ĥ Ψ𝑖 (𝑟1, 𝑟2, … , 𝑟𝑁 , 𝑅1, 𝑅2 … , 𝑅𝑁) = E𝑖 Ψ𝑖  (𝑟1, 𝑟1, … , 𝑟𝑁, 𝑅1, 𝑅2 … , 𝑅𝑁)          (2.2) 

where Ĥ is the Hamiltonian operator for an N-electrons system, 

Ψ𝑖 (𝑟1, 𝑟2, … , 𝑟𝑁 , 𝑅1, 𝑅2 … , 𝑅𝑁) is the ith state wave function of the and E𝑖  is the energy 

eigenvalue of the quantum state represented by Ψ𝑖. 

This Hamiltonian for N-electron system will involve electronic kinetic energy (Te), 

electrostatic repulsion amongst electrons (Vee), nuclear kinetic energy (TN), electrostatic 

repulsion amongst protons in nucleus (VNN) and Coulombic interaction between 

electrons and nucleus (VNe), which are respectively described as: 

Ĥ (𝑟, 𝑅) = T𝑒(𝑟𝑖) + V𝑒𝑒(𝑟𝑖) +  T𝑁(𝑅𝑖) + V𝑁𝑁(𝑅𝑖) + V𝑁𝑒(𝑟𝑖, 𝑅𝑖)          (2.3) 

Ĥ (𝑟, 𝑅) = ∑ (−
ħ2

2𝑚𝑖
∇𝑖

2) +
1

2
∑ (

𝑒2

|𝑟𝑖−𝑟𝑗|
)𝑁

𝑖,𝑗 + ∑ (−
ħ2

2𝑀𝐼
∇𝐼

2)𝑀
𝐼  +

1

2
∑ (

𝑍𝐼𝑍𝐽𝑒2

|𝑅𝐼−𝑅𝐽|
)𝑀

𝐼,𝐽 +𝑁
𝑖

∑ (∑ −
𝑍𝐼𝑒2

|𝑟𝑖−𝑅𝐼|
𝑀 
𝐼 )   𝑁

𝑖                    (2.4) 

where T, and V are the kinetic and potential energies, mi is the mass of the 𝑖𝑡ℎ electron, 

𝑟𝑖 the position coordinates of the 𝑖𝑡ℎ electron, 𝑀𝐼 the mass of the Ith nucleus, 𝑅𝐼 the position 

coordinates of the Ith nucleus.  

However, the Schrödinger equation can be exactly solved for only very small 

systems like the hydrogen atom. For real life chemical problems, the analytical solution 

for Ψ cannot be solved accurately and therefore several approximations have been 

developed to solve Schrödinger equation for many body interacting systems. To reduce 

the dimensionality of a many-electron system, the total wavefunction must be 

antisymmetric to satisfy the Pauli′ s exclusion principle and the Hartree atomic units 

where ħ = me = e = 4π/ϵ0 = 1 simplifies the problem.  
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2.1.2 Born-Oppenheimer Approximation 

The first approximation to reduce the number of variables in the solution of the 

many-body Schrödinger equation is the Born-Oppenheimer approximation.2 As the mass 

of the nucleus is much heavier, its motion is much slower and negligible as compared to 

that of electrons. The mass of the nucleus is thus approximated to infinity and the kinetic 

energy T𝑁(𝑅𝑖) can be neglected and the potential energy contribution from nucleus-

nucleus repulsion V𝑁𝑁(𝑅𝑖) becomes constant, thereby the Hamiltonian of the many-body 

system given in Eqn 2.3 can be simplified as the electronic Hamiltonian and written as, 

Ĥ𝑒 = T𝑒 + V𝑒𝑒 + V𝑁𝑒 = ∑ (−
ħ2

2𝑚𝑖
∇𝑖

2) +
1

2
∑ (

𝑒2

|𝑟𝑖−𝑟𝑗|
)𝑁

𝑖,𝑗 + ∑ (∑ −
𝑍𝐼𝑒2

|𝑟𝑖−𝑅𝐼|
𝑀 
𝐼 )   𝑁

𝑖
𝑁
𝑖      (2.5) 

As such, the wave function Ѱ can be represented as the product of the electronic 

(Ψ𝑒) and nuclei (Ψ𝑁)wave function. The solution of the Schrödinger equation with the 

electronic Hamiltonian  Ĥ𝑒 will give the electronic energy, 𝐸𝑒 when operated on the 

electronic wave function Ψ𝑒, and the electronic Schrödinger equation is written as, 

 Ĥ𝑒 Ψ𝑒  = E𝑒 Ψ𝑒                  (2.6) 

and the total energy is the sum of the electronic energy, E𝑒 and the constant nuclear 

repulsion term, E𝑁 where E𝑁 =
1

2
∑ (

𝑍𝐼𝑍𝐽𝑒2

|𝑅𝐼−𝑅𝐽|
)𝑀

𝐼,𝐽 . This simplification with the Born-

Oppenheimer approximation solves the hydrogen atom problem accurately, however 

representing all possible electron-electron interactions in a many-body problem is still a 

challenge and two effective approaches to solve the independent-electron approximations 

are the Hartree approximation and Hartree-Fock approximation.  

2.1.3 Hartree Approximation 

The preliminary approach to solve the many-body system is to represent it as an 

independent electron equation by neglecting the correlation between the electrons and 

the wavefunction is described by,3  

Ѱ (𝑟1, 𝑟2, … , 𝑟𝑁) = ϕ1(𝑟1)ϕ2(𝑟2) … ϕ𝑁(𝑟𝑁)                   (2.7) 
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where ϕ𝑖(𝑟𝑖) is the ith electron independent wave function of the ith electron. The 

variational principle states that for any wavefunction ϕ with ground state energy, E0 the 

total energy of the system obtained from solving the Schrödinger equation should be the 

minimum for the wave function ϕ𝑖(𝑟𝑖), i.e.  

 
<𝜙|Ĥ|𝜙> 

<𝜙|𝜙>
 ≥ 𝐸0                   (2.8) 

Upon solving the electron independent wave function in Eqn 2.7 with the 

Hamiltonian in Eq. 2.5 in the Hartree approximation, the Schrödinger equation becomes,  

 [−
1

2
∇𝑖

2 − ∑
𝑍𝐼

|𝑟𝑖−𝑅𝐼|𝐼 +  ∑ ∫ 𝑑𝑟𝑗𝜙𝑗
∗ (𝑟𝑗)𝑖≠𝑗

1

|𝑟𝑖−𝑟𝑗|
𝜙𝑗(𝑟𝑗)] 𝜙𝑖(𝑟𝑖) =  Є𝑖 𝜙𝑖(𝑟𝑖)            (2.9) 

Under the Hartree approximation, each electron is treated with an independent wave 

function in an effective potential generated the integration of the wave functions of 

remaining electrons. The approximation reduces the difficult many-body problem into a 

simple mean-field potential interaction with an electron. However, this approximation 

accounts all electrons are indistinguishable, thereby violating Pauli′s exclusion principle. 

A correction has been made by considering the electrons are distinguishable and many-

body wave function is antisymmetric in the Hartree-Fock approximation. 

 

2.1.4 Hartree-Fock Approximation 

Hartree-Fock approximation is an improvement to the Hartree approximation when 

Fock implemented the fermionic character of electrons to ensure the electrons are 

distinguishable and Pauli’s exclusion principle is valid.4 The overall wave function is 

defined by a determinant, known as Slater determinant, to incorporate the antisymmetry 

condition. The   Slater Determinant wave-function is represented as,5  

Ѱ (𝑟1, 𝑟2, … , 𝑟𝑁) =
1

√𝑁!
⋯ |

ϕ1(𝑟1) ϕ2(𝑟1) ⋯    ϕ2(𝑟𝑁)

ϕ1(𝑟2) ϕ2(𝑟2) ⋯    ϕ2(𝑟𝑁)
⋮ ⋮ ⋮

ϕ1(𝑟𝑁) ϕ2(𝑟𝑁) ⋯   ϕ𝑁(𝑟𝑁)

|         (2.10) 

Each electronic wave function is multiplied by either the + or – sign, and the argument 𝑟𝑖 

is the product of spatial coordinate and spin coordinate, thus it appears for each orbital 
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ϕ𝑖 only once.6 Adding this constraint to the independent electron wave function to the 

Hartree equation in Eqn 2.9, the Hartree-Fock equation is defined as,  

[−
1

2
∇𝑖

2 − ∑
𝑍𝐼

|𝑟𝑖−𝑅𝐼|𝐼 + ∑ ∫ 𝑑𝑟𝑗𝜙𝑗
∗ (𝑟𝑗)𝑗

1

|𝑟𝑖−𝑟𝑗|
𝜙𝑗(𝑟𝑗)] 𝜙𝑖(𝑟𝑖) −

∑ ∫ 𝑑𝑟𝑗𝜙𝑗
∗ (𝑟𝑗)𝑗

1

|𝑟𝑖−𝑟𝑗|
𝜙𝑖(𝑟𝑗)𝜙𝑗(𝑟𝑖)  =  Є𝑖 𝜙𝑖(𝑟𝑖)             (2.11) 

where, the first three terms are the kinetic energy of electron, potential energy of the 

electron in the external field of nuclei, and Coulombic potential energy of all electronic 

charges acting on the ith electron wave function. The last term is the exchange term 

between two distinguishable electrons, which arises from the incorporation of the Pauli 

exclusion principle.7   

 

2.2 Density Functional Theory 

With the Hartree-Fock approximation, electron correlations are calculated in an 

average way which lead to higher computational costs.8-9 The density functional theory 

(DFT) redefines the many-electron Schrödinger equation as the electron density 𝜌(𝑟) to 

give a reliable balance between the description of electronic structure and computational 

efficiency. The electron density 𝜌(𝑟), also known as the probability density of an N 

electron system is defined as the integral over the spin coordinates of all N electrons within 

a volume element of 𝑑3𝑟, 

ρ(r) = 𝑁 ∫ 𝑑3𝑟 … ∫ 𝑑3𝑟𝑁Ѱ∗ (𝑟1, 𝑟2, … , 𝑟𝑁)Ѱ (𝑟1, 𝑟2, … , 𝑟𝑁)          (2.12) 

This probability density 𝜌(𝑟) is a non-negative function of the position variables of N 

electrons which integrates to the total number of electrons N present in the system and 

𝜌(𝑟) → 0 when 𝑟 → ∞. Further, this electron density 𝜌(𝑟) can be used to calculate various 

properties of the material that are related to the ground-state energy, E0 and electron 

density of the system. The Hohenberg-Kohn theorem,10 was proposed in 1964 by 

Hohenberg and Kohn and the theorem led to the formulation of Density Functional Theory 

(DFT) and the theorem was described in two parts.  

 

 



Chapter 2  PhD Thesis      
 

Maibam Ashakiran Devi  49 
 
 

2.2.1 The Hohenberg-Kohn Theorems 

Theorem I: The ground state electron density ρ(r) of an interacting system of particles 

uniquely determines the external potential Vext(r), except for an additive constant. 

 

Proof: Considering that the opposite of the theorem was true, thereby for a given electron 

density ρ(r), there can be two different external potentials Vext(r) and V′ext(r) which differ 

by more than an additive constant. For these two different external potentials, there will 

be two different Hamiltonians, Ĥ and Ĥ′ for ground state wave functions Ψ and Ψ′ with 

ground state energies E and E′ respectively. On applying the variational principle, it gives 

us the following,  

𝐸 = ⟨Ѱ|Ĥ|Ѱ⟩  <  ⟨Ѱ′|Ĥ|Ѱ′⟩        

𝐸 <   ⟨Ѱ′|Ĥ′ − V′
𝑒𝑥𝑡(r) +  V𝑒𝑥𝑡(r) |Ѱ′⟩        

𝐸 <  𝐸′ +  ∫(V𝑒𝑥𝑡(r) − V′
𝑒𝑥𝑡(r))ρ(r)dr              (2.13) 

Similarly, 𝐸′ <  ⟨Ѱ|Ĥ′|Ѱ⟩ will give  

𝐸′ <  𝐸 +  ∫( V′
𝑒𝑥𝑡(r) − V𝑒𝑥𝑡(r))ρ(r)dr                  (2.14) 

Upon combining Eqns 2.13 and 2.14, we get E + E′ < E′ + E, which is a contradiction. 

Thus, we can conclude that for a ground state electron density ρ(r), there cannot be two 

different external potentials. This theorem establishes a one-to-one correspondence 

between the ground electronic ground state density and the external potential, Vext(r). The 

integral of the electron density ρ(r) will give the total number electrons (N), i.e.  

∫ ρ(r)dr = N.  

Theorem II: A universal functional for the energy E[ρ(r)] in terms of the density ρ(r) 

can be defined for all electron systems, and the exact ground state is the global minimum 

of a given external potential Vext(r). Simultaneously, the exact ground state density is the 

electron density ρ(r) that minimizes the functional E[ρ(r)].   

Proof: As the external potential is uniquely determined by the electron density, ρ(r) and 

this also determines the ground state wavefunction, all other observables of the system 

like kinetic energy are uniquely determined. Therefore, for a given external potential 

Vext(r), the total energy can be written as a functional of electron density ρ(r). 
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E[ρ(r)] =  T[ρ(r)] + V𝑒𝑒[ρ(r)]  + ∫ V𝑒𝑥𝑡(𝑟) ρ(r)𝑑𝑟   

               =  F𝐻𝐾[ρ(r)] +  ∫ V𝑒𝑥𝑡(𝑟) ρ(r)𝑑𝑟            (2.15) 

where, F𝐻𝐾[ρ(r)] =  T[ρ(r)] + V𝑒𝑒[ρ(r)] is known as the Hohenberg-Kohn functional 

and is a universal functional of ρ(r) independent of the external potential. 

 In the ground state the energy is defined by the unique ground state density, ρ(r) 

E[ρ(r)] = ⟨Ѱ|Ĥ|Ѱ⟩             (2.16) 

By the variational principle, a different density, ρ′(r) will necessarily give a higher energy, 

E[ρ′(r)] 

E[ρ(r)] = ⟨Ѱ|Ĥ|Ѱ⟩ <  ⟨Ѱ′|Ĥ|Ѱ′⟩ =  E[ρ′(r)]          (2.17) 

It can be observed that minimizing the total energy with respect to ρ(r) will give the the 

ground state energy and any other electron density ρ′(r)energy will correspond to a higher 

energy state.  

 

2.2.2 The Kohn-Sham Equations 

The Hohenberg-Kohn theorems prove that the ground state properties can be 

calculated using the ground state energy density, however the theorems do not provide 

any computational techniques to calculate this ρ(r) as the universal functional FHK is 

unknown. The second seminal contribution to the development of DFT came in the year 

1965 by Kohn and Sham with the development of Kohn-Sham formalism.11 The concept 

of a non-interacting system built from a set of orbitals was introduced in such a way that 

the kinetic energy part of the universal FHK functional could be solved with sufficient 

accuracy.   

For a given system with N-interacting electrons, the Kohn-Sham invoked a non-

interacting reference system with the Hamiltonian, 

Ĥ =  ∑ (−
1

2
∇𝑖

2) + ∑ 𝑉𝑠(𝑟𝑖)
𝑁
𝑖=1

𝑁
𝑖=1               (2.18) 

where Vs(ri) is the single electron potential which is unknown and there are no electron 

repulsion terms in the Hamiltonian, and the only constraint set is that this reference non-

interacting system has the same ground state density as the interacting system of interest. 

Therefore, the ground state wave function Ψs can represented as a Slater determinant of 
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single electron wavefunctions ψi’s  for which the kinetic energy of this non-interacting 

system can be calculated as 

T𝑠[ρ] = ⟨Ψ𝑠 | ∑ (−
1

2
∇𝑖

2)𝑁
𝑖=1 |Ψ𝑠⟩              (2.19) 

                 = ∑ ⟨ψ𝑖 |−
1

2
∇2 |ψ𝑖⟩

𝑁
𝑖=1      

We must note that the kinetic energy functional of the original interacting system is not 

equal to Ts[ρ]. The total energy functional E[ρ] as expressed by Kohn and Sham is,  

E[ρ] =  T[ρ] + J[ρ]  + E𝑥𝑐[ρ] + ∫ V𝑒𝑥𝑡(𝑟) ρ(r)𝑑𝑟           (2.20) 

where  J[ρ] =  
1

2
∫ ∫

ρ(r1)ρ(r2)

|𝑟1− 𝑟2|
𝑑𝑟1 𝑑𝑟2 is the classical electron-electron repulsion energy, 

Exc = T[ρ] - Ts[ρ] + Vee  is called the exchange-correlation energy which contains the 

difference between T[ρ] and Ts[ρ] and the non-classical electron-electron interaction 

(Vee).  

When comparing this with the non-interacting reference system, we have the expression,  

𝑉𝑠(𝑟) =  V𝑒𝑥𝑡(𝑟) +  
𝛿J[ρ]

𝛿ρ(r)
 +

𝛿E𝑥𝑐[ρ]

𝛿ρ(r)
   

          =  V𝑒𝑥𝑡(𝑟) +  ∫
ρ(r1)

|𝑟1− 𝑟2|
 𝑑𝑟2 + V𝑥𝑐               (2.21) 

where the exchange correlation potential Vxc is defined as V𝑥𝑐 =  
𝛿E𝑥𝑐[ρ]

𝛿ρ(r)
.  

In this fashion, the problem of interacting N-electron system is mapped into a 

problem of N non-interacting electrons moving in an effective external potential of 

𝑉𝑒𝑓𝑓(𝑟) =  𝑉𝑠(𝑟) with the Kohn-Sham formalism. This gives us a set of N single electron 

Schrodinger equations called Kohn-Sham equations with Kohn-Sham orbitals, ψ. 

[−
1

2
∇𝑖

2 + 𝑉𝑒𝑓𝑓(𝑟)] ψ𝑖 =∈𝑖 ψ𝑖                   (2.22) 

Eqn. 2.22 can now be written as 

Ĥ𝐾𝑆|ψ𝑖⟩  ∈𝑖 |ψ𝑖⟩                  (2.23) 

where Ĥ𝐾𝑆 = [−
1

2
∇𝑖

2 + 𝑉𝑒𝑓𝑓(𝑟)]  is the Kohn-Sham Hamiltonian. 

The ground state electron density ρ(r) is then obtained from the summation of the single 

electron wave functions as follows. 

ρ(r) =  ∑ |〈ψ𝑖(𝑟)〉|2𝑁
𝑖=1                 (2.24) 
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The solution to Eqn 2.22 can be obtained self consistently from Eqns. 2.21 and 2.24 upon 

knowing Veff. Hence, within the Kohn-Sham formalism, the total energy can be 

determined from the resultant density as follows, 

E[ρ] = ∑ ⟨ψ𝑖 |−
1

2
∇2 |ψ𝑖⟩

𝑁
𝑖=1 +

1

2
∫ ∫

ρ(r1)ρ(r2)

|𝑟1− 𝑟2|
𝑑𝑟1 𝑑𝑟2 + E𝑥𝑐[ρ] + ∫ V𝑒𝑥𝑡(𝑟) ρ(r)𝑑𝑟  

          = ∑ ∈𝑖
𝑁
𝑖=1 −

1

2
∫

ρ(r1)ρ(r2)

|𝑟1− 𝑟2|
𝑑𝑟1 𝑑𝑟2 + E𝑥𝑐[ρ] − ∫ V𝑥𝑐(𝑟) ρ(r)𝑑𝑟         (2.25) 

where ∑ ∈𝑖
𝑁
𝑖=1 =  ∑ ⟨ψ𝑖|−

1

2
∇𝑖

2 + 𝑉𝑒𝑓𝑓(𝑟)|ψ𝑖⟩
𝑁
𝑖=1  

When the exact form of the exchange-correlation energy, Exc are known, the exact ground 

state energy could be obtained from the Kohn-Sham equations. While the Kohn-Sham 

formalism is in principle exact, approximations are to be made to find an explicit form of 

the exchange-correlation functional which is described in the following section and is also 

the central goal of improving DFT calculations. 

 

2.2.3 Exchange- correlation Functional 

The difference in the kinetic and potential energies of the real interacting many-

electron system and the reference system of non-interacting many-electron system in the 

Kohn-Sham Formalism is known as exchange and correlation energy, Exc. The functional 

to calculate the exchange and correlation energy, Exc is comprised of two sections: 

Exchange energy: As per Pauli’s exclusion principle, two electrons cannot have the 

same quantum numbers and on introducing spatial separation between the electrons of the 

same spin, there is a reduction in Coulomb energy as electrons with same spin repel each 

other. The energy difference between Hartree and the Hartree-Fock energy is the 

mathematical equivalent of Exchange energy,   

𝐸𝑒𝑥𝑐ℎ = 𝐸𝐻 −  𝐸𝐻𝐹                 (2.26) 

Correlation energy: When the electrons are allowed to avoid each other completely, 

there is a further reduction in the Coulomb energy and this energy is equivalent to the 

energy difference between Hartree-Fock limit and exact non-relativistic energy, which 

can be written as 
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𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹                 (2.27) 

Both the exchange and corelation component of the total-energy functional needs to 

be approximated to an accurate limit. The approaches to obtain an approximate exchange-

correlation functional are: (1) local and semi-local approximation, i.e., local density 

approximation (LDA), generalized gradient approximation (GGA), meta-GGA and (2) 

non-local approximation such as hybrid functional (hyper-GGA), random phase 

approximation (RPA) etc. In this thesis, the local and semi-local local approaches of 

exchange-correlation functional are discussed.  

2.2.3.1 Local-Density Approximation (LDA) 

The local density approximation (LDA) for approximate exchange-correlation 

functionals is the general basis of all density functional theory-based approximations.  The 

LDA model is based on the notion of a uniform electron gas where the electron moves in 

a positive background charge distribution, and the total charge distribution of the 

ensemble is neutralised. The exchange correlation energy at any given point for the 

particle remains the same in an ideal homogeneous electron gas with electron density ρ(r), 

thereby the exchange-correlation approximation functional 𝐸xc[ρ(r)] can be split into two 

parts, the exchange E𝑥
𝐿𝐷𝐴[ρ(r)] and correlation E𝑐

𝐿𝐷𝐴[ρ(r)] contribution as, 

E𝑥𝑐
𝐿𝐷𝐴[ρ(r)] =  ∫ ρ(r)𝜖𝑥𝑐

ℎ𝑜𝑚ρ(r)𝑑𝑟               (2.28) 

     = ∫ ρ(r) [(𝜖𝑥
ℎ𝑜𝑚ρ(r)) + (𝜖𝑐

ℎ𝑜𝑚ρ(r))]  𝑑𝑟           (2.29) 

          = E𝑥
𝐿𝐷𝐴[ρ(r)] +  E𝑐

𝐿𝐷𝐴[ρ(r)]         (2.30) 

The exchange part E𝑥
𝐿𝐷𝐴[ρ(r)] for an electron in a uniform electron gas system is givens 

as,12 

E𝑥
𝐿𝐷𝐴[ρ(r)] = −

3

4
 (

3ρ(r)

𝜋
)

3

2
                  (2.31) 

The correlation part E𝑐
𝐿𝐷𝐴[ρ(r)], on the other hand, does not have an analytical solution 

and is determined using quantum Monte-Carlo simulations.13 The LDA model based on 

homogenous electron gas works very well for metals, however it fails in the cases of atoms 
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and molecules and is insufficient to accurately describe most materials. Within the LDA 

approximation structural properties such as bond lengths, vibrational energies, phonon 

spectra can be predicted correctly.  

2.2.3.2 Generalized-Gradient Approximation (GGA) 

For real systems, the electron density is not homogenous and it varies in entire space, 

LDA formalism will not give an accurate description of the non-local electron density. An 

improvement to LDA approximation is made by including information about the varying 

change of density functional, ρ(r) with the addition of gradient terms, ∇ρ(r) and the 

approach is called the generalized gradient approximation (GGA). GGA is a semi-local 

approximation method where the exchange correlation energy is a functional of the 

electron density and its gradient as,  

E𝑥𝑐
𝐺𝐺𝐴[ρ(r)] =  ∫ ρ(r)𝜖𝑥𝑐

𝐺𝐺𝐴(ρ(r), |∇ρ(r)| )𝑑𝑟            (2.32) 

GGA is found to be an improvement over LDA in predicting the properties of the materials 

where the electron density varies gradually and slowly. The gradient corrected density 

approach to calculate the exchange-correlation energy has proved successful for 

semiconducting systems to get the cohesive energy, dielectric function, bandgap and 

elastic constants within 3% accuracy to the experimental data. The most prominently used 

GGA functionals are Perdew-Wang (PW91), Perdew-Burke-Ernzerhof (PBE) and Lee-

Yang-Parr (LYP). In this thesis and most of our work the Perdew-Burke-Ernzerhof (PBE) 

approach of generalized gradient approximation has been used.14  

2.2.4 Kohn-Sham Orbitals 

The Schrodinger equation solved with the Kohn-Sham formalism required the existed 

of single electron wave functions called Kohn-Sham orbitals, ψ. The concept of Kohn-

Sham orbitals, although they are auxiliary entities that do not have any physical 

significance, in DFT has been introduced to calculate the total energy and charge density. 

These orbitals are an approximate representation of the electron density and are defined 

as a linear combination of basis functions, such that 
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 |ψ𝑖⟩ = ∑ 𝑐𝜇𝑖 |𝜇⟩𝜇 ,              (2.33)  

where  𝑐𝜇𝑖 are the expansion coefficients and this linear combination of basis functions 

are known as basis sets. The basis sets can be largely distinguished into the localized basis 

sets and plane-wave basis sets. The localized basis sets include the Slater type orbitals 

(STO) and Gaussian type orbitals (GTO) to represent the orbitals of electrons making up 

atoms and molecules. The plane-wave basis sets, on the other hand, are used to represent 

the electrons of three-dimensional materials in periodic boundary conditions.  

Slater-type-orbitals (STO): The STO basis functions are optimal for describing the 

wave functions of atomic and diatomic systems. One feature of the STOs is their 

exponential nature with a cusp in short range and gradual decay at long range, thereby 

they look similar to the wavefunctions of hydrogen-like atom. The typical representation 

of STO is,15 

𝜂𝑆𝑇𝑂 = 𝑁𝑟𝑛−1 exp[−𝛽𝑟]𝑌𝑙𝑚(𝜃, 𝜑)            (2.34) 

where, 𝜂 is the principal quantum number with the orbital exponent denoted by β and the 

spherical harmonics 𝑌𝑙𝑚. However, it is difficult to solve the many electron-systems and 

their integrals; therefore, the use of STO basis sets is mostly discouraged. 

Gaussian-type-orbitals (GTO): GTO basis sets are represented with a gaussian 

functional and is the usual choice of basis functions in describing atoms, molecules and 

materials in computational chemistry. The Gaussian type electron orbitals for atomic and 

molecular structures are expressed as,16 

𝜂𝐺𝑇𝑂 = 𝑁𝑥𝑙𝑦𝑚𝑧𝑛exp [−𝛼𝑟2]                 (2.35) 

where,  𝜂 is the principal quantum number, N is normalization factor ensuring 〈ղ𝜇|ղ𝜇〉 = 

1, and 𝛼 is the orbital exponent. The secondary quantum number, L which is the sum of l, 

m and n is used to classify the GTO functions as s, p, d or f-functions. The GTO functions 

decay rapidly at long range of r and it does not show a cusp around the nuclei. To predict 

and calculate the electronic and molecular properties of many-electron systems, a large 

number of basis functions are needed. 
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Plane-wave-basis (PWB):  The plane wave basis sets are mostly used for periodic 

solids, and the Kohn-Sham orbitals for periodic solids are Bloch states. Using Fourier 

analysis and Bloch theorem, the Kohn-Sham eigenfunction with wave vector k is 

expressed as,17 

 𝛹𝑘(𝑟)  =  𝑒𝑖𝑘.𝑟𝑢𝑘(𝑟)               (2.36) 

where 𝑢𝑘(𝑟) is the periodic function which can be expressed as a Fourier series, 

𝑢𝑘(𝑟)  =  
1

√Ω
∑ 𝑐𝑘𝐺 (𝐺)𝑒𝑖𝐺.𝑟              (2.37)   

where 𝐺 is the reciprocal lattice vector, known as plane waves, for a unit cell of volume 

Ω, 𝑐𝑘(𝐺) and 𝑒𝑖𝐺.𝑟 is  the expansion coefficient and exponent phase 𝐺, respectively. 

Thereby, the Kohn-Sham eigenfunction, 𝛹𝑘(𝑟) can be expressed with the Fourier series 

representing the plane -wave basis set as, 

𝛹𝑘(𝑟) =  
1

√Ω
∑ 𝑐𝑘𝐺 (𝐺)𝑒𝑖(𝑘+𝐺).𝑟               (2.38) 

An exact solution to the Kohn-Sham equations in principle requires an infinite number 

of plane waves, G and as the contribution from the Fourier coefficients decreases for 

increasing |k+G|. Thereby, the plane wave basis sets need to be truncated at some finite 

value of |k+G|, which can be set as the kinetic energy cutoff.    

In most of the materials, only the valence electrons are prominently involved in the 

orbital interactions and the pseudopotential concept has been used to represent the 

electronic interactions between valence electrons with an effective ionic core. As the ionic 

core is usually frozen, the pseudopotential wavefunctions are built as orthogonal and 

complete functions of valence electrons.   

2.3.1 Ab initio Molecular Dynamics (AIMD) 

One of the fundamental properties of many-body system is the dynamics or the 

physical movement of the atoms constituting the system. In classical approach, the 

molecular dynamics of the system is determined by solving Newton’s second law of 

motions for the atoms or molecules and their trajectories, forces and potential energies are 
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deduced. For quantum particles that can be represented in terms of the nuclear and electron 

coordinates, when the Born-Oppenheimer approximation is invoked, the nuclear position 

is fixed for an instantaneous position of the atom. The time-independent Schrödinger 

equation can then be solved for the many-body wave function of the electrons. When this 

Schrödinger equation is assigned into the time-dependent equation, the energy of the 

system for that instant of time can be solved. This energy is now a function of time and 

nuclear coordinates and it can be used as the interatomic potential needed to compute the 

forces in Newton's equation of motion. After gradients of this energy are calculated for 

this fixed position to all nuclear coordinates and the forces are calculated, the nuclei are 

moved to get to the next time step accordingly. This process is repeated with new nuclear 

coordinates for the desired time scale, usually a few picoseconds. To surmise, ab-initio 

Molecular Dynamics (AIMD) involves solving Newton's equation of motion with the 

interatomic forces or potential calculated instantaneously from Density Functional 

Theory, 

The integration of equations of motion to DFT has been used to explain the 

progression of the system with time. The equations of motion are as follows,18-19  

 𝐹𝑖 = 𝑚𝑖𝑎𝑖 =  𝑚𝑖𝑟�̈� , 𝑖 = 1, 2, … 𝑁             (2.39) 

𝐹𝑖(𝑟1, 𝑟2, … 𝑟𝑁) = −∇𝑖𝑉(𝑟1, 𝑟2, … 𝑟𝑁)            (2.40) 

where, 𝐹𝑖 is the force acting on the ith particle; 𝑚𝑖, 𝑟𝑖, 𝑎𝑖 are the mass, position and 

acceleration of particle I and N is the total number of particles in the system. Following 

the first law of motion, the total energy of the system is conserved,  

𝐸 = ∑
𝑚𝑖 �̇�𝑖

2

2

𝑁
𝑖=1 + 𝑉(𝑟1, 𝑟2, … 𝑟𝑁)             (2.41) 

where the first and second components of E are the kinetic energy and potential energy 

terms. For a quantum system, the total energy E is also equal to the Hamiltonian, thereby 

�̂� = ∑
𝑚𝑖 �̇�𝑖

2

2

𝑁
𝑖=1 + 𝑉(𝑟1, 𝑟2, … 𝑟𝑁). Using the Hamiltonian, the equations of motions are 

solved analytically using an integrating method, the most common one being Velocity-

Verlet algorithm. Following this algorithm, the positions of the particles are updated after 
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every Δ𝑡 step, the velocities of the particles are updated after every (Δ𝑡 +Δ𝑡/2) step and 

the acceleration and velocity are calculated in the (𝑡 + Δ𝑡) step. 

𝑟𝑖(𝑡 + Δt ) =  𝑟𝑖(𝑡) +  �̇�𝑖 (𝑡)Δt +
1

2
 𝑎𝑖(𝑡)Δt2

                 (2.42) 

�̇�𝑖(𝑡 + Δt/2 ) =  �̇�𝑖(𝑡) +  
1

2
 𝑎𝑖(𝑡)Δt                   (2.43) 

𝑎𝑖(𝑡 + Δt ) = −
1

𝑚𝑖
∇𝑈(𝑟𝑖(𝑡 + ∆t))                  (2.44) 

�̇�𝑖(𝑡 + Δt ) =  �̇�𝑖(𝑡 + Δt/2 ) +  
1

2
 𝑎𝑖(𝑡 +  ∆𝑡)Δt               (2.45) 

2.3.2 van der Waals Corrections 

As the size of the system increases, other than the described electron-electron 

interactions. there are long range dispersion interactions which cannot be accounted with 

the LDA and GGA exchange-correlation functionals of DFT. A dynamical correlation 

between the fluctuating charge distributions needs to be accounted for long range forces 

and one of the dispersion corrected DFT approaches has been proposed by Grimme, 

popularly known as DFT-D2 or D3 method. In this approach, the total electronic energy 

is written as, 

𝐸𝑡𝑜𝑡 =  𝐸𝐾𝑆−𝐷𝐹𝑇 +  𝐸𝑑𝑖𝑠𝑝 =  𝐸𝑣𝑑𝑊           (2.46) 

where, 𝐸𝐾𝑆−𝐷𝐹𝑇 is the self-consistent Kohn-Sham DFT energy in Eqn. 2.25 and 𝐸𝑑𝑖𝑠𝑝 

is the empirical dispersion correction.20 

𝐸𝑑𝑖𝑠𝑝 =  −
𝑆6

2
∑ ∑

𝐶𝑖𝑗
6

𝑅𝑖𝑗
6

𝑁𝑎𝑡𝑜𝑚 
𝑗=𝑖+1

𝑁𝑎𝑡𝑜𝑚
𝑖 𝑓𝑑𝑎𝑚𝑝 (𝑅𝑖𝑗, 𝑅𝑖𝑗

0 )        (2.47) 

and, 𝑓𝑑𝑎𝑚𝑝 =  
1

1+exp (−𝑑(
𝑅𝑖𝑗

𝑅𝑖𝑗
0 −1

))

           (2.48) 

here 𝑆6 is the global scaling factor optimized for different functionals; 𝐶𝑖𝑗
6 , 𝑅𝑖𝑗,  𝑅𝑖𝑗

0  are 

the dispersion coefficient, interatomic distances and cutoff distance which is equivalent 

to sum of vdW radii for the atom pair ij respectively;  𝑓𝑑𝑎𝑚𝑝 is the damping function to 
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determine the range of dispersion interaction and it is defined in such a way that the 

dispersion contribution is minimized within default van der Waals distances.  

2.3.3 Implicit Solvation Model  

Most of the chemical processes in nature occur in the presence of a solvent and the 

electronic energy is susceptible to the nature of the solvent surrounding the many-

electron system. The solvent model is necessary to present a realistic description of such 

chemical process, in particular, electrochemical processes. To treat each solvent 

molecule and represent their influence to the solute or our system pf interest is quite 

expensive as all electronic and ionic degrees of freedom of the solute-solvent complex 

need to be relaxed. The alternative is to represent the solvent as a bath of continuum 

dielectric material and the influence of the solvent is implicit. Depending on the nature 

of the solvent, the solvation effects can vary; for polar solvents the electronic interaction 

between the solute and the solvent will make a significant contribution to the solvation 

and electronic energy.  The opposite in seen in non-polar solvents where the van der 

Waals interaction dominates the electronic forces. There is also a possibility of solvent 

cavity formation around the system. Therefore, the dielectric response of the solvent is 

represented as a functional of the solute electronic charge density, dispersion effect and 

cavitation.  

The theoretical framework for implicit solvation model in DFT is to represent the 

solvent as a perturbation to the solute Hamiltonian as an external potential, 

�̂�𝑡𝑜𝑡(𝑟) = �̂�𝑠𝑜𝑙𝑢𝑡𝑒 (𝑟) + �̂�𝑠𝑜𝑙𝑢𝑡𝑒+𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (𝑟)            (2.49) 

The external potential term, �̂�𝑠𝑜𝑙𝑢𝑡𝑒+𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (𝑟) is composed of the interaction 

operators that include the electrostatic, dispersion, cavitation and repulsion. A 

mathematical approach to implement the implicit solvent model is representing the 

solute/solvent functional as electron density of the solute and external potential of the 

solute and then calculating and minimizing the free energy of the same solute/solvent 

complex. The free energy of the solute/solvent system can be described as,21 

𝐴 =  𝐹[𝑛𝑡𝑜𝑡(𝑟), 𝑁𝑖(𝑟)] + ∫ 𝑑3𝑟𝑉𝑒𝑥𝑡(𝑟)(∑ (𝑍𝑖𝑁𝑖(𝑟) − 𝑛(𝑟))𝑖 )          (2.50) 
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where, 𝑛𝑡𝑜𝑡(𝑟) is the total electron density and is equal to 𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟) +  𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡(𝑟), F 

is the universal functional that represents the total electronic charge density 𝑛𝑡𝑜𝑡(𝑟) and 

𝑁𝑖(𝑟) 𝑖𝑠 thermodynamically averaged atomic densities of the chemical species i in the 

solvent, 𝑉𝑒𝑥𝑡(𝑟) is the external potential due to solute nuclei.  

Using the variational principle, the minimum ground state free energy of the combined 

solute-solvent system in a fixed external potential 𝑉𝑒𝑥𝑡(𝑟) can be solved as, 

𝐴0 =  min
𝑛𝑡𝑜𝑡,𝑁𝑖(𝑟)

{𝐹[𝑛𝑡𝑜𝑡(𝑟), 𝑁𝑖(𝑟)] +  ∫ 𝑑3𝑟𝑉𝑒𝑥𝑡(𝑟)(∑ (𝑍𝑖𝑁𝑖(𝑟) − 𝑛(𝑟))𝑖 )}         (2.51) 

When minimized over 𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡 the free energy in Eqn 2.50 becomes, 

�̃� = 𝐺[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] − ∫ 𝑑3𝑟𝑉𝑒𝑥𝑡(𝑟)𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟)           (2.52) 

where, 𝐺[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] = min
𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡

{𝐹[𝑛𝑡𝑜𝑡(𝑟), 𝑁𝑖(𝑟)] +

∫ 𝑑3𝑟𝑉𝑒𝑥𝑡(𝑟)(∑ (𝑍𝑖𝑁𝑖(𝑟) − 𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡(𝑟))𝑖 )}             (2.53) 

and G is the universal functional of 𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟)and 𝑉𝑒𝑥𝑡(𝑟), and the universal 

functional can be separated into the DFT Kohn-Sham functional, 𝐴𝐾𝑆 and a dielectric 

response term, 𝐴𝑑𝑖𝑒𝑙 of the solute that include all solvent-solute interaction and internal 

energy of solvent as, 

𝐺[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] = 𝐴𝐾𝑆[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] +

 𝐴𝑑𝑖𝑒𝑙[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)]             (2.54) 

The dielectric functional, 𝐴𝑑𝑖𝑒𝑙 can be minimized with respect to the average atomic 

densities 𝑁𝑖(𝑟) in the solvent, 

�̃�𝑑𝑖𝑒𝑙[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] =  min
𝑁𝑖(𝑟)

𝐴𝑑𝑖𝑒𝑙 [𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑁𝑖(𝑟), 𝑉𝑒𝑥𝑡(𝑟)]        (2.55) 

Introducing the terms from Eqns 2.52 -2.55 in Eqn 2.44, the ground state free energy of 

the composite solute/solvent system can be written as, 

𝐴0 =  min
𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟)

{
𝐴𝐾𝑆[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑉𝑒𝑥𝑡(𝑟)] + ∫ 𝑑3𝑟𝑉𝑒𝑥𝑡(𝑟)𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟)

+�̃�𝑑𝑖𝑒𝑙[𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟), 𝑉𝑒𝑥𝑡(𝑟)]
}          (2.56) 
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This minimization procedure in terms of the solute electron density function, 𝑛𝑠𝑜𝑙𝑢𝑡𝑒(𝑟) 

and external potential of the solute nuclei 𝑉𝑒𝑥𝑡(𝑟) yields the free energy of solute/solvent 

system.  The solvent effect is represented in a continuum model to �̃�𝑑𝑖𝑒𝑙, a functional 

minimized in terms of solvent electron density and thermodynamically averaged 

densities of the solvent.  

2.3.4 Atomic charge analysis  

As all materials are made up of nuclei and electrons, with the electron density 

determining most of the crucial properties of the material. Furthermore, all processes in 

nature are inherently driven by electron/charge transfer from one state of form to another 

and it is important to materialise the charge density distribution of a system over space. 

This has been represented as a measurable parameter in term so of the atomic charges 

calculated via population analysis. Some of the commonly known protocols to calculate 

atomic charges are Mulliken, Löwdin, Hirshfield and Bader charges. The following 

section will describe the theoretical framework to calculate   Löwdin and Bader charge 

analysis that has been used in this thesis.  

Löwdin charge analysis:  

For a system with N electrons and the electrons are represented by atomic orbital 

basis sets, the number of electrons N can be written as the trace of the product PS,  

𝑁 =  ∑ (𝑷𝑺)𝜇𝜇 = 𝑇𝑟 𝑷𝑺              (2.57)  

where, P is the density matrix, S is the atomic orbitals overlap matrix which is the sum 

over all basis functions. Considering the electron population on an atom, A as the non-

intersecting subsets of all the basis sets on that atom we can denote the electron 

population µ ∈ A and the Löwdin charge can be defined as,22 

𝑞𝐴
Löwdin = 𝑍𝐴 −  ∑ (𝑺

𝟏

𝟐𝑷𝑺
𝟏

𝟐)𝜇𝜇𝜇∈𝐴               (2.58)  

where 𝑍𝐴 is the nuclear charge of atom A. This derivation of Löwdin charge is obtained 

upon modification of the Mulliken charge equation which is, 

𝑞𝐴
Mulliken = 𝑍𝐴 −  ∑ (𝑃𝑆)𝜇𝜇𝜇∈𝐴                     (2.59)  
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Bader charge analysis:  

The Bader charge analysis method defines an atom purely on the electronic charge 

density and a zero-flux surface has been used to divide different atoms comprising a 

system. A zero-flux surface is a two-dimensional surface on which the charge density is 

minimum for a point perpendicular to the surface. This holds true as in molecular 

systems, the electron charge density is a minimum between atoms and can be used to 

separate atoms from each other.  For the system with electronic charge density ρ(r), 

critical points (CP) such as maxima, minima or saddle points are generated for every 

point r𝑠 on the system such that the zero-flux surfaces are obtained by,23 

∇ρ(r𝑠) .  n(r𝑠) = 0              (2.60) 

where n(r𝑠) is the unit vector normal to the surface at rs, and at the critical points the 

gradient of ρ(r) vanish, i.e., ∇ρ(r𝐶𝑃) = 0 and the Hessian matrix of ρ(r) at the critical 

points when diagonalized give the eigenvalues and eigenvectors that will correspond to 

the principal curvatures of ρ(r) at r𝐶𝑃 and the respective axes. There are four possible 

signatures of the CP’s and they are labelled by (ω,σ) where ω is the number of all non-

zero curvatures and σ is the sum of the signs of the curvatures.   

(3, -3) or the Nuclear Attractor CP when all three curvatures are negative, and therefore 

ρ(r) is a local maximum at r𝐶𝑃. 

(3, -1) or the Bond Critical Point (BCP) where two curvatures are negative and ρ(r) is a 

local maximum at r𝐶𝑃 in the plane obtained by the two axes associated with these two 

curvatures. The third curvature which is positive for minimum ρ(r) at r𝐶𝑃 along the axis 

perpendicular to the plane formed by the former two axes. 

(3, +1) or Ring Critical Point (RCP) when two curvatures are positive and ρ(r) is a local 

minimum at r𝐶𝑃 in the plane obtained by the two axes associated with these two 

curvatures. The third curvature is negative with maximum ρ(r) at r𝐶𝑃 along the axis 

perpendicular to the plane formed by the former two axes. 

(3, +3) or Cage Critical Point (CCP) when all three curvatures are positive, indicating the 

local minima of ρ(r). 
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2.4.1 Vienna ab-initio simulation package  

Vienna Ab-initio Simulation Package (VASP)24 is one of the software used to carry 

out the computational calculation in this thesis. VASP has been developed at the 

university of Vienna by Hafner’ group to calculate electronic structure studies with 

density functional theory. The Kohn-Sham equations are solved by using a plane-wave 

basis set implemented within this code with the interaction of the ions and electrons 

defined by a projector-augmented wave (PAW) pseudopotential method. The total 

electronic energy is calculated by optimizing the wave functions via iterative matrix 

diagonalization schemes and the convergence in total energy is controlled the kinetic 

energy cut off and k-mesh sampling. Several electronic smearing methods, e.g., Fermi, 

Gaussian, and tetrahedron smearing are used to describe the partial occupancies for faster 

convergence of energy. To run a VASP calculation, four input files INCAR, POSCAR, 

POTCAR, and KPOINTS are needed. The INCAR file contains the input tags and 

parameters to calculate the desired properties of a material. The POSCAR file contains 

the coordinates of the elements constituting the materials in real space lattice and the 

POTCAR file contain the individual pseudopotential file of the elements and this file will 

describe the valence and core electron information. The KPOINTS file contains the 

reciprocal lattice or wave vector coordinates in a weighted k-mesh form. Upon 

optimization of the geometry of the material, the optimized lattice coordinates are stored 

in the CONTCAR file and the minimized total energy, Hellmann-Feynman forces on 

individual atomic species are printed in the OUTCAR file. The desired electronic 

properties of the material can be extracted from the WAVECAR and CHGCAR files that 

contain the wave function of the Kohn-Sham equation and ground state change density 

of a material, respectively. VASP is one of the most popular computational software for 

periodic systems and materials. It can carry out surface system optimization and 

molecular dynamics simulation; and details of structure parameters, electronic structures 

properties, optical properties, magnetic properties, mechanical and lattice dynamic 

properties of different materials can be easily extracted.  
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2.4.2 deMon2K software 

deMon2k25 is developed at the Université de Montréal as deMon program which 

stands for “density of Montréal” for density functional theory (DFT) calculations of 

atoms, molecules, and clusters. The software defines electron wave functions as a linear 

combination of Gaussian type orbital (LCGTO) with the help of auxiliary functions to 

improve the efficiency of solving the electron-electron interaction terms which include 

the Coulomb potential and exchange-correlation potential. To achieve a good self-

consistent field (SCF) convergence of the electronic energy, adaptive grid techniques 

have been implemented to integrate the exchange-correlation and developed as auxiliary 

density functional theory (ADFT) that enables calculations of large systems with modest 

computational resources.  ADFT is now accepted as an efficient and stable alternative to 

solve the conventional Kohn-Sham DFT equations. Other than standard DFT 

optimization protocol to calculate electronic energy and structural properties, the 

software also contains internal modules for time-dependent density functional theory 

(TD-DFT), Born-Oppenheimer molecular dynamics (BOMD), hybrid DFT and quantum 

mechanical-molecular mechanical (QM/MM) calculations. To carry out DFT 

calculations with deMon2k software, only a ‘deMon.inp’ file is needed, this file contains 

all essential tags and parameters to calculate the desired properties followed by a 

GEOMETRY block that contains the coordinates of the atoms in the system. All output 

information in printed in the ‘deMon.out’ file and the electron density information can 

be extracted from the ‘deMon.mol’ file. A table highlighting the differences in VASP 

and deMon2k packages has been drawn out in Table 2.1. 

Table 2.1: Table showing the differences between VASP and deMon2k packages. 

 VASP deMon2k 

Chemical model  Atomic clusters, periodic 

2D and 3D systems 

Atoms, molecules and 

clusters  
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Wave functions or orbitals  Plane wave basis set  Localized basis sets (linear 

combination of atomic 

orbitals) 

Handling of atomic orbitals Valence orbital only Implicit and explicit 

orbitals 

Electronic ground state 

calculation 

Projector Augmented 

Wave method 

Auxiliary Function 

Density method 

Maximum number of 

atoms/ions 

256 1000 

Licensing License fee dependent on 

license type and number of 

users. 

Free academic license 
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This chapter explores the nature of catalysis on two-dimensional (2D) materials anchored 

with a single atom catalyst (SAC). When single atom catalysts (SACs) are anchored on 

such materials with delocalized electron density, for instance graphene, the stimulant for 

catalysis may be either the d-electrons on the metal or the system altogether. To understand 

the contributing factors of catalysis on such systems, a case study of dinitrogen (N2) 

activation on Mo anchored graphene has been made by employing periodic and finite 

models of graphene. Besides the physical aspects, such as size/finiteness of graphene, the 

influence of varying B and N dopant concentrations in graphene on the activity is 

evaluated. N2 activation is highlighted through an analysis of red shift in the N−N 

stretching frequency, charge transfer to N2 from the catalytic system, and electronic 

characteristics of the catalytic system. The projected density of states plots, and frontier 

molecular orbital analysis depict a strong chemisorption of N2 with the metal−graphene 

supports on account of direct hybridization between the d orbitals of the supported metal 

atom and the p-orbitals of N2. The Bader and Löwdin charge distribution on the adsorbed 

dinitrogen in periodic and finite models shows the preeminence of local site over the 

surface activity. 

Maibam, A. et. al, J. Phys. Chem. C, 2019, 123, 27492−27500. 
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3.1 Introduction 

N2 fixation and activation is essential for the sustenance of life. Although N2 is the 

most abundant constituent in air, its fixation and activation is a highly endothermic process 

on account of its triple bond, thus making it a nearly inert gas. Up to this date, the most 

efficient chemical reduction of N2 is through the well-known Haber-Bosch process which 

involves chemical transformation of N2 to NH3 using an iron oxide, Fe3O4, catalyst in the 

presence of hydrogen under extremely harsh conditions of about 400 °C and 200 atm.1 On 

the other hand, naturally occurring nitrogenase enzyme secreted by prokaryotic organisms 

found in the root nodules of plants complete this task under mild conditions without 

utilizing gaseous hydrogen.2−4 Research has shown that biological N2 fixation occurs 

under ambient conditions and that the active sites are rich in Fe and S and, additionally, 

contain Mo or V atoms.5,6 However, the detailed mechanism of N2 reduction by these 

enzymes remains elusive.6 As a consequence, finding an ambient catalyst for the N2 

reduction is a challenge for the organometallic chemists. Intuitively, N2 fixation and its 

dissociation require an efficient catalytic center coupled to an electron reservoir. 

Metal clusters in the nano regime offer promise in this context on account of their 

quantum confinement of electrons. Few research works have explored the potential of 

simple inorganic metal clusters for N2 activation using experimental and theoretical 

approaches.7−11 Notable among them is a work by Fielicke and co-workers,7 where N2 

activation on neutral Ru clusters is evaluated using infrared-multiphoton dissociation (IR-

MPD). Other transition metal catalysts have also been reported, Ohki et al. in an 

experimental work showed Mo−Ti−S cluster elongates the N−N bond up to 1.294 Å, and 

the active site for the catalyst is titanium (Ti).8 In another work, Roy et al.9 have 

demonstrated dinitrogen activation on solid Lin (2 < n < 8) clusters, with the N−N bond 

stretching frequency red-shifted up to 810 cm−1. The work also demonstrated that even a 

small metal cluster, such as Li8, has the potential to split the N−N bond completely in an 

exothermic process. Among the metal clusters, Al clusters are the most notable ones that 

have been studied for N2 activation. Jarrold and co-workers,10 using concerted 

experimental and theoretical methods, reported for the first time that Al clusters with 44 
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and 100 atoms lower the activation energy of the N2 molecule by nearly 1 eV at high 

temperatures. In another work, the same group has demonstrated that the structure and 

size of the cluster have implications on the N2 activation potential.11 Studies on the 

reaction trajectories have demonstrated that high energy conformations of the Al clusters 

show a lower activation barrier toward dinitrogen.12 However, the potential of the high 

energy conformations to be present at ambient conditions is relatively low. Thus, doping 

a ground state cluster is a more practical design of catalyst for N2 activation. Along these 

lines, theoretical studies have shown that silicon- and phosphorus-doped aluminum 

clusters demonstrate increased activation as compared to their pristine ground-state 

counterparts.13  

With the growing cost of the metals, exploring alternative catalysts such as metal-

free or single-atom catalysts (SACs) is the need of the hour. Metal-free catalysts include 

frustrated Lewis pairs14 that form iminium complexes upon reaction with N2, polymeric 

carbon nitride electrocatalyst,15 and edges of 2D boron nitride (BN)16 surfaces. SACs 

anchored on suitable supports, on the other hand, considerably bring down the usage of 

metals by making each site available for the reaction while not compromising with the 

activity. In this context, there are several 2D materials that can be exploited as electron 

reservoirs when embedded with metal active centers. A well-crafted 2D material support 

with an active metal center has an enormous potential to adsorb the N2 molecule and 

activate it. 2D material supports reported so far with a high N2 fixation potential include 

graphene, Mo-doped BN nanosheet materials, BiOBr nanosheets, and boron anti-sites on 

BN nanotubes.17−20 Among them, graphene is an attractive one and has always been 

tapped as a support in reactions such as water splitting,21 hydrogen evolution reaction,22 

and so on. Experimentally, few research groups have applied graphene based materials as 

catalysts toward N2 fixation.23,24  

In comparison to the experimental explorations, there are more theoretical works 

toward exploring the potential of graphene-based nanomaterials as catalysts/support 

materials for N2 fixation. Using Density Functional Theory (DFT)-based methodologies, 

Le and co-workers demonstrated that doping graphene with Mo/N can lead to the 
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successful dissociation of the N2 molecule.25 In another work, Li and co-workers reported 

an activation of the N2 molecule up to nearly 2.5 Å on FeN3-embedded graphene, wherein 

nitrogen atoms act as anchors, while iron is the active center.26 Kumar et al. more recently 

have demonstrated the catalytic role of the BN-doped graphene substrate for N2 activation 

on aluminum clusters.27  

Another interesting property of graphene is a higher reactivity when scissored to 

smaller sizes of the order of tens of nanometers (90 nm).28,29 On scissoring, the electronic 

as well as magnetic properties are seen to differ with respect to size and edge effect.30,31 

Depending on the orientation of the edges, graphene nanoflakes can have two types of 

edges, namely, armchair and zigzag. A DFT study carried out by Nazrulla et al. on 

different graphene nanoflake sizes reported that, given a spin state and nanoflake size, the 

armchair isomer is more reactive than the zigzag isomer.32 An intensive study carried out 

by Yu et al. on graphene sheets to explore the reactive carbon edge responsible for oxygen 

reduction reaction (ORR) predicted the armchair edge to more active than the zigzag 

edge.33 Another work by Owens showed a gradual decrease in the band gap with the 

increase in chain length of both armchair and zigzag graphene isomers.34 Inherently, the 

zigzag isomers demonstrated a higher gap between HOMO (highest occupied molecular 

orbital) and LUMO (lowest unoccupied molecular orbital) in the case of nanoflakes with 

odd electrons with respect to the ones with an even number of electrons. In short, the band 

gap and, henceforth, reactivity would change upon tweaking the edge orientation, chain 

length, and number of electrons in these graphene nanoflakes. Further changes in the 

reactivity can be brought about by introducing defect sites and dopant atoms such as 

boron, nitrogen, sulfur, silicon, and so on.  

In this chapter, the activity of a SAC, namely, Mo, anchored on pristine and doped 

(boron and nitrogen) graphene sheets as well as model nanoflakes toward dinitrogen. 

Graphene sheets are periodic models defined using plane wave basis sets to incorporate 

the periodic nature. The use of plane wave (PW) basis sets offers a set of advantages, such 

as quicker convergence and avoiding basis set superposition error (BSSE); however, it 

comes with an approximation of treating core electrons implicitly. The plane wave basis 
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sets also incorporate the concept of pseudopotentials toward the description of the atomic 

orbitals. The query is whether the periodic model that represents a delocalized electron 

density on the metal-anchored systems gives the correct picture of catalytic activity of the 

single (metals) atom catalyst. On the other hand, graphene nanoflakes are represented by 

finite models of 42 and 54 carbon atoms, are defined using linear combination of atomic 

orbitals (LCAOs). These nanoflakes can be synthesized by cutting” extended sheets of 

graphene using lithography35 and chemical etching36 techniques. Two different edge 

orientations are possible in finite models, namely, zigzag and armchair. In the finite 

model, factors such as (a) edge effects, (b) size, and (c) dopant atoms (B and N) are taken 

into account; while in the periodic models, only the influence of boron and nitrogen 

dopants are considered as edge and size effects are irrelevant in the context of a periodic 

system (see Figure 3.1). The choice of B and N as dopant atoms stems from the fact that 

although several dopants in graphene have been reported and explored, boron and nitrogen 

remain the most attractive as they have similar atomic radii to carbon. Also, a B−N unit is 

isoelectronic to C−C unit and the planarity is conserved, leaving the delocalized electron 

cloud intact. Apart from that, methods to dope boron and nitrogen are diverse, ranging 

from solid phase37 and chemical vapor deposition37,38 synthesis to plasma doping,39 and 

are synthetically cost-effective. 
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Figure 3.1. Graphene models considered in this study as supports to SAC: (a) A periodic 

graphene sheet with 50 atoms in a cell; (b) 42 atom graphene nanoflake with zigzag edges 

(C42-zz); (c) 42 atom graphene nanoflake with armchair edges (C42-ac); (d) 54 atom 

graphene nanoflake with zigzag edges (C54-zz); (e) 54 atom graphene nanoflake with 

armchair edges (C54-ac). Elemental color codes: grey, carbon (C); teal, hydrogen (H). 

3.2 Computational Details 

3.2.1 Nomenclature of the SACs Anchored Graphene Models 

All the graphene models implemented in this study are shown in Figure 3.1. The 

chemical composition of the graphene substrate is varied by doping it with different 

number of B and N atoms. Single atom catalyst, namely, Mo, is anchored on the pristine 

and doped counterparts of all graphene models. We would like to highlight that the Mo 

metal center used in this study is inspired on account of its presence in the nitrogenase 

enzyme. A periodic graphene sheet is as represented in Figure 3.1 (a). The smaller-sized 

graphene model we have considered in this chapter is a graphene nanoflake with 42 carbon 

atoms, with two possible edge effects – zigzag and armchair edges, as seen in Figure 3.1 

(b, c). This model is extended by incorporating 12 additional carbon atoms leading to a 

54-atom graphene nanoflake, as shown in Figure 3.1(d, e) with similar edge orientations. 

The pictorial representation for all the models and the nomenclature applied to these 

models are shown in Table 3.1.  The finite and periodic graphene models made up of all 

carbons atoms is referred to as pristine graphene (pris-gp) by definition. The graphene 

sheet/nanoflakes with dopants are generated by replacing the carbon atoms with boron 

and nitrogen in such a way that a C−C bond is replaced by B−N bond. When one such 

replacement is made on the model it is referred to as BN-gp; two C−C bonds are replaced 

by B−N bonds (leading to a C−B−N−C−B−N structure in a ring) it is referred to as CBN-

gp, (c)) and when all C−C bonds in a ring are replaced by B−N bonds so as to form a 

borazine ring it is referred to as BNring-gp model. The model name is suffixed after each 

system. For example, for periodic models, the names of pristine and doped substrates are 

referred to as pris-gp-sheet, BN-gp-sheet, CBN-gp-sheet, and BNring-gp-sheet. The SAC-

anchored complexes of periodic models are referred to as pris-gp-sheet-Mo, BN-gp-sheet-
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Mo, CBN-gp-sheet-Mo and BNring-gp-sheet-Mo, respectively. Finally, the N2 adsorbed 

complexes of the same are referred to as pris-gp-sheet-Mo-N2, BN-gp-sheet-Mo-N2, 

CBN-gp-sheet-Mo-N2, and BNring-gp-sheet-Mo-N2 respectively. Along the same lines, 

the chemically distinct graphene nanoflake models for C42 with zigzag edges are referred 

to as pris-gp-C42-zz, BN-gp-C42-zz, CBN-gp-C42-zz, BNring-gp-C42-zz, and so on. Their 

corresponding metal SAC anchored models are called as pris-gp-C42-zz-Mo, BN-gp-C42-

zz-Mo, CBN-gp-C42-zz-Mo, and BNring-gp-C42-zz-Mo, respectively. Their N2 adsorbed 

complexes are called as pris-gp-C42-zz−Mo-N2, BN-gp-C42-zz-Mo-N2, CBN-gp-C42-zz-

Mo-N2, and BNring-gp-C42-zz-Mo-N2 respectively. Nomenclature of C42 graphene 

nanoflakes with armchair edges and C54 graphene nanoflakes with zigzag and armchair 

edges follow the same way.  

Table 3.1: Graphene models taken in this study along with their nomenclature. 

Elemental color codes -      carbon (C)       hydrogen (H)       boron (B)        nitrogen (N) 

   

pris-gp-sheet 

   

BN-gp-sheet 

 

CBN-gp-sheet 

   

BNring-gp-sheet 

 

 

pris-gp-C42-zz 

  

 

BN-gp-C42-zz 

 

 

CBN-gp-C42-zz 

 

 

BNring-gp-C42-zz 
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pris-gp-C42-ac 

 

 

BN-gp-C42-ac 

 

 

CBN-gp-C42-ac 

 

 

BNring-gp-C42-ac 

 

 

pris-gp-C54-zz 

 

 

BN-gp-C54-zz 

 

 

CBN-gp-C54-zz 

 

 

BNring-gp-C54-zz 

 

 

pris-gp-C54-ac 

 

 

BN-gp-C54-ac 

 

 

CBN-gp-C54-ac 

 

 

BNring-gp-C54-ac 

3.2.2 Methodology and Computational Details 

Previous investigations have shown that the parallel or side-on mode of adsorption 

shows stronger N−N bond elongation as compared to the perpendicular or end-on mode 

of N2 adsorption.40,41 Hence, in this study we exclusively focus on the parallel mode/side-

on mode of N2 adsorption on Mo and their corresponding N2 adsorption energies are 

calculated as follows: 

Ead = E(system‐Mo‐N2) − E(system‐Mo) − E(N2)                           (3.1) 

where, E(system-Mo-N2) represents the energy of the N2 molecule adsorbed on the 

catalytic systems. The E(N2) and E(system-Mo) represent the energies of the N2 molecule 

and SAC-anchored graphene models, respectively. 
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The adsorption of Mo atom on the graphene models is also calculated to ensure that 

the proposed catalytic systems are energetically/thermodynamically stable. The 

adsorption energies of Mo on the various graphene models are calculated as follows: 

EMo= E(system‐Mo) − E(system)                (3.2) 

where E(system-Mo) represents the energy of the SAC anchored graphene models and 

E(system) represent the energy of the graphene models. 

The periodic model, its SAC-anchored, BN-doped, and N2 adsorbed counterparts are 

studied using Vienna Ab initio Simulation Package (VASP)42 software with PBE 

functional.43 A projected augmented wave (PAW)44 method is used to describe plane wave 

basis set with an energy cutoff of 520 eV to. The 2D graphene sheets are simulated using 

periodic DFT and to avoid agglomeration or interaction of neighbouring layers, a vacuum 

space of 20 Å is created along the Z-direction. The 5 × 5 super cell with 50 atoms is used 

as graphene surface model, as shown in Figure 3.1(a) and the optimized C−C bond length 

in graphene sheet is 1.42 Å. The structural optimization of all geometries is carried out 

using the conjugate gradient method.45 Brillouin zone is sampled by a (2 × 2 × 1) kpoint 

grid using the Monkhorst−Pack scheme.46 For Density of State (DOS) calculation, the 

Monkhorst−Pack generated (9 × 9 × 1) set of k-point grid is used.  

All the calculations on finite models (graphene nanoflake models with 42 atoms and 

54 atoms) are performed using a linear combination of Gaussian-type orbitals within an 

auxiliary framework of DFT,47 as implemented in the deMon 5.0. program.48 All 

structures are optimized using the Perdew-Burke-Ernzerhof (PBE) exchange and 

correlation functional.43 Two different basis sets are used for describing the atomic 

orbitals of Mo in finite-sized models: (a) first case where its atomic orbitals are described 

with DZVP basis set (as was the case for H, C, B, and N) and (b) second case where Los 

Alamos National Laboratory 2-double-ζ quasi-relativistic effective core potential 

(QECP)49,50 basis is used for Mo, while all other atoms were treated with a DZVP basis 

set. The charge density for all the cases is calculated by fitting the GEN-A2 auxiliary 

functions.51 Gradient and displacement criteria used for geometrical convergence is 5 × 

10−4 a.u., while the SCF convergence criterion is set at 10−8 a.u.  



Chapter 3  PhD Thesis      
 

Maibam Ashakiran Devi  76 
 
 

All the atoms in periodic and finite graphene models considered in this chapter are 

relaxed at the lowest spin state (spin multiplicity = 1). It can also be noted that the singlet 

spin state of all the graphene nanoflakes correspond to the lowest electronic energy, 

thereby conforming to the ground state. On these relaxed graphene models, Mo atom is 

anchored and the entire geometry is relaxed. This is followed by the adsorption of N2 and 

relaxing the dinitrogen adsorbed geometries at the lowest spin state. A restricted Kohn-

Sham formalism is adopted for the optimization of all the above geometries. Following 

the optimization of all the structures discussed above, frequencies are calculated to ensure 

these optimized conformations correspond to local minima. 

3.3 Results and Discussions 

3.3.1 N2 adsorption and N-N bond elongation 

  

Figure 3.2: (a) N–N bond length in graphene model–Mo-N2 complexes for varying 

chemical composition, as highlighted on the x-axis. The calculated N–N bond length in 

free dinitrogen is 1.12 Å. (b) Average Mo-N bond length (Å) in N2 adsorbed Mo-anchored 

graphene models. Solid black line represents periodic-Mo-N2 complexes, dotted and solid 

lines represent graphene nanoflakes when Mo is described with DZVP and QECP basis 

set, respectively. 
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The adsorption of dinitrogen molecule on all the periodic models is exothermic with 

the adsorption energies ranging between −1.70 and −1.87 eV, as shown in Table 3.2. The 

adsorption energies obtained when we use DZVP basis set for Mo range between −1.4 and 

−1.6 eV and somewhat higher than those obtained with QECP basis set for Mo. The 

adsorption of Mo on the graphene models is also exothermic with the adsorption energies 

ranging between −3 and −4 eV, as shown in Table 3.3. The negative adsorption energies 

are indicative of the stability of the catalytic systems energetically. All the studied SAC-

anchored graphene models have been found to be effective catalysts toward the activation 

of dinitrogen. This is understood from the fact that the N−N bond is elongated to 1.19−1.21 

Å from its value of 1.12 Å in the free state on various systems. The N−N bond elongation 

on various SAC anchored graphene models is plotted in Figure 3.2(a), with CBN-gp-Mo 

models showing the maximum N−N bond activation. Most interestingly, both periodic and 

finite-sized models show the same trend of N−N bond activation with respect to varying 

chemical composition. The second salient observation is that the difference in absolute 

numbers between the periodic and finite-sized models is negligible (amounting to only 1%) 

when Mo is treated using the QECP basis set. N−N bond elongation is also seen to be 

associated with interatomic distance between one of the N atoms (of dinitrogen) and the 

Mo metal anchored on the graphene model, as seen in Figure 3.2(b). Longer N−N bond 

elongation is correlated with the shorter Mo−N interatomic distance.  

Table 3.2: N2 adsorption energies (Ead) in eV on various Mo-anchored graphene models.  

 

Models 

N2 adsorption energies (Ead) in eV   

C54-zz C54-ac C42-zz C42-ac Periodic 

pris-gp-Mo-N2 -1.42 -1.40 -1.42 -1.41  

-1.74 
pris-gp-MoQECP-N2 -1.70 -1.70 -1.71 -1.71 

BN-gp-Mo-N2 -1.55 -1.50 -1.57 -1.53  
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BN-gp-MoQECP-N2 -1.77 -1.74 -1.85 -1.77 -1.84 

CBN-gp-Mo-N2 -1.55 -1.55 -1.57 -1.56  

-1.87 
CBN-gp-MoQECP-N2 -1.79 -1.78 -1.80 -1.81 

BNring-gp-Mo-N2 -1.52 -1.49 -1.55 -1.51  

-1.86 
BNring-gp-MoQECP-N2 -1.75 -1.74 -1.78 -1.74 

 

Table 3.3: Mo adsorption energies in eV on various graphene models used in the study. 

 

Models 

Mo adsorption energies (EMo) in eV    

C54-zz C54-ac C42-zz C42-ac Periodic 

pris-gp-Mo -4.05 -4.33 -3.97 -4.39  

-4.09 
pris-gp-MoQECP -4.22 -4.48 -4.08 -4.52 

BN-gp-Mo -3.93 -4.19 -3.90 -4.23  

-3.93 
BN-gp-MoQECP -4.24 -4.48 -4.07 -4.52 

CBN-gp-Mo -3.89 -4.11 -3.90 -4.14  

-3.86 
CBN-gp-MoQECP -4.24 -4.46 -4.20 -4.47 

 BNring-gp-Mo -3.21 -3.37 -3.18 -3.41  

-3.02 
BNring-gp-MoQECP -3.33 -3.5 -3.28 -3.54 
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Figure 3.3: N-N stretching frequency in graphene model-Mo-N2 complexes (calculated νN-

N in free N2 = 2326 cm-1). Solid black line represents periodic-Mo-N2 complexes, dotted 

and solid lines represent graphene nanoflakes when Mo is described with DZVP and QECP 

basis set, respectively.  

The increase in the N−N bond length is validated by both red shift in the N−N 

stretching frequency and the total amount of charge transferred to the dinitrogen. N−N 

stretching frequencies in various N2 adsorbed SAC-anchored graphene models is given in 

Figure 3.3. Inherently, the bond stretching frequencies of the all the models is consistent 

with the trend of bond elongation and CBN-gp-Mo models show a red shift up to 1636 

cm−1, as compared to 2359 cm−1 in free N2. It is once again noted that the finite model 

calculation carried out with Mo-QECP basis set falls in trend to the periodic model, while 

the “all-electron” calculation using DZVP basis shows a slightly lower red shift. Change 

in the size of finite graphene nanoflakes and edge orientations does not show any 

significant impact on N−N bond elongation when compared to the periodic graphene 

model.  
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  3.3.2 Bader charges and electronic properties 

 

Figure 3.4: (a) Average of the Bader charges on the adsorbed N2 molecule, (b) Bader 

charges on the Mo atom after N2 adsorption. 

 

Figure 3.5: (a) Average Löwdin charges on the adsorbed N2 molecule, (b) Löwdin 

charges on the Mo atom after N2 adsorption. 

Charges on the Mo-anchored graphene models after N2 adsorption are calculated, and 

a significant change in charge could be observed only on the adsorbed N2 molecule and 
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Mo atom. Thus, the charge redistribution is completely localized. Bader charges are 

calculated for all the periodic models and finite models, where Mo is treated with a DZVP 

basis set. Since Bader charges are not well-defined with metal Electron Core Potentials, 

for the finite models where Mo has been treated with QECP basis set, Löwdin52 charges 

are calculated. The average Bader charges on N2 and Bader charges on Mo after dinitrogen 

adsorption is plotted in Figure 3.4 (a-b). The Bader charges on CBN-gp-Mo models are 

most negative and reflect a higher charge transfer from the catalyst to dinitrogen in both 

periodic as well as finite models. The elongation of N−N bond is favored when electrons 

are transferred to the N−π* orbital, in short, a larger electron gain on N atom is essential 

for bond dissociation. The charges accumulated on the N atoms, as shown in Figure 

3.4(a), correspond to the extent of N−N bond elongation in various studied systems. The 

charge on Mo metal follows reverse trend of the charges gained by the N2, indicative of 

the fact that the charge transfer is primarily from Mo. The same pattern could be seen 

from the Löwdin charges on N2 and Mo, plotted in Figure 3.5 (a-b). This is further 

validated in the electronic structure analysis discussed in the next paragraph.  
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Figure 3.6: (a) Total charge density plots for the periodic pris-gp-sheet and finite pris-

gp-C42-zz models, their Mo-anchored geometries and N2 adsorbed pris-gp-Mo 

geometries; (b) Charge difference density plots of the Mo-anchored periodic models with 

and without N2. Density plots are made at an isosurface value of 0.06eÅ-3. 

We next come to the underlying electronic factors that are responsible for the 

activation of dinitrogen on various SAC anchored graphene models. The total charge 

density plots of periodic and finite models made at an isosurface value of 0.06 eÅ−3 show 

a delocalized electron density over the dinitrogen adsorbed SAC anchored graphene 

models, as seen in Figure 3.6(a). The electron density plot with Mo-QECP basis set is not 

shown as it is similar to the all-electron calculation from DZVP basis set. The charge 

density difference plots of the Mo-anchored periodic models with and without N2 show 

an exclusive overlap of the electron density on Mo with that of N2, as shown in Figure 

3.6(b). However, the electron density from the graphene substrate, in particular, the C, B, 

and N atoms in the local environment around Mo could not interact with the electron 

density of N2. Rather, these surrounding atoms interact with Mo metal and indirectly 

influence the interaction of Mo with N2. Since the catalytic activity of these SAC anchored 

graphene models is governed by the metal atom and the local environment of the catalytic 

metal center, it is a local site activity and not a surface phenomenon. To understand the 

mechanism of catalysis, the electronic nature around the Fermi level in the periodic 

models and the Frontier Molecular Orbitals of the finite models are investigated.  



Chapter 3  PhD Thesis      
 

Maibam Ashakiran Devi  83 
 
 

 

Figure 3.7: Total density of states (TDOS) and Projected density of states (PDOS) plots 

of (a) pris-gp-sheet-Mo-N2 (b) BN-gp-sheet-Mo-N2 (c) CBN-gp-sheet-Mo-N2 (d) 

BNring-gp-sheet-Mo-N2.  

 

Figure 3.8: HOMOs of (a) pris-gp-C42-zz -Mo-N2 (b) BN-gp-C42-zz-Mo-N2 (c) CBN-

gp-C42-zz-Mo-N2 (d) BNring-gp-C42-zz- Mo-N2. LUMOs of (a1) pris-gp-C42-zz-Mo-N2 

(b1) BN-gp-C42-zz-Mo-N2 (c1) CBN-gp-C42-zz-Mo-N2 (d1) BNring-gp-C42-zz-Mo-N2. 
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The total density of states (TDOS) and projected density of states (PDOS) of N2 

adsorbed graphene systems, as shown in Figure 3.7, shows nearly zero density at the 

Fermi level (EF) and a nonzero density around EF inferring the semi-metallic nature of 

pristine graphene. The conduction band near EF has a larger density of Mo d-orbital, this 

region would correspond to the Highest Occupied Molecular Orbital (HOMO); while a 

d−p hybridized orbital in the valence band will correspond to the Lowest Unoccupied 

Molecular Orbital (LUMO). The Frontier Molecular Orbital (FMO) picture of the finite 

C42-zz-Mo-N2 models (Figure 3.8) corresponds to the orbital composition of HOMO and 

LUMO as interpreted from the PDOS plot. The FMO pictures of the finite models remain 

the same even when Mo-QECP basis has been used. Also, the HOMO−LUMO energy 

gap of the finite gp-Mo-N2 systems (MoDZVP and MoQECP basis set) lies within 1.0 and 2.0 

eV; this also happens to be the E−EF value of the closest conduction-valence gap in the 

PDOS plot.  

3.4 Conclusions 

In this chapter, single atom catalysts (SACs) on graphene supports have been explored 

as a catalytic system for dinitrogen activation. While metal clusters of 4−20 atoms have 

been reported to show excellent N−N bond dissociation, the challenge has always been to 

synthesize the metal cluster. It is easier to absorb a single atom on a stable framework and 

this idea has been exploited in this chapter by utilizing graphene as the framework to hold 

the metal atom which will act as the catalytic centers. Also, size and edge orientation of 

graphene have been reported to affect its activity, therefore the size and edge orientations 

are taken into account by taking graphene nanoflakes of two different sizes and the 

periodic model which inherently assumes the graphene nanoflake is repeated infinitely in 

all directions. The critical findings obtained from this extensive study of investigating 

periodic and finite graphene models as catalyst for dinitrogen activation are the following: 

(a) This study shows that all Mo-anchored graphene models are good catalysts for 

dinitrogen activation with a potential for designing them experimentally. In particular, a 

better catalytic activity is seen in the case of CBN-gp- Mo models. 
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(b) It has also been observed that the role of dopants is far more influential in 

dinitrogen activation as compared to graphene surface orientation in both periodic and 

finite models. 

(c) Interestingly, the extent of bond elongation in the periodic model has also been 

found to be nearly similar to that in finite models where Mo is treated with QECP basis 

set. In spite of different molecular orbital treatments in periodic and finite models, the 

similar activity trend that we have obtained is because of the local activity of the catalytic 

centers.  

The finite models can give factual details of clusters and highlight which atoms are 

the catalytic centers. The periodic models give a better understanding of the surface 

phenomena and the influence of delocalized electron density for catalysis; however, it 

comes with its own complexity of implementing several approximations and intensive 

calculation. This chapter proposes that, for SAC-anchored graphene, since the catalytic 

center is the metal atom and the catalysis is driven by the local environment around the 

metal center, finite model calculations are as reliable as periodic model calculations. 
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This chapter explores which metal single atom catalyst on graphene substrate will be 

an optimal candidate for N2 activation and reduction. Efficient reduction of nitrogen to 

ammonia at a minimal cost would require a recherche catalyst tailored by assimilating 

the inherent electronic and reactive nature of Single Atom Catalysts (SACs) on 

heteroatom doped graphene. A full-scale DFT study accounting for disparate 

descriptions of atomic orbitals and representation of support, has been carried out to 

identify the most active and recyclable SAC/B-graphene composite as catalyst for 

Nitrogen Reduction Reaction (NRR). Dual and Multiphilic descriptors derived 

reactivity pattern of six different metal SACs V, Fe, Ni, Ru, W and Re on periodic and 

non-periodic paradigms of pristine and BN-pair doped graphene supports, align with 

the calculated chemisorption efficacy and activation of N2. The enzymatic route of 

nitrogen reduction on three most ideal metal SACs (V, W and Re) culminates vanadium 

SAC, a relatively cheaper metal, anchored on BNring-graphene with an energy barrier 

of ≤ 1.24 eV as a highly active and recyclable catalyst for NRR. 

Maibam, A. et. al, J. Colloid Interface Sci., 2021, 600, 480-491. 
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4.1 Introduction 

Ammonia (NH3), the most stable basic hydride formed by Hydrogen and nitrogen is 

not only an essential precursor to fertilizers and modern chemicals,1,2 but also a molecule 

with tremendous potential towards green energy due to its high energy density with zero 

carbon footprint.3,4 Large scale industrial NH3 production is carried out with the 

conventional Haber–Bosch5 process using H2 and N2 gases as raw materials at high 

temperature and pressure that gobbles up approximately 1–2% of global energy and 

generates an alarming carbon footprint amounting to 6% of global CO2 emissions.6 

Thereby, alternative greener technology of  converting N2 to NH3 via simple and cost 

effective technologies will provide a holistic approach for sustainable ammonia 

production.7 However, the advancement of sustainable technology will rely on the 

development and procurement of highly stable and efficient catalysts. 

Several experimental studies in the past few decades have been focused on Transition 

Metal (TMs) such as Mo8,9, Cr10,11, Fe12–14 and their heteromultimetallic clusters as NRR 

catalysts at ambient conditions. While these transition metals and their heteromultimetallic 

clusters form stable metal-dinitrogen complexes and show catalytic features for N2 

activation there is a heavy  loss of metals which are unrecoverable in the following catalytic 

cycle.15 This led to an impetus of tangential studies on employing metal nanoclusters as 

catalysts to reduce dinitrogen under experimental and theoretical approaches.16,17 While 

metal nanoclusters are intriguing due to electronic quantum confinement, thereby leading 

to higher catalytic activity as compared to bulk catalyst; not all the metal atom centers are 

exploited.  

Metal Single Atom Catalysts (SACs)18,19, in this regard, not only offer a higher catalytic 

activity and selectivity; but curbs metal loss during the catalytic cycle by exploiting every 

metal centre as an active catalyst and also provides vacant coordination sites for electron 

transfer or electron gain from the dinitrogen molecule.20–22 However, isolated metal SACs 

owing to strong metal d-d orbital interactions23 require a support that secures it without 

compromising the catalytic activity. In this respect, electron-rich two-dimensional (2D) 

materials such as graphene24-26, graphitic carbon nitride (g-C3N4)
27-29, boron nanosheet30-32, 

MBenes33, MXenes34,35, phosphorene 36,37, hexagonal boron nitride (h-BN)38–40, MoS2
41–43, 
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etc. not only act as a support to secure the metal SACs but also assist in their catalytic 

performance.  

Interestingly, compared to pristine 2D substrates, heteroatom doped 2D substrates 

such as N-doped carbon44,45, (g-C3N4)
27-29 or (h-BN)38–40 with isolated boron sites have 

been reported to be remarkably efficient towards NRR in several experimental as well as 

theoretical investigations. The N-atoms in the substrate increase metal coordination to the 

substrate and tune the selectivity of metals toward N2 molecule46,47, while the B-atoms 

can inherently induce charge redistribution on the substrate and favour adsorption of 

N2.
48,49 Moreover, the presence of B hetero-dopants on B and N dual-doped carbon 

nanospheres has been reported to inhibit the competing Hydrogen Evolution Reaction 

(HER) and enhance adsorption of N2 in electrocatalytic NRR.50 From the previous study 

on BN-pair dual doped graphene support that showed a better anchoring of Mo SAC on 

the CBN-doped graphene support51 and as well as higher activation of dinitrogen when 

compared to pristine graphene.51,52 It is evident that boron and nitrogen doped graphene 

can act as an effective 2D substrate for anchoring various metal SACs. Furthermore, with 

plasma doping and chemical vapour deposition atomically precise BN-doped graphene 

supports become highly feasible in certain experimental conditions.53–55  

This brings us to the computational studies that have brought an insight on the 

underlying chemical morphology and composition to which the catalytic activity is 

susceptible. Density Functional Theory (DFT) based studies, attempted over the last two 

decades, to identify an ideal SAC/support combination leading an efficient NRR are worth 

mentioning at this juncture.56–59 These  studies focus on either scanning several transition 

metal SACs on a particular substrate56,57 or propositions of a particular SAC as an 

electrocatalyst with a lower overpotential than earlier reported catalysts.58,59 The notable 

among these works is the study by Liu et al. with an objective to bridge the chemical 

understanding behind the activity of different transition metal SACs from an 

electrochemical viewpoint by examining the activity trends and electronic nature of the 

SACs through the Gibbs free energies of limiting steps in electrocatalytic NRR.60  

However, an insightful and penetrating study highlighting the electronic nature and 

reactivity of SACs on graphene and the implications of doped support in augmenting the 
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catalytic activity of metal SAC in question is still amiss. In short, we are missing out on 

the innate feature of metal atoms that distinguishes the catalytic reactivity of one metal 

from the other and are bereft in principle. Further, the trend of scanning several SACs, 

based on the Gibbs free energy of the limiting step of NRR is extremely erratic, with 

sensitivity to the methodology used. Reported prognosis of efficient electrocatalysts for 

NRR from DFT calculations are deduced based on the method applied and description of 

the metal with a given set of atomic orbitals and given model.   

Considering all the above-mentioned key points, this chapter presents a consolidated 

study to address the so far unaccounted aspects of theoretical studies in identifying a 

graphene based 2D supported SAC for NRR. The purpose of the study is to identify a low 

cost, active, stable and reusable metal SAC on graphene support that is unvarying with 

respect to the method applied, description of the metal atom and model implemented in the 

computational study. For this, we carry out one of the most extensive study on six different 

transition metal SACs, i.e. V, Fe, Ni, Ru, W and Re anchored at distinct modes of BN-

doping on periodic model (Cn sheet) and non-periodic models (C-42zz and C-54zz 

nanoflakes) of graphene. These metal SACs (V, Fe, Ni, Ru, W and Re) are chosen looking 

into their high NRR activity as per previous experimental reports on SAC44,61-63 and to 

account for a correlation between the magnetic property and catalytic nature.64 The 

implication of atomic/orbital representation of metals has been critically analysed through 

different pseudopotentials, implemented as Plane Wave (PW) basis, in periodic 

calculations and basis sets defined by Linear Combination of Atomic Orbitals (LCAOs) in 

nonperiodic calculations. While the periodic DFT methodology provides a closer-to-real 

system electronic description of metal SACs anchored on graphene; the non-periodic 

calculations have been employed to provide a more pronounced electronic description of 

atomic orbitals. Thereby, a more accurate description of the electronic structure and the 

activity of the metals can be achieved from non-periodic calculations. This becomes 

essential when there is a need to identify the optimal substrate for metal SACs. Thus, the 

robustness of different concentrations of BN dopants on graphene models such as 

nanoflakes of different sizes and nanosheet, DFT methodologies and orbital definition of 

different metals to their chemical nature has been gauged. Reactivity descriptors such as 
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Dual descriptor 65,66 and Multiphilic descriptor67 are applied as leads while we explore the 

exhaustive aspects of methodology, model and description of the metal center. This 

investigation provides a detailed examination of metal SACs through their reactivity 

descriptors and is an absolute bridge to correlate the activity of metal SACs and their 

implementation as catalysts for NRR.  

 

Figure 4.1: (a) Models of periodic Cn graphene sheet and non-periodic graphene 

nanoflakes C-42zz and C-54zz with their lateral widths of 8.7 Å and 12.4 Å, respectively 

(b) Different concentrations of BN-pair doping on graphene substrate with metal SAC 

represented by different colour code.    

4.2 Computational Details 

4.2.1 Models  

The 2D graphene models of varying size and lateral width: a periodic model and two 

non-periodic models considered in this study are as shown in Figure 4.1(a). The periodic 

Cn graphene sheet has been modeled by considering that the sp2 hybridised carbon atoms 

are repeated infinitesimally along the xy-plane. Coming to the two non-periodic models, 

graphene nanoflakes with hydrogen termination on 42 carbon atoms with a lateral width of 
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8.7 Å and 54 carbon atoms with a lateral width of 12.4 Å, are respectively are modeled as 

C-42zz and C-54zz. BN-pair dopants are introduced on the basal plane of the graphene 

models and the concentration of doping varies from zero, one, two and three BN-pair 

dopants in pris-grap, BN-grap, CBN-grap and BNring-grap systems, respectively. The 

periodic graphene models with varying concentration of BN-pair dopants are referred as 

Cn-pris-grap, Cn-BN-grap, Cn- BNgrap Cn-BNring-grap, respectively. Similar 

nomenclature of the nonperiodic graphene models with different BN-pair dopants are 

referred to C-42zz-pris-grap and C-54zz-pris-grap, and so on. When metal SACs are 

anchored on the graphene supports, it is ensured that the metal SAC is coordinated to the 

basal plane of graphene with BN-dopants and the same is referred to as M-pris-grap, M-

BN-grap, M-grap-CBN and M-BNring-grap systems, respectively as shown in Figure 

4.1(b). When molecular dinitrogen is adsorbed on the SAC anchored graphene models, the 

associated systems are explicitly referred as M-pris-grap-N2, MBN- grap-N2, M-grap-

CBN-N2 and M-BNring-grap-N2, respectively of periodic Cn model or non-periodic C-42zz 

and C-54zz models.   

 

4.2.2 Computational Methodology  

All periodic calculations on Cn graphene sheet and its BN-pair doped analogues are 

carried out using the Vienna ab initio Simulation Package (VASP) software based on plane 

wave (PW) basis.68 The projected augmented wave (PAW) method69 has been employed 

to describe the electron core-interactions. The nonmetallic atoms: C, B and N are described 

by PAW potentials that treat 2s and 2p as valence states while the metal SACs are described 

by two different PAW potentials: the conventional PBE pseudopotential with ns(n-1)d 

valence states and PBEpv pseudopotential with ns(n-1)p(n-1)d valence states. A generalized 

gradient approximation (GGA) implemented in the Perdew- Burke-Ernzerhof (PBE)70 

functional has been used for geometry optimization with the cutoff energy set at 520 eV. 

The geometries are allowed to relax till the energy and forces of each atom reach a 

convergence criterion of 10-6 eV and 0.005 eV/atom respectively. All the geometries are 

sampled by a (2 × 2 × 1) Monkhorst–Pack kpoint grid with a vacuum space of 20 Å along 

the Z-direction to avoid inter-layer interactions. Spin polarized calculation has been carried 
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out for geometries with Fe, Ni and Ru metal atoms; while non-spin polarized calculation 

has been carried out for V, W and Re counterparts. For electronic structure calculations, 

the relaxed geometries are sampled at (11 × 11 × 1) Monkhorst–Pack kpoint grid. 

The non-periodic calculations are carried out with a linear combination of Gaussian-

type orbitals and an auxiliary framework of DFT implemented in the deMon.5.0. 

program.71 A Perdew- Burke-Ernzerhof (PBE) exchange and correlation functional70 has 

been considered to optimize pristine and BN-pair doped geometries of C-42zz and C-54zz 

nanoflakes to their corresponding lowest spin state with a restricted or restricted-open Kohn 

Sham formalism. The GEN-A2 auxiliary functions have been used to fit the charge 

density72 of all the geometries and their N2 adsorbed geometries with their geometrical and 

SCF convergence criteria set at 5×10-4 a.u. and 10-8 a.u. respectively. Several basis sets 

shipped with the program have been considered for representing the atomic orbitals of the 

metal SACs, while a DZVP73 (double ζ valence polarized) basis set has been employed for 

C, B, N and H atoms. The lighter 3-d transition metal: V, Fe and Ni are described by the 

DZVP, DZVP-GGA74 and WACHTERS75 basis sets that treat both core and valence 

electrons explicitly; as well with the Stuttgart-Dresden effective core potential (ECP)76 and 

Los Alamos National Laboratory 2-double-ζ effective core potential (LANL2DZ)77 basis 

that provide an implicit treatment to core electrons with an explicit treatment of valence 

electrons. The heavier 4-d and 5-d metals (Ru, W and Re) have been represented with an 

implicit treatment of core and explicit treatment of valence electrons defined by Stuttgart-

Dresden ECP and quasi-relativistic effective core potential (QECP), and LANL2DZ basis 

sets. The QECP basis has been considered only for heavier 4-d and 5-d metals to account 

for their relativistic effect. Non-periodic calculations portray a definite electronic 

description, therefore an ideal electronic description of 2D materials and the metals can be 

achieved. To bring forth the factual electronic nature and the chemical activity of these 2D 

material supported SACs, non-periodic calculations have been carried out in this study.  

The stability of metal SACs on the 2D graphene based supports has been measured 

through their binding energy, Eb. The binding energy of the metal on the pristine and BN-

pair doped graphene supports is calculated by the equation, 

Eb = E(SAC‐grap) − E(grap) − E(SAC)                  (4.1) 
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where, E(SAC-grap) and E(grap) are the total electronic energies of the various graphene 

supports with and without metal SAC and E(SAC) is the electronic energy of the single 

metal atom. The efficacy of these SAC-grap systems to capture free dinitrogen molecule 

has been computed in terms of the adsorption energy, Eads of dinitrogen and it has been 

calculated by the equation, 

Eads = E(SAC-grap‐N2) − E(grap-SAC) − E(N2)                 ( 4.2) 

where, E(SAC-grap-N2) is the total electronic energy of N2 adsorbed SAC-grap systems, 

E(grap-SAC) and E(N2) are the electronic energies of graphene support with metal atom 

and free nitrogen molecule respectively. Earlier reports on metal SACs have highlighted 

the parallel or side-on mode of adsorption to show a larger N-N bond elongation as 

compared to the perpendicular or end-on mode of adsorption78, therefore, only the parallel 

mode of N2 adsorption has been considered in this chapter.  

 

4.2.3 Reactivity descriptors and Gibbs Free Energy Calculations 

The Dual Descriptor and Multiphilic descriptor are derived respectively, from the 

Fukui indices and group philicity of the metal centers. For periodic DFT calculations, the 

Fukui function or local philicity is calculated by the finite difference method as reported 

by Ceŕon et al.79 where electrons are added or removed by using the NELECT keyword 

to/from the neutral system. The Fukui indices, 𝑓−(𝑟) and 𝑓+(𝑟) of the metal SACs and 

coordinating atoms are computed by using the Henkelman’s program80 that integrate 

charges of the systems from their Voronoi volumes. The expressions for computing Fukui 

indices from their condensed charges are represented by,   

𝑓−(𝑟) =  𝑞𝑁 −  𝑞𝑁−1  and  𝑓+(𝑟) =  𝑞𝑁+1 −  𝑞𝑁                          (4.3) 

where, qN, qN-1 and qN+1 are charges on the atoms with N, N-1 and N+1 electrons, 

respectively. For non-periodic DFT calculations, the Fukui indices of metal centers and 

coordinating atoms on C-42zz and C-54zz nanoflakes are computed analytically as reported 

by Flores-Moreno et al.81 and implemented in the deMon.5.0 program. The electrophilic 

and nucleophilic Fukui functions are evaluated by removing or adding electrons to the 

frontier orbitals and thereby corresponds to 𝑓−(𝑟) and 𝑓+(𝑟), respectively. The group 
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philicity 𝑤𝑔
𝛼, on the other hand, corresponds to the condensed local philicity over the metal 

center and atoms coordinated to it and is thereby expressed as,                             

𝑤𝑔
𝛼 =  ∑ 𝑤𝑘

𝛼𝑛
𝑘=1                               (4.4) 

where α = + for nucleophilicity or - for electrophilicity, k is the metal SAC and n is the 

number of atoms coordinated to the metal center, 𝑤𝑘
𝛼 is the local philicity. Accordingly, 

the Dual descriptor 𝑓(2)(𝑟) and Multiphilic descriptor 𝛥𝑤(𝑟) are defined as the difference 

between nucleophilic and electrophilic Fukui indices and group nucleophilicity and 

electrophilicity, respectively. They are evaluated by using the equations, 

𝑓(2)(𝑟) =  𝑓+(𝑟) −  𝑓−(𝑟)  and  𝛥𝑤(𝑟) =  𝑤𝑔
+ −  𝑤𝑔

−                          (4.5) 

These reactivity descriptors have been reported to be more accurate descriptors82,67 than 

the Fukui function as it can reveal the nucleophilic (𝑓(2)(𝑟) and 𝛥𝑤(𝑟) < 0) and 

electrophilic (𝑓(2)(𝑟) and 𝛥𝑤(𝑟) > 0) centres simultaneously. 

Although the reactivity descriptors provide a description to the electrophilicity or 

nucleophilicity of the metals, the feasibility of these metals to adsorb dinitrogen and reduce 

it to ammonia will rest on their free energy change. The Gibbs free energy change for 

periodic calculations on dinitrogen adsorption and elementary reaction steps of NRR has 

been calculated by the equation, ΔG = ΔE + ΔZPE - TΔS, where ΔE is the change in 

electronic energy, ΔZPE is the change in Zero Point Energy, T (=298.15 K) is the room 

temperature in Kelvin scale and ΔS is the change in vibrational entropy between the final 

and initial geometries. The zero-point energy and entropy terms are evaluated from the 

vibrational frequency calculations. The free energy of N2 adsorption and the elementary 

reaction steps of NRR for non-periodic calculations of SACs on C-42zz and C-54zz systems 

are computed with the thermodynamic quantities derived from frequency calculations at 

room temperature. The relation for free energy change in non-periodic calculations is ΔG 

= ΔE + ΔHcorr - TΔScorr, where ΔE is the change in electronic energy, ΔHcorr is the change 

in enthalpy correction and ΔScorr is the change in entropy correction at room temperature. 
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4.3 Results and Discussions 

4.3.1 Binding energy of metal SACs 

 

Figure 4.2: Binding energies of the metal SACs on periodic and non-periodic graphene 

supports. Metals on the negative scale of cyan line are stable and show exothermic Eb on 

the graphene supports. Symbolic representations of BN-doping is provided in inset along 

with colour scheme of the metals.   

 

The binding energies, Eb of single metal atoms on periodic and non-periodic models 

of graphene with different modes of BN-pair doping is provided in Figure 4.2. It is 

observed that most of the metals considered in our study show a stable anchoring on the 

graphene supports with their exothermic binding energies varying with respect to the 

change in graphene model, DFT methodology and description of the metal atom. Coming 

to the observations of binding energies from periodic calculations, the metals are found to 
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anchor strongly, with higher negative binding energies, on the graphene support when 

PBEpv pseudopotentials are used for defining the metals as compared to PBE 

pseudopotentials in all metals, except Fe metal. From Figure 4.2 the heavier 5-d transition 

metals, W and Re are found to show higher binding energies than the lighter 3-d and 4-d 

metals, with the exception of V. It can be noted that most metal single atoms show higher 

binding energies on the pristine graphene support and it decreases as the concentration of 

B and N dopants increases with all the metal single atoms being the least stable on their 

corresponding BNring-grap support. On the other hand, the binding energies obtained from 

non-periodic calculations are found to be insensitive to the size of the graphene nanoflakes; 

however as anticipated, the binding energy of metals are sensitive to the basis set describing 

the metal orbitals. The binding energies of 3-d metals, except V-SAC, tend to be higher as 

the basis sets become more exhaustive and all electrons are treated exclusively i.e., DZVP, 

DZVP-GGA and WACHTERS when compared to basis sets with implicit core electrons. 

Amongst the metals described with implicit core electrons, the 4-d metal Ru shows a 

consistent binding energy on all supports irrespective of the change in metal basis. It is also 

to be noted that the heavier 5-d metals are extremely sensitive to the metal basis set and 

their stability on the graphene support decreases when QECP and LANL2DZ basis are 

implemented instead of the ECP basis; in particular, Re on BNring-grap support shifts from 

an exothermic binding energy of 1.5 eV (with ECP basis) to an endothermic binding energy 

of - 0.5 eV when computed with QECP and LANL2DZ basis sets. Coming to the role of 

dopants, the influence of B and N dopants on the substrate and their efficacy to stabilise 

the metal atom becomes more prominent with a definite electronic description of the metal 

as different metals show optimal binding conditions on different substrates. For instance, 

V and Fe metals are found to prefer CBN-grap substrates; Ni, Ru and Re prefer BN-grap 

substrates and W prefers pris-grap substrate. While a conclusive comment cannot be made 

on which metal shows the highest stability than the rest due to diverse treatment of core 

and valence electrons; it is interesting to note that in all basis set considerations, Fe metal 

shows a lower stability on graphene and its BN-pair doped substrates in periodic as well as 

non-periodic calculations. 
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4.3.2 Reactivity descriptor of metal SACs 

 

Figure 4.3: Dual descriptor, 𝑓(2)(𝑟) condensed at the metal centers on periodic as well as 

non-periodic models of pristine and BN-heteroatom doped graphene systems. Metal colour 

code and the notation of the support when BN-pair dopants are introduced is indicated in 

inset. 

 

While it is important to account for the stability of the metals on the graphene 

substrates, the activity of the metal defined by the reactivity descriptor is a more crucial 

factor to be accounted for the SAC-grap system to be employed as a catalyst for NRR. The 

reactivity of carbon atoms in basal plane of graphene nanoflakes has been discussed by 

Azeez et. al83 to be lower than those of peripheral atoms. It was observed that as boron and 

nitrogen dopants are introduced on the basal plane of the C-42zz graphene model, there is 

a significant change in the reactivity pattern as B-atoms become nucleophilic centres and 

N-atoms become electrophilic centres in BN-grap and CBN-grap support; while in BNring-
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grap support both B and N atoms behave as electrophilic and nucleophilic centres and the 

overall reactivity of the support increases as such. It can be observed that the charge 

disparity created by boron and nitrogen atoms when doped on graphene plays a major role 

in influencing the reactivity pattern of the graphene supports. Thereby, when SACs are 

anchored on the basal plane of these graphene supports, the metal d-orbitals form 

hybridized d-p orbitals upon conjugation with the p-orbitals of B and N atoms bonded to 

it. The nature of dopant atoms on the support influences the reactivity pattern of the metals 

and the same has been computed in terms of Dual and Multiphilic descriptors.  

 

Figure 4.4: Multiphilic descriptor, 𝛥𝑤(𝑟) around the metal center on periodic periodic as 

well as non-periodic models of pristine and BN-heteroatom doped graphene systems. Metal 

colour code and the notation of the support when BN-pair dopants are introduced is 

indicated in inset. 
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The Dual descriptor, 𝑓(2)(𝑟) and Multiphilic descriptor 𝛥𝑤(𝑟) on different BN-pair 

doped metal SAC-graphene supports as obtained from periodic and non-periodic 

calculations carried out by considering several metal pseudopotentials and basis sets are as 

shown Figures 4.3 and 4.4. SAC-graphene systems with 𝑓(2)(𝑟) and 𝛥𝑤(𝑟) ≈ 0 are neither 

strong electrophilic or nucleophilic centers, thereby we will focus on the systems with 

higher electrophilicity (𝑓(2)(𝑟) and 𝛥𝑤(𝑟)> 0.1) and nucleophilicity (𝑓(2)(𝑟) and 𝛥𝑤(𝑟)< 

0.1). It can be seen from Figures 4.3 and 4.4 that W and Ni followed by Re systems show 

higher nucleophilicity, whereas W shows the highest electrophilicity on all graphene 

supports followed by V-BNring-grap, Re-pris-grap, Ni-BNring-grap and Fe on pris-grap 

and BN-grap supports. While periodic calculations show an inclination towards an 

electrophilic nature of the metal SAC/graphene systems, there is no significant change in 

the reactivity pattern, both 𝑓(2)(𝑟) and 𝛥𝑤(𝑟), when different metal pseudopotentials are 

employed. Coming to the non-periodic calculations, the Multiphilic descriptor which 

incorporates the philicity of atoms coordinated to metal centers, gives an overall 

understanding of the reactivity of SAC-graphene supports and it becomes more 

pronounced. The nucleophilicity of SAC-graphene systems are more pronounced when the 

local environment of the metal and group philicity are considered, as seen in Figure 4.4. 

Additionally, the reactivity pattern of the SACs and SAC-graphene systems is predictably 

sensitive to the metal basis but it also becomes sensitive to the change in size of the 

nanoflakes. For instance, the reactivity of V-SAC and V-grap systems become more 

pronounced in larger C-54zz graphene nanoflake, while that of Ni and W gets masked. The 

Dual Descriptor analysis reveals a consensus on the higher activity pattern of W, V, Re and 

Ni metals from periodic as well as non-periodic calculations. The same pattern can be seen 

from Multiphilic descriptor analysis which highlights the role of B and N dopants in 

accentuating the reactivity of the SAC-graphene systems.  
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Figure 4.5: 𝛥𝑤(𝑟) vs 𝑓(2)(𝑟) around the metal center on periodic periodic as well as non-

periodic models of pristine and BN-heteroatom doped graphene systems. Metal colour code 

and the notation of the support when BN-pair dopants are introduced is indicated in inset. 

 

One fascinating aspect is the linear relationship observed between the  Dual descriptor 

and Multiphilic descriptor as seen in Figure 4.5. It can be noted from 𝑓(2)(𝑟) and 𝛥𝑤(𝑟) 

values of SACs and SAC-graphene systems that the metal centers show a major 

contribution in directing the reactivity of the system and these two descriptors can be used 

synonymously for SACs anchored graphene systems. Another interesting aspect from the 

linear plot in Figure 4.5 is the two designated regions of higher electrophilicity, A and 

higher nucleophilicity, B. In region A, aside from the information that W, V, Ni and Re 

metals show higher electrophilicity, the graphene supports are mostly BN-grap, CBN-grap 

and BNring-grap. On the other hand, region B of higher nucleophilicity with W, Re and Ni 

metals are mostly coupled with pris-grap and a few BN-grap supports. In general, the 
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reactivity of the SAC/graphene systems is higher when B and N dopants are introduced in 

the support and the overall system tends to be electrophilic in nature. It is also notable that 

V, Ni, W and Re SACs are found to be stable on the pristine and BN-pair doped supports 

from our earlier section on metal binding energy. Thereby, it becomes interesting as these 

metals with a higher reactivity are also stable on the graphene support and their synthesis 

is feasible from experimental point-of-view.  

 

4.3.3 Dinitrogen adsorption and activation on metal SACs 

 

Figure 4.6: Adsorption energy of dinitrogen on different metal SACs; inset shows the 

colour scheme changes from blue to red as the adsorption of N2 becomes more feasible. 

 

The activity pattern of metal SACs on different graphene supports, as observed from 

the analysis of reactivity descriptors, has been further corroborated to the efficacy of the 

metals to adsorb and activate dinitrogen molecule. The adsorption energies of free 

dinitrogen molecule on the SAC-grap systems are calculated and plotted in Figure 4.6. The 

adsorption of N2 on all SACs anchored graphene supports are found to be feasible and 

exothermic (-0.82 eV to -2.80 eV) in periodic as well as non-periodic calculations. The 
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exothermic chemisorption energies of dinitrogen on all metal- SAC-grap systems validate 

the potential of these metals to be employed as catalysts for dinitrogen activation and NRR. 

It is particularly notable that Ru metal SAC with a milder activity as compared to the rest 

of the metals also shows a lower chemisorption of N2, -0.82 to -1.80 eV on periodic and 

non-periodic systems of graphene and BN-pair doped analogues. It can be observed from 

Figure 4.6 that the efficacy of the SAC-grap systems to adsorb N2 has been influenced by 

different modes of BN-pair doping, metal pseudopotentials and basis sets and size of the 

nanoflakes considered in periodic and non-periodic calculations. In periodic calculations 

with the introduction of B and N dopants and as the system changes from SAC-pris-grap 

to SAC-BNring-grap, the chemisorption of N2 tends to become more exothermic. 

However, a significant change brought about by the addition of valence (n-1)p-states in 

PBEpv pseudopotentials of metals is seen in the case of Fe-SAC and Ru-SAC anchored 

graphene systems, while the rest of the metals remain insensitive to the change in metal 

pseudopotentials. Amongst the metal-graphene systems considered in this chapter; V, W 

and Re systems are found to show higher chemisorption of N2 with adsorption energies of 

-2.3 eV, -2.8 eV and -2.2 eV respectively on their respective BNring-grap systems.  

Likewise, the adsorption of dinitrogen on all metal anchored non-periodic graphene 

models are found to be enhanced as the concentration of BN-pair dopants increases around 

the metal in the basal plane of graphene. The implication of considering several metal basis 

sets cannot be prominently seen in the case of V-SAC-grap systems as the N2 adsorption 

energies remain nearly consistent despite the implicit treatment of core electrons in ECP 

and LANL2DZ basis sets. Fe-SAC-grap and Ni-SAC-grap systems tend to show a more 

exothermic adsorption of dinitrogen when described with explicit core and valence 

electrons in DZVP, DZVP-GGA and WACHTERS basis sets as compared to ECP and 

LANL2DZ basis. The heavier metals (Ru, W and Re) described with implicit core electrons 

tend to show a higher chemisorption when quasi-relativistic metal basis sets, QECP and 

LANL2DZ are employed over the metal ECP basis set. Thereby, the 3-d metals show a 

pronounced chemisorption of dinitrogen with metal basis that define both core and valence 

electrons explicitly while the heavier 4-d and 5-d metals are highly affected with the 

inclusion of quasi-relativistic factors in the metal basis. In addition, the adsorption energies 
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of N2 on V-SAC-grap, W-SAC-grap and Re- SAC-grap systems are found to be insensitive 

to the size of graphene nanoflakes, while the same cannot be seen for Fe, Ni and Ru 

systems. 

 

Figure 4.7: Percentage increment in N-N bond lengths when N2 is adsorbed on the M-SAC-

grap systems. The gradient plot is set with a value of 1.16Å and 4.6% bond length increment 

observed in Ni-SAC-pris-grap as white; the intensity of the colour codes for respective 
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metals increases as the N-N bond length increases. For each metal, the largest value of N-N 

bond in periodic and non-periodic models are provided along with the least value of N-N 

bond length. 

 

Most significantly, it can be noted that V, W and Re metals show a consistently higher 

and similar affinity towards chemisorption of N2 molecule in periodic as well as non-periodic 

calculations, albeit the difference in the DFT methodologies implemented. In particular, 

adsorption energies computed with the V metal defined by the DZVP-GGA basis set is found 

to show similar results to the periodic calculations on V-SAC-grap systems. A similar case 

can be observed on W-SAC-grap and Re-SAC-grap systems when metal atomic orbitals 

described by LANL2DZ basis set has been found to show nearly similar N2 adsorption 

energies to the periodic calculations. The same cannot be seen in the case of Fe-SAC-grap, 

Ni-SAC-grap and Ru-SAC-grap systems where the adsorption energies in nonperiodic 

models tend to be overestimated as compared to the adsorption energies in the periodic 

models. This consistent and similar pattern of adsorption energy observed in the case of V, 

W and Re metal SACs, in-spite of different DFT methodologies and atomic orbital 

representation, validates the prepotency of local reactivity of these metals which is in direct 

correspondence to the reactivity pattern achieved from their reactivity descriptors.  

The chemisorption energies of N2 on different metal SACs can be correlated to the 

activation of dinitrogen which is measured in terms of the elongated N-N bond of dinitrogen 

molecule when adsorbed on the M-SAC-grap systems. A percentage increase in the N-N 

bond length is made with reference to the N-N bond length in free N2 molecule, i.e. 1.11 Å 

and 1.12 Å for periodic and non-periodic calculations respectively. A gradient plot on the 

percentage increment in N-N bond length on periodic and nonperiodic V-SAC-grap-N2 

systems with different modes of BN-pair doping is as provided in Figure 4.7(a). A consistent 

pattern of N-N bond activation on V-SAC-grap-N2 can be observed where the BNringgrap 

substrates show the largest bond elongation in-spite of the difference in DFT methodologies, 

basis sets and pseudopotentials to define the metal and nanoflake size in the periodic and 

nonperiodic models. The N-N bond in V-BNring-grap-N2 systems is elongated by 11%, i.e., 

1.23 Å in the periodic model and nonperiodic nanoflakes when V metal is defined by DZVP-
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GGA basis set. The higher bond activation observed in V-BNring-grap-N2 systems is in 

direct correlation to the adsorption energy of dinitrogen molecule and the higher reactivity 

of V metal as discussed earlier in the adsorption and reactivity descriptor section. While the 

extent of bond activation in Fe, Ni and Ru systems, Figures 4.7(b-d) range from 4.6–8.7 % 

owing to their less exothermic adsorption of dinitrogen molecule, which correlates to their 

lower reactivity pattern, these metals fail to show a consistent pattern in N-N bond activation 

with the change in concentration of BN-pair dopants, different basis sets or pseudopotentials 

to define the metal and size of graphene models in the periodic and nonperiodic calculations. 

Coming to the W-SAC-grap-N2 and Re-SACgrap-N2 systems in Figures 4.7(e-f), these 

metals show a consistent pattern where a larger N-N bond elongation is found on their 

respective CBN-grap substrates in periodic and non-periodic calculations. The extent of N-

N bond activation on W-CBN-grap-N2 and Re-CBN-grap-N2 systems range from 15.4% 

(1.27 Å) and 13% (1.24 Å) respectively in periodic models to approximately 16% (or 1.28 

Å) and 14% (or 1.26Å) respectively in their non-periodic counterparts when the metal is 

represented by the LANL2DZ basis set. Therefore, W and Re metals anchored on CBN-grap 

substrate possess a higher potential to chemisorp and activate dinitrogen molecule followed 

by V on a BNring-grap substrate. It is notable that periodic calculations carried out with 

metal PBEpv pseudopotentials generated geometries with higher N-N bond activation as 

compared to those carried out with PBE pseudopotentials in V, W and Re metals.  

To also account for the experimental analogy of N-N bond activation on the adsorbed 

N2 molecule; IR-stretching frequency which is a fingerprint to represent the strength of a 

chemical bond has been evaluated for the M-SAC-grap-N2 systems and a redshift is 

observed in N-N stretching frequency.  The red-shift in N-N bond is consistently higher on 

the V-BNring-grap, W-CBN-grap and Re-CBN-grap systems despite the change in DFT 

methodology, size of the graphene models, metal pseudopotentials and basis sets. This 

consistent pattern of red-shift in V, W and Re corresponds to the N-N bond activation 

observed earlier; with W-CBN-grap showing the highest red-shift of 1026 cm-1 in periodic 

calculations and 950 cm-1 in non-periodic calculations. This is followed by Re-CBN-grap 

systems with a N-N bond red-shift of 894 cm-1 and 876 cm-1 from its corresponding periodic 

and non-periodic systems, respectively. Finally, the V-BNring-grap systems with an 11 % 
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N-N activation shows a red-shift of around 810 cm-1 in its periodic system and 740 cm-1 in 

the non-periodic system. It has been also found that Fe, Ni and Ru metal SACs with a 

relatively lower bond activation of 4.6–8.7 % shows a correspondingly lower red-shift 

ranging from 373 cm-1 to 612 cm-1, respectively. This trend on N-N bond redshift 

corroborates to the earlier section on N-N bond activation and dinitrogen chemisorption 

energies on different metal SACs. Our observation on N-N bond red-shift and activation 

by V, W and Re SACs corroborate the N2 adsorption energies and reactivity of the metals 

described via their reactivity descriptors earlier. Therefore, the qualitative reactivity 

description of metal SACs discussed earlier can be implemented as an important descriptor 

in the probe for a highly active metal SAC and a suitable 2D substrate that amplifies its 

activity.  

 

 

Figure 4.8: Projected Density of States of graphene supported SACs compared before and 

after N2 adsorption on (a) Cn-V-BNring-grap, (b) Cn-W-CBN-grap and (c) Cn-Re-

CBNgrap; the charge density difference plots of M-grap-N2 systems, made using Vesta 

3.484, are as included in inset.  
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Following the investigation on N-N bond activation, the later part of the study is now 

restricted to the more active metals, i.e V, W and Re. While the activity of V, W and Re 

metals have been affirmed through their reactivity descriptor, higher N2 chemisorption 

energies and N-N bond activation; a detailed understanding on the electronic properties 

before and after dinitrogen adsorption has to be accounted. Thus, an electronic analysis of 

V-BNring-grap- N2, W-CBN-grap-N2 and Re-CBN-grap-N2 systems through the Projected 

Density of States (PDOS) examined before and after dinitrogen adsorption of the periodic 

models has been shown in Figure 4.8. The electron transfer from the metals to the 

dinitrogen molecule can be emphasized by the decrease in electron densities of the metal 

d-orbitals in the valence band. W and Re metals decrease significantly owing to charge 

transfer from metal to N2. However, V-CBN-grap shows an exception as the decrease in 

electron densities in the valence band leads to generation of vacant d-orbitals in its 

conduction band. The reactivity of V-SAC on CBN-grap substrate can be thereby 

accounted to its electrophilic nature. While the heavier W and Re metals have electron rich 

d-orbitals and coordinate with dinitrogen via transfer of electrons to the π*-π* orbitals of 

N2 molecule, V metal with its vacant d-orbitals coordinate to the N2 molecule via π-π back 

donation. The charge density difference plots generated after the adsorption of dinitrogen 

in all three systems displays the hybridisation of metal d-orbitals with the π*-π* orbital of 

N2 to form a stable M-SAC-grap-N2 complex. Similarly, a metal-nitrogen d-p hybridized 

Highest Occupied Molecular Orbital (HOMO) can be observed when the Frontier 

Molecular Orbitals (FMO) of non-periodic models of V-BNring-grap-N2, W-CBN-grap-

N2 and Re-CBN-grap-N2 systems on the C-42zz and C-54zz nanoflakes. This hybridization 

of metal-nitrogen d-p orbital validates the analogy we had speculated to correlate catalytic 

activity with descriptors rather than hard-hard interactions controlled by charges.85 With 

the consistent results obtained from periodic and non-periodic calculations on V, W and 

Re SACs described with specific metal basis sets in non-periodic calculations. The NRR 

process on V-BNring-grap is then subsequently investigated with DZVPGGA basis set 

while W-CBN-grap and Re-CBN-grap are investigated with LANL2DZ basis set. 
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4.3.4 NRR mechanism on V-BNring-grap, W-CBN-grap and Re-CBN-

grap systems 

Reduction of dinitrogen to ammonia on V-BNring-grap, W-CBN-grap and Re-CBN-

grap systems has been evaluated on their corresponding periodic and non-periodic models. 

Periodic calculations on the above systems have been continued with metal PBEpv and PBE 

pseudopotentials to account for the larger N-N bond activation in-spite of similar energetics.  

on-periodic calculations with DZVP-GGA basis set for V and LANL2DZ basis set forWand 

Re metals, has been carried out on the C-42zz and C-54zz nanoflakes. The NRR process, for 

N2 adsorbed in parallel mode on these M-SAC-grap systems, follow the enzymatic route  

 

Figure 4.9: Enzymatic reaction mechanism of NRR on periodic and non-periodic V-BNring- 

grap models.  
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Figure 4.10: Enzymatic reaction mechanism of NRR on periodic and non-periodic (a) W-

CBN-grap and (b) Re-CBN-grap models.  

(a) 

(b) 
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where atomic hydrogen atoms attack the N-atoms in an alternating fashion. The structures 

of NxHy intermediates and the change in Gibbs free energy for each hydrogenation step on 

periodic and non-periodic models of V-BNring-grap system are as shown in Figure 4.9, 

while those of W-CBN-grap and Re-CBN-grap systems are provided in Figure 4.10. It can 

be observed from the free energy diagram of V-BNring-grap system that the energies of 

intermediate reaction steps are more negative (i.e., exergonic) in non-periodic calculations 

as compared to periodic calculations. The orbital descriptions are more pronounced in non-

periodic calculations with basis sets, thereby the electronic energy of the system becomes 

more negative leading to the lowering of free energy. Other than this overall lowering of free 

energy in non-periodic calculations, the energetics of each step is seen to follow the same 

pattern as in periodic calculations; for instance, the energy uphill steps, *N2→*N2H, *NH2-

*NH→*NH2-*NH2 and *NH2→*NH3 are endergonic in both periodic and non-periodic 

calculations on V-BNring-grap.bThis pattern of free energy lowering along with similar 

energetics can be observed in the free energy diagram of W-CBN-grap and Re-CBN-grap 

systems provided in Figure 4.10. While the energy uphill steps in W-CBN-grap system is 

similar to that observed in V-BNring-grap system, Re-CBN-grap shows an exception with 

an exergonic (or energy downhill) *N2→*N2H step but an endergonic *N2H→*NH-*NH 

step.  

Table 4.1: Gibbs free energies, ΔG (eV) of the crucial intermediate steps involved in 

enzymatic Nitrogen Reduction Reaction on V-BNring-grap models. The ΔGmax of each 

model is highlighted in bold. 

 ΔG CnPBEpv CnPBE C-42zz C-54zz 

* → *N2 -1.62 -1.62 -2.23 -2.28 

*N2 → *N2H 0.47 0.46 0.75 0.43 

*NH2-*NH → *NH2-*NH2 1.22 1.24 0.77 1.02 
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*NH2 → *NH3 1.12 1.10 1.06 1.12 

*NH3 → *N2 -0.66 -0.65 -0.72 -0.76 

 

Table 4.2: Gibbs free energies, ΔG (eV) of the crucial intermediate steps involved in 

enzymatic Nitrogen Reduction Reaction on W-CBN-grap models. The ΔGmax of each model 

is highlighted in bold.  

ΔG CnPBEpv CnPBE C-42zz C-54zz 

* → *N2 -2.09 -2.04 -2.62 -2.52 

*N2 → *N2H 0.30 0.30 0.37 -0.10 

*NH2-*NH → *NH2-*NH2 1.45 1.45 0.88 1.24 

*NH2 → *NH3 1.26 1.31 1.13 1.64 

*NH3 → *N2 -0.67 -0.79 -0.79 -0.86 

 

Table 4.3: Gibbs free energies, ΔG (eV) of the crucial intermediate steps involved in 

enzymatic Nitrogen Reduction Reaction on Re-CBN-grap models. The ΔGmax of each 

model is highlighted in bold. 

ΔG CnPBEpv CnPBE C-42zz C-54zz 

* → *N2 -1.52 -1.53 -1.98 -1.99 

*N2 → *N2H -0.12 -0.11 -0.36 -0.40 



Chapter 4  PhD Thesis      
 

Maibam Ashakiran Devi  115 
 
 

*NH2-*NH → *NH2-*NH2 1.51 1.51 1.46 1.53 

*NH2 → *NH3 1.25 1.26 1.12 1.14 

*NH3 → *N2 -0.22 -0.22 0.04 -0.03 

 

Tables 4.1-4.3 summarizes the crucial intermediate steps involved in NRR process on 

the above-mentioned SAC-graphene systems. These include N2 adsorption, first 

hydrogenation step (*N2 → *N2H), fourth hydrogenation step (*NH2-*NH → *NH2-*NH2) 

that generates a highly strained intermediate, final hydrogenation step (*NH2 → *NH3) and 

the last NH3 desorption step. The Gibbs free energy of N2 adsorption on non-periodic 

systems is seen to be more exoergic, i.e. more negative than the periodic counterparts for 

all three SAC-graphene systems. The Potential-Determining Step (PDS) in V-BNring-grap 

and W-CBN-grap systems is seen to change from the fourth hydrogenation step (*NH2-

*NH → *NH2-*NH2) in periodic calculations to the final hydrogenation step (*NH2 → 

*NH3) in non-periodic calculations. It is notable that these two steps are the most energy 

uphill reaction steps (ΔG > 1.0 eV), thereby both the steps limit the feasibility of N2 

reduction to NH3. The limiting potential, ΔGmax in periodic V-BNring-grap systems is 

found to be 1.22 eV to 1.24 eV, while the non-periodic counterparts show a limiting 

potential of 1.06 eV and 1.12 eV in C-42zz and C-54zz graphene nanoflakes, respectively. 

For W-CBN-grap systems, the limiting potential is found to be 1.45 eV in periodic systems, 

1.13 eV in C-42zz and 1.64 eV in C-54zz graphene nanoflakes respectively. However, for 

periodic and non-periodic Re-CBN-grap systems, the PDS is the fourth hydrogenation step 

(*NH2-*NH → *NH2-*NH2) which involves formation of a torsionally bulk intermediate 

and the limiting potential ranges from 1.51 eV in periodic system to 1.46 eV in C-42zz-Re-

CBN-grap and 1.53 eV in C-54zz-Re-CBN-grap system. From this investigation on N2 

reduction to NH3 in SAC-graphene systems, it can be noted that the free energy of 

intermediate hydrogenation steps are more pronounced in non-periodic calculations as 

electronic descriptions are more accurate when basis sets are implemented. While all three 

metal-graphene systems can be seen to reduce dinitrogen to ammonia effectively, a lower 
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energy barrier in observed on V-BNring-grap where 1.06 eV < ΔGmax > 1.24 eV. Although 

the ΔGmax of V-BNring-grap is higher than previously reported V-SAC catalyst86, the 

interesting aspect of our SAC-graphene system is the NH3 desorption step. Most 

SAC/2Dsupport reported with lower ΔGmax would require the assistance of solution, 

heating, electropotential or etching to desorb NH3 from the catalyst.86-88 The 

recyclability/reclaimabilty of the catalyst is another looming question that needs to be 

answered beyond an effective NRR process. From this computational study, we observed 

that NH3 desorption can be easily carried out by N2 as the *NH3 → *N2 step is exergonic 

and feasible by ≈ -0.66 eV in Cn-V-BNring-grap, -0.72 eV in C-42zz-V-BNring-grap and -

0.76 eV in C-54zz-V-BNring-grap systems. Thereby, this reclaimable V-BNring-grap 

catalyst with a low-cost metal has an advantage over several other 2D catalysts. 

 

4.4 Conclusions 

In summary, a comprehensive periodic and non-periodic DFT calculation has been 

carried out on six transition metal SACs anchored on pristine and BN-pair doped 2D 

graphene models with an objective to tailor a pragmatic heterocatalyst for NRR. This 

consolidated study highlight the susceptibility of metal reactivity with respect to the change 

in DFT methodology, size of the model, coordination of B and N dopants with the metal 

and most importantly, the orbital description provided by several basis sets and 

pseudopotentials. Dual and Multiphilic descriptors are found to bridge the inherent local 

activity and innate electronic nature of SACs. These descriptors yield consistently similar 

trends to the chemisorption efficacy and activation of N2 and can be employed as leads to 

design efficient SAC/support couple for dinitrogen reduction. The mechanistic studies on 

the enzymatic mode of N2 reduction to NH3 on three select SAC/graphene system 

highlights similar free energy diagram in periodic as well as non-periodic calculations. 

This exhaustive analysis emphasizes that a qualitative idea of energetics and NRR limiting 

potential can be achieved from computational studies made on a less complex non-periodic 

model. Additionally, this study focuses on most convenient way to desorb NH3 with N2 

and reclaimability of the catalyst which is usually ignored in most studies. Our 

computational investigation proposes V-BNring-grap catalyst as a low cost, highly active, 
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stable and reclaimable catalyst for NRR that can be developed with the currently available 

synthesis technology, thereby enabling efficient large scale and eco-friendly NH3 

production in future.  
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The most earth-abundant element, Aluminium has been studied with Density Functional 

Theory (DFT) and investigations are conducted to detail its electronic properties and 

catalytic efficacy for nitrogen reduction at ambient condition.  The Al-based catalysts 

have been modulated to perform as par a highly performing, but rare, Ru-single atom 

catalytic center by varying number of Al atoms, shape, and size. The coalesce of band-

center, work function and electronic properties in metal atom catalysts along with N-N 

bond activation has been demonstrated to be responsible for an efficient nitrogen 

reduction reaction (NRR) with ΔGmax of 0.78 eV in Al5 supported on N-doped double 

vacancy graphene (Al5@N4-DVG) catalyst. Electron localization function analysis has 

shown a weak physisorption of N2 in the Al-based catalysts. Projected Density of States 

illustrates the enhancement of aluminium electron density in Al5@N4-DVG led to 

enhanced orbital densities overlap of Alp and Np electrons. The Bader charge analysis 

and electronic analysis of the intermediates show efficient electron gain on the N atoms, 

leading to formation of NH3 from the NxHy intermediates in Al5@N4-DVG catalyst. 

Maibam, A. et. al, Applied Surface Science., 2023, 623, 157024. 
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 5.1 Introduction 

With increasing demands for fuel and deteriorating fossil fuel reserves, the primary 

concern over the last five decades have been exploring sustainable fuels and revamping 

energy efficient technologies. However, the research to achieve ambient temperature 

reduction of nitrogen to ammonia is far from perceivable. The N2 molecule being non-

polarizable, highly inert and a strong triple bond, its dissociation energy of 940 kJ/mol 

is attainable only under high temperature and pressure.1 This also lays forth the constant 

reliance on the highly energy intensive Haber-Bosch process of ammonia synthesis. 

Therefore, a scalable and viable synthetic route of N2 reduction at ambient conditions is 

an absolute necessity. The electrocatalytic nitrogen reduction reaction (eNRR) is a green 

alternative to substitute Haber–Bosch process, as this process can be actuated from 

renewable sources of energy and ammonia synthesis can be regulated at ambient 

conditions.2 However, electrochemical N2 reduction is laced with two major challenges: 

a large NRR overpotential and low NH3 faradaic efficiency (FE)  caused by its 

competing hydrogen evolution reaction (HER).3,4   

An extensive research in the recent years  have been made to improve the Faradaic 

efficiency of NRR  by implementing noble-earth metal electrocatalysts (Pd, Au, 

Ru, etc.),  transition metal electrocatalysts (Mo, Fe, Co, V, etc.), and metal-free 

electrocatalysts (B-doped graphene, black phosphorus, etc.).5-12 Efficient NRR 

performance at lower overpotentials have been reported mostly on metal based 

electrocatalysts; in particular, NRR  with FE > 20% till date has been reported on Ru 

single atom catalysts anchored on N-doped porous carbon (21% FE) and active 

Mo/MoO2 species anchored on carbon cloth (FE = 22.3% FE).13,14 A major advantage 

of such metal centers@porous carbon electrocatalyst is the synergistic utilization of 

buffer electrons from the two-dimensional (2D) substrates and the catalytic metal center. 

These metal centers route the delocalised electrons from the 2D surfaces into the 

antibonding orbitals of N2 molecule leading to an activation of the N-N bond, which in 

turn is an essential determinant to the reduction of N2. Consequently, this has prompted 

computationally driven studies on several noble and earth abundant transition metal 

centers@2D electrocatalysts for nitrogen reduction.15,16 
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 In this respect, the main group metals owing to their electronic arrangement show 

only specific oxidation number and restricted orbital states fail to exhibit purported N2 

reduction, except for Li and Al clusters. Li has been reported to be used directly as a 

catalyst for NRR or via a lithium-mediated route as metallic Li forms the only stable 

nitride, Li3N in ambient conditions.  The Li-mediated NRR electrocatalysts are known 

to exhibit high NRR FE closely approaching 100% in a high-concentration imide-based 

lithium salt interface.17 However, the implementation of Li for NRR becomes 

unsustainable due to its limited presence in the earth’s crust which correspond to only 

0.002–0.006 wt%. On the other hand, Al being the most abundant metal in earth’s crust, 

has been less explored for ambient nitrogen reduction. Notable reports have been made 

on Al-based electrocatalyst for ammonia fixation include Li-aided Al doped graphene, 

aluminium (III) coordination complex, Al-Co3O4/NF, MoAlB single crystals, and Al-

N2 battery with an Al - ionic liquid electrolyte.  Huang et al implemented Al metal as a 

dopant on graphene as a ligating center to the NxHy intermediates generated by Li+ ion 

aided reduction of N2  to NH3 at ambient conditions.18 A substantial advancement in 

NRR performance of Al-electrocatalysts had  been realized by Berben and co-workers  

when an aluminium (III) complex with 0.3 M Bu4NPF6 THF and DMAPH+ electrolyte 

exhibited ammonia production at −1.16 V (vs. SCE) with 21% FE in ambient 

condition.19 However, Al as a catalytic metal center for nitrogen reduction was reported 

in urchin like Al-doped Co2O3 nanospheres (Al-Co3O4/NF) with a FE of 6.25% at −0.2 

V vs RHE by Yuan et. al, and in a multicomponent boride, MoAlB wherein the layered 

electrocatalyst reported by Ma and co-workers showed ammonia production with a FE 

of 30.1% at -0.05 V vs RHE.20,21 The highest FE of 51.2% at -0.1 V for Al-based 

electrocatalyst in ammonia production has been reported by Zhi and co-workers in a 

rechargeable Al-N2 battery composed of a graphene-supported Pd (graphene/Pd) 

cathode and Al anode with an ionic liquid electrolyte (AlCl/1-butyl-3-

methylimidazolium chloride).22 The study reveals a higher feasibility of AlN (ΔG=-287 

kJ/mol) formation as compared to Li3N (ΔG=-154 kJ/mol), thereby revealing a more 

spontaneous nitriding reaction in Al over Li. However, AlN is extremely susceptible to 
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air unlike its lithium counterpart, and it gets easily oxidised, thereby the catalytic activity 

of Al gets thwarted.  

Fundamentally, Al being an element of boron family possess similar electronic 

distribution and certain similarities in electronic properties can be expected. Boron has 

been reported in several metal-free electrocatalyst as a dopant or catalytic center that 

can hold N2 and influence ammonia production via an electron “donation-acceptor” 

mechanism.23,24 While the “donation-acceptor” mechanism is unlikely to occur in Al 

atom catalyst due to a lower electronegativity of Al (1.61) as compared to B (2.01), Al 

clusters have been reported to chemisorb N2 and activate the N-N bond effectively. 

Aguado et al. reported the chemisorption of N2 and N-N bond activation upto 1.65 Å on 

Al44 nanoclusters with an energy barrier of 3.4 eV.25 The N-N bond activation barrier 

becomes as low as 0.65 eV in smaller Al-clusters, in particular, Al5 cluster on BN-

graphene, as observed by Kumar and co-workers.26 Henceforth, it is important to probe 

into these smaller Al clusters and explore the plausibility of implementing them as NRR 

electrocatalyst. Furthermore, the experimental realization of Al-based catalysts on 

graphene is not far-fetched research as synthesis of pristine Al-clusters with pulsed laser 

vaporization can be dated back to 2007 by Neal et. al.27 With experimental 

improvements brought about by electron-beam irradiation, single atom substitution on 

graphene has been reported by Zagler and co-workers.28 However, the evidence of 

graphene-Al clusters/nanoparticle composites is as well-known as other graphene-metal 

composites and the synthesis route follows the conventional chemical exfoliation or 

powder metallurgy technique.29-31  In this chapter, we make a radical comparison of the 

electronic properties of NRR active Ru and Mo single atom to  Al atom and Al-clusters 

(Aln) supported on N-doped double vacancy graphene (N4-DVG). The study focuses on 

modulating the electronic and catalytic properties of atomic Al catalysts by inducing 

changes in their shape and size.  

5.2 Computational Details 

All metal atoms and clusters supported N-doped double vacancy graphene (M@N4-

DVG) systems, as shown in Figure 5.1, are optimized using Density Functional Theory 
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(DFT) calculations with Vienna ab−initio Simulation Package (VASP.5.4).32 The ionic-

electronic interactions on all systems are sampled with a 2 × 2 × 1 Monkhorst- Pack 

kpoint grid and 520 eV energy cut-off with a generalized gradient approximation 

Perdew-Burke-Ernzerhof (PBE) functional.33 All M@N4-DVG systems have been 

relaxed with DFT-D3 corrections to incorporate long range forces till the atomic forces 

and energies converge to 0.005 eV/Å  and 10−5 eV/atom, respectively.34 Electronic 

property analysis has been carried out to evaluate the density of states and Bader charges 

of the M@N4-DVG systems by considering a higher kpoint grid of (9 × 9 × 1) 

Monkhorst-Pack grid.35 The thermal stability of the M@N4-DVG systems analysed 

through  Ab initio molecular dynamics (AIMD) simulations carried out in an NVT 

ensemble at 298 K described with a Nose–Hoover thermostat at 3 ps time step for 10 

ps.36 Furthermore, the feasibility of achieving chemically stable M@N4-DVG systems 

is realized via the  binding energies (Eb) of atomic metal catalysts and clusters on the 

N4-DVG system computed using the equation,  

𝐸𝑏 = (𝐸𝑀@𝑁4−𝐷𝑉𝐺) − ( 𝐸𝑁4−𝐷𝑉𝐺) − 𝐸𝑀                 (5.1) 

where, 𝐸𝑀@𝑁4 -DVG is the total electronic energy of Ru, Mo, Al metal atom catalysts or 

Aln (n=2-7) clusters supported N4-DVG systems, 𝐸𝑁4 -DVG is the total electronic energy 

of N4-DVG systems and 𝐸𝑀 is the electronic energy of Ru, Mo, Al single atom catalysts 

or Aln clusters. Following this, the N2 chemisorption efficacy on the M@N4-DVG 

catalysts is investigated via the end-on and side-on modes of N2 adsorption; and the 

adsorption energy, Eads is computed using the equation, 

𝐸𝑎𝑑𝑠 = (𝐸𝑀@𝑁4−𝐷𝑉𝐺−𝑁2
) − (𝐸𝑀@𝑁4−𝐷𝑉𝐺) − 𝐸𝑁2

                               (5.2) 

where,  𝐸𝑀@𝑁4−𝐷𝑉𝐺−𝑁2
 is the total electronic energy of M@N4-DVG system after N2 

adsorption, 𝐸𝑀@𝑁4−𝐷𝑉𝐺  and 𝐸𝑁2
  are the total electronic energy of M@N4-DVG systems 

and free N2 molecule, respectively. 

The free energy of the NxHy intermediates involved in the Nitrogen Reduction 

Reaction (NRR) is represented by the Gibbs free energy change, ∆G and the 
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computational Standard Hydrogen Electrode model of Nørskov et al. has been 

implemented to calculate ∆G using the following equation,37    

∆G = ∆E + ∆ZPE − T ∆S                   (5.3) 

where, ∆E and ∆ZPE is the change in electronic energy and zero-point energy  

 

Figure 5.1: Top and side views of Ru and Mo single atom supported on N-doped double 

vacancy graphene considered as reference to Al atom and Al-clusters (Aln) supported N-

doped double vacancy graphene (M@N4-DVG).   
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respectively, ∆S is the change in entropy at room temperature, T is room temperature 

(298.15 K). The zero-point energy and entropy corrections are computed from the non-

negative vibrational frequencies of the gas phase species in each intermediate. The 

potential rate-determining step (PDS) for the reaction is intermediate step with the 

highest free energy change (ΔGmax) and the limiting potential, UL is equal to –(ΔGmax)/e. 

For an electrocatalyst under applied potential, the free energy is calculated as, ∆GNRR = 

∆E + ∆ZPE − T∆S + neU + ΔGpH, where n is the number of electrons, U is the applied 

electrode potential equivalent to the limiting potential, UL and ΔGpH  is the free energy 

correction to pH of the solvent. The pH correction to free energy is represented by 

ΔGpH = 2.303 × kBT × pH, where kB is the Boltzmann constant. The pH value is assumed 

to be zero as the overpotential of NRR is unaffected by the change in pH.38,39 

5.3 Results and Discussions 

5.3.1 Stability of the M@N4-DVG systems  
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Figure 5.2: AIMD plots of M@N4-DVG catalysts at 298 K; (a) Ru@N4-DVG, (b) 

Mo@N4-DVG, (c) Al@N4-DVG, (d) Al2@N4-DVG, (d) Al3@N4-DVG, (d) Al4@N4-

DVG, (d) Al5@N4-DVG, (d) Al6a@N4-DVG, (d) Al6b@N4-DVG, (d) Al7@N4-DVG. 
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Table 5.1: Binding energies of metal single atoms and clusters, M = Ru, Mo, Al, Aln 

(n=2-7) on N4-DVG (N doped doble vacancy graphene) to form M@N4-DVG. 

Catalyst System Binding energy (eV) 

Ru@N4-DVG -8.19 

Mo@N4-DVG -9.78 

Al@N4-DVG -7.81 

Al2@N4-DVG -7.54 

Al3@N4-DVG -6.60 

Al4@N4-DVG -7.27 

Al5@N4-DVG -7.10 

Al6a@N4-DVG -7.11 

Al6b@N4-DVG -7.45 

Al7@N4-DVG -5.82 

The electronic stability of the M@N4-DVG systems as evaluated from the binding 

energy calculations show the metal single atoms (Ru, Mo and Al) to be positioned in 

the N tetra-coordinated vacancy in the graphene plane, while the Aln clusters are 

anchored with one Al atom occupying the double vacant site in graphene plane (i.e., in-

plane) and the remaining Al atoms bound to the in-plane Al-atom. Mo single atom 

(Mo@N4-DVG) has been found to possess the highest binding energy of -9.78 eV 

followed by Ru@N4-DVG with -8.19 eV and Al@N4-DVG with -7.81 eV. The Aln 

clusters supported N4-DVG systems show a gradual decrease in their binding energies 

as the size of the clusters increase. The Aln clusters with a planar geometry and higher 

coordination with the in-plane Al are more stable with binding energies ranging from -

7.1 to -7.5 eV as provided in Table 5.1. On the other hand, Al7@N4-DVG system with 

a nearly spherical structure and two coordinated Al atoms to the in-plane Al atom show 

the least binding energy of -5.82 eV. Larger clusters are thus, not considered in this 

study as they tend to form spherical and symmetric structures. For ambient nitrogen 

fixation, the thermal stability of all M@N4-DVG systems are further analysed through 

AIMD simulations at 298 K and small structural distortions are observed in Al4@N4-



Chapter 5  PhD Thesis      
 

Maibam Ashakiran Devi  132 
 
 

DVG, Al5@N4-DVG and Al7@N4-DVG while both Al6 clusters showed large 

distortions after 10 ps, as seen in Figure 5.2. Henceforth, all the M@N4-DVG systems, 

except Al6a@N4-DVG and Al6b@N4-DVG are eligible candidates to be implemented as 

stable catalysts at room temperature and further electrocatalytic studies will be carried 

out on the stable catalysts. 

5.3.2 Electronic properties of M@N4-DVG systems and N2 activation 

The catalytic activity of a system, being an inflection of electronic properties and 

charge distribution or transfer efficiency, can be primitively assessed from its work 

function(Φ) and p-band center. While catalysts with a lower work-function will require 

a smaller energy to activate the N2 molecule, a more positive p-band center will ascertain 

the p-orbitals of the active centers are closer to the Fermi level and possess higher carrier 

density. A comparative plot of work function and p-band centers of Ru, Mo, Al metal 

atoms and Aln clusters in Figure 5.3(a) shows the Ru single atom with most positive p-

band center of -5.25 eV and work function of 4.29 eV. The p-band centers of Ru and 

Mo has been computed in place of d-band center to have a consistent comparison with 

Al which possess only p-orbitals.  Ru, being the best performing metal single atom 

catalyst on N-doped graphene, is used as a reference for another active transition metal, 

Mo and our metal atom of interest Al and its clusters, Aln. Al@N4-DVG system with Al 

single atom shows a much lower (i.e., negative) work function than the Ru or Mo 

counterparts, however its p-band center is relatively more negative (-5.74 eV) thereby 

inferring a lower charge carrier density. Although the work function gradually increases 

with the increase in size of Aln clusters and a decrease in catalytic activity is expected, 

the p-band centers show an interesting trend with the Al5@N4-DVG system has its p-

band center at -5.69 eV and more positive than Al@N4-DVG. This primitive screening 

of catalytic activity is ratified through the N2 adsorption strengths of the M@N4-DVG 

catalysts.  
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Figure 5.3: (a) Comparative plot of work function and p-band center of all M@N4-DVG 

systems, red and blue histograms represent the work function and p-band center 

respectively. (b) N2 adsorption energies and N-N bond elongation on the M@N4-DVG 

systems, the histograms represent N2 adsorption energy while the points represent N-N 

bond length in Å. 

 

Figure 5.4:  Projected Density of States (PDOS) with Charge Density Difference (CDD) 

and Electron location function (ELF) plots of side-on N2 adsorbed on Al5@N4-DVG. 

The CDD and ELF plots were made using VESTA software.40  

While the presence of d-orbitals in Ru and Mo single atom catalyst allows both 

parallel and perpendicular modes of N2 adsorption on Ru@N4-DVG and Mo@N4-DVG, 

the most optimal adsorption mode and site of N2 on the Aln@N4-DVG catalysts are 
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found to vary with the change in shape and size of the Al cluster. From Figure 5.3(b), 

it is evident that lower (or positive) p-band center in Ru@N4-DVG influences the 

exothermic adsorption of N2, while a lower work function is responsible for the same in 

Mo@N4-DVG. The higher activity and exothermic adsorption of N2 on Al5 cluster can 

also be ratified due to the shape and orientation of the Al atoms that are available for 

interaction with the incoming N2 molecule. As the Aln cluster size increases, one Al 

atom lies in-plane to the N-doped graphene sheet while the remaining Al toms orient 

themselves with 3 or 4 as its coordination number. While most Aln clusters prefer to 

form 3-coordination leading to triangular facets, the stable Al5@N4-DVG catalyst prefer 

to form a rectangular facet with four Al-atoms exposed as catalytic sites. Furthermore, 

these exposed Al atoms are found to be electron rich while the Al-atom ingrained to the 

graphene plane is positively charged or electron deficient. This further corroborates to 

the lower N-N activation of Al single atom as compared to electron rich Al-atoms lying 

above the graphene plane which can easily render electrons to N2 molecule.  

 

Figure 5.5:  Projected Density of States (PDOS) and Electron location function (ELF) 

plots of side-on N2 adsorbed on (a) Al@N4-DVG, (b) Al2@N4-DVG and (c) Al3@N4-

DVG. 
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The N2 adsorption energies on Al single atom and its clusters are relatively lower 

than the transition metal counterparts; however, a similar trend of work-function 

influencing adsorption can be observed in Al@N4-DVG, Al2@N4-DVG and Al3@N4- 

DVG while the p-band center becomes accountable for Al5@N4-DVG. More 

interestingly, Al5@N4-DVG is the only Aln based catalyst that shows exothermic side-

on N2 adsorption (-0.34 eV) and N-N bond activation (1.37 Å) brought about with the 

nitrogen atoms attached to different Al centers. Figure 5.4 shows the overlap of Al p-

orbitals (Al5@N4-DVG) and N p-orbitals (N2) in the Fermi region of Projected Density 

of States plot and electron localization function (ELF) plot with localized electrons on 

the N2. Besides Al5@N4-DVG, the systems of interest that show exothermic N2 

adsorption and N-N bond activation are Ru@N4-DVG, Mo@N4-DVG, Al@N4-DVG, 

Al2@N4-DVG and Al3@N4-DVG. ELF plots with higher electron density concentration 

on the atoms will correspond to ionic bonding while contribution from covalent bonding 

can be accounted when the electron density is concentrated on the respective bond 

between two atoms. A prominent electron localization on N2 can be observed in 

Ru@N4-DVG and Mo@N4-DVG systems inferring an ionic bonding or stronger 

binding which can be interpreted as chemisorption led by electron transfer, whereas a 

more covalent bonding between Al atoms and N2 molecule can be observed in the Al-

based catalysts inferring towards physisorption of N2. The presence of higher electron 

density in Aln clusters as compared to Al single atom can be a major contributor in 

enhancing the catalytic activity of Al metal for NRR. This is supported by the PDOS 

and ELF plots of N2 adsorbed Al@N4-DVG catalyst in Figure 5.5(a) that shows 

minimal contribution from the Al p-orbitals.  However, in aluminium cluster catalysts 

the contribution of Al p-orbitals is found to increase gradually, Figure 5.5 (b-c) along 

with a shift towards the Fermi level due to the conducting nature of Al. The distribution 

of electron density as seen from ELF plots and smaller orbital overlap between Al and 

N2 can be inferred as N2 physisorption on the Al-based catalysts and the N2 adsorption 

energies corroborate to this finding.  



Chapter 5  PhD Thesis      
 

Maibam Ashakiran Devi  136 
 
 

 

Figure 5.6: Possible mechanistic routes of nitrogen reduction reaction; distal and 

alternating route for N2 adsorbed in end-on mode, while enzymatic and consecutive 

route is observed in side-on adsorbed N2.  

5.3.3 Nitrogen reduction reaction (NRR) on M@N4-DVG systems 

   

 

(d) (c) 

(a) 
(b) 
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Figure 5.7: Free energy diagram of distal and alternating routes of NRR on (a-b) Al@N4-

DVG, (c-d) Al2@N4-DVG (e-f) Al3@N4-DVG (g-h) enzymatic and consecutive routes 

of Al5@N4-DVG. 

 

Following this screening of N2 activation, the mechanisms of nitrogen 

reduction reaction (NRR) on all possible routes, Figure 5.6, are explored on the select 

M@N4-DVG catalysts that show exothermic N2 adsorption. Nitrogen reduction on 

Ru@N4-DVG and Mo@N4-DVG catalysts with Ru and Mo single atom center have been 

investigated via the distal, alternating and enzymatic route. The consecutive route has 

been found unfeasible as the *N-*NH2 intermediate could not be realized on the single 

atoms. Computational calculations on Al@N4- DVG, Al2@N4-DVG and Al3@N4-DVG 

catalysts that show end-on N2 adsorption have been restricted only for the distal and 

alternating route. Finally, Al5@N4-DVG catalyst which showed exothermic side-on N2 

adsorption have been investigated for enzymatic and consecutive route of NRR, with 

multiple Al atoms being involved in N2 adsorption, the consecutive route becomes 

feasible in this catalyst. The free energy diagrams of the above-mentioned routes of NRR 

 

 

(g) (h) 

(f) (e) 
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reaction coordinates on stable Al@N4-DVG, Al2@N4-DVG, Al3@N4-DVG and Al5@N4-

DVG catalysts are provided in Figure 5.7(a-h). 

 

 

Figure 5.8: (a) ΔGmax (in eV) with potential rate determining step on all active M@N4-

DVG catalysts. (b) Consecutive route of nitrogen reduction on Al5@N4-DVG catalyst 

computed under applied voltage of 0 V (dark-violet line) and -0.78 V (black line) 

respectively. 

The reduction of N2 to NH3 is a multistep reaction with six elementary protonation 

steps and release of two NH3 molecules, the usual uphill reaction steps are the first 

(*N2→*N2H) and last protonation (*NH2→*NH3) steps in all routes along with the fourth 

protonation (*N2H3→*N2H4) step in alternating route. The uphill elementary step with 

the highest energy barrier becomes the potential rate determining step (PDS) of NRR and 

a summary of all possible routes and the PDS with ΔGmax values on all M@N4-DVG 

catalysts as shown in Figure 5.8(a).  The ΔGmax value on Ru single atom, reported as the 

best catalyst, has been found to be 0.53 eV in the first protonation step. However, Mo 

single atom which has been reported as an active NRR catalyst shows a relatively high 

energy barrier of 1.43 eV in the last protonation step. The ΔGmax values on the Al-based 

catalysts are 0.84 eV (*N2→*N2H), 1.35 eV (*NH2→*NH3) and 1.08 eV (*NH2→*NH3) 

in Al@N4-DVG, Al2@N4-DVG and Al3@N4-DVG respectively. While Al single atom 

(a) (b) 
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and smaller Al-clusters show a relatively higher NRR performance than Mo single atom, 

the NRR performance improves to 0.78 eV in Al5@N4-DVG catalyst that showed 

exothermic side-on N2 adsorption. Furthermore, upon application of an external potential 

0.78 eV as shown in Figure 5.8(b), the elementary (*NH2→*NH3) protonation steps 

become exothermic, thereby inferring this catalyst can also be implemented as an 

electrocatalyst.   

 

 

 

 

(a) 

(d) (c) 

(b) 



Chapter 5  PhD Thesis      
 

Maibam Ashakiran Devi  140 
 
 

 

Figure 5.9: Bader charge analysis on the metal centers and N atoms of the NxHy 

intermediates of enzymatic, alternating and consecutive NRR routes on (a) Ru@N4-DVG, 

(b) Al@N4-DVG, (c) Al5@N4-DVG, respectively (d) NRR vs HER selectivity plot of the 

active M@N4-DVG catalysts, Ru@N4-DVG and Al5@N4-DVG show exclusive NRR 

selectivity as compared to the rest of the Al-based catalysts; (e) Free energy diagram of 

consecutive NRR on Al5@N4-DVG without and with water solvent, and the 

corresponding ΔGmax reduces from 0.78 eV to 0.70 eV.  

 A detailed electronic analysis of the Bader charges as shown in Figure 5.9(a) of 

Ru@N4-DVG shows a correlation between the charge transfer from Ru to the N atoms. 

Most importantly, the PDS fourth protonation step, *NH-*NH2 → *NH2-*NH2 step has 

been found to show a large difference between Ru charge and N charges, thus signifying 

that the electronic barrier essential to bring about ammonia production. Al@N4-DVG 

catalyst that show a preference of the alternating route with better stabilized *NxHy 

intermediates exhibit contrastingly higher Bader charge difference in the last protonation 

step although the PDS is the first protonation step, *N2→ *N-NH. Furthermore, in the 

ELF plot shown in Figure 5.9(b) inset for *NH3 intermediate, a relatively higher electron 

density can be observed in the N atoms from the Al single atom along with Al-N covalent 

bond further stabilising the system. This possess a major challenge in the functionality 

and applicability of Al@N4-DVG catalyst, as the active Al metal site gets deactivated due 

to strong adsorption efficacy of NH3, which is -0.90 eV exergonic from N2 adsorption. 

Interestingly, Al5@N4-DVG catalyst behaves similar to Ru@N4-DVG catalyst and shows 

(e) 
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a large variation in Bader charge of Al and N only in its PDS step, i.e., *NH2→ *NH3 

step, Figure 5.9(c). Additionally, the dissemination of electron density in the constituting 

Al atoms in Al5 center leads to efficient electron transfer to N atoms, leading to formation 

of NH3 without the manifestation of any covalent bond between Al center and N atoms 

of NxHy intermediates. The corresponding NH3 adsorption on Al5@N4-DVG is exoergic 

by -0.41 eV as compared to N2 adsorption and the possibility of catalytic center 

deactivation or poisoning can be reduced as 5-Al metal centers are involved. Another 

similarity of the Al5@N4-DVG catalyst to the Ru@N4-DVG catalyst is an exclusive NRR 

selectivity over HER, Figure 5.9(d). An interesting outlook can be accounted on the NRR 

performance of Al5@N4-DVG catalyst in the presence of water solvent, details of 

implementing solvent model and calculations are discussed in Supplementary 

Information. N2 molecule being non-polar, its adsorption energy in water should be 

endothermic as compared to its value in vacuum; while the protonated NxHy intermediates 

possess dipoles and water as a solvent enhances the formation of NxHy intermediates. 

Thereby, a lower adsorption energy of N2 and higher free energies of NxHy intermediates 

on Al5@N4-DVG system can be expected with solvent effects and the same has been 

compared with the energetics in vacuum for the consecutive route of NRR on Al5@N4-

DVG, as seen in Figure 5.9(e).  In the presence of water, the adsorption energy of N2 on 

Al5@N4-DVG system reduces from -0.06 eV to -0.05 eV in perpendicular mode and -

0.37 eV to -0.27 eV in parallel mode. As anticipated, the following protonation steps 

leading to formation of NxHy intermediates are energetically favourable with more 

negative ΔG values when compared to vacuum state. The corresponding ΔGmax reduces 

from 0.78 eV to 0.70 eV for the consecutive route and PDS shift from the last protonation 

step, *NH2→ *NH3 in vacuum to fourth protonation step, *N → *NH in water solvent. 

This can be attributed to the solvation of the *N intermediate with open coordination sites 

and the water pockets hindering the transport of H+ to form the *NH intermediate. 

SContrastingly, the protonation of *NH2 intermediate to *NH3 intermediate which was 

less feasible in vacuum becomes more facile as water can enhance the transport of protons 

and formation of *NH3. This also substantiates that Al5@N4-DVG catalyst can be 

rendered for lab-scale experimentations in aqueous conditions. 
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The ΔGmax of NRR on Al5@N4-DVG catalyst has been observed to be higher than 

several homoatomic or heteroatomic bimetallic transition metal catalysts, however in 

several cases of homoatomic catalysts, i.e., Ru2 @PC6, Cu2@NG, Ni4@Gr catalysts the 

NRR performance is on-par and higher in some cases. It can also be noted that Al5 cluster 

anchored on BN-doped graphene showed the lowest barrier for N-N bond activation in 

the study carried out by Kumar et al. and our studies concur to their findings.26 Aluminium 

clusters on N-doped double vacancy graphene, despite a less attractive NRR performance 

than transition metal single atoms, perform as par the Ru single atom catalyst with a high 

selectivity for NRR and a trade-off can be achieved when researchers aim for scalable 

and sustainable catalyst for ammonia production. 

5.4 Conclusions 

In this study, DFT investigation has been made to conform an earth-abundant 

metal Al to conform and exhibit similar catalytic properties to another rare earth 

transition metal, Ru for nitrogen reduction. Al-based catalysts have been modulated 

into a Ru-single atom like catalytic center by varying number of Al centers.  A 

detailed study on the electronic and thermal stability of the model catalysts have been 

made via AIMD studies and the catalytic properties are primitively scoured through 

their inherent electronic properties. An analysis of the electron localization function 

and projected density of states plots shows a strong chemisorption in the transition 

metal, while a weak physisorption is observed in the Al-based catalysts. The change 

in shape and size of the atomic Al clusters reflects to a change in their corresponding 

catalytic properties, and Al5 supported on N-doped double vacancy graphene (N4-

DVG) conform to Ru-single atom like catalyst. Bader charge analysis of the NRR 

reaction intermediates show a similarity in the large charge transfer to N atoms from 

Ru single atom and Al5 center, with respective ΔGmax of 0.53 eV and 0.78 eV in 

Ru@N4-DVG and Al5@N4-DVG catalysts. Despite a higher free energy change in the 

potential rate determining step, the high NRR selectivity of Al5@N4-DVG catalyst 

makes it a highly attractive catalyst for electrocatalytic ammonia production. The 

understanding from this chapter can be used to further the research on developing Al-
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based catalysts for nitrogen fixation and feasible ambient ammonia production with 

the most abundant metal, aluminium. 
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Chapter 6 

   
 

 

 

 

 

In this chapter, greener modes of ammonia synthesis via the electrocatalytic route have 

been investigated on pristine and defective Mo2C based monolayers anchored with 

metal-free boron atom catalysts. Boron single atom catalysts (SACs) on the defective 

Mo2C monolayer has been found to activate N2 strongly with an adsorption energy of 

1.92 eV and reduce it to NH3 efficiently with a significantly low overpotential of 0.41 eV. 

The exothermic adsorption of N2 and low overpotential for the nitrogen reduction 

reaction (NRR) appertain to the p-band center of the boron atom catalyst and charge 

transfer between the adsorbed N2 and the catalyst, respectively. This chapter brings forth 

the correlation between electron occupancy on the boron center and NRR catalytic 

efficiency on a metal-free SACs@Mo2C monolayer couple, thereby serving as a lead in 

designing metal free electrocatalysts for the NRR.  

Maibam, A. et. al, Mater. Adv., 2022, 3, 592-598. 
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6.1 Introduction  

With the rise in global temperature and greenhouse gas emissions, most industrial 

processes aim to achieve carbon neutrality. However, one process with an extremely high 

carbon footprint accounting for 6% of global CO2 emissions and the consumption of 

approximately 1–2% of global energy1 is the Haber–Bosch2 ammonia synthesis process. 

With ammonia being an irreplaceable precursor in agriculture, various industries and energy 

applications,3,4 there is an urgent need to develop greener techniques for NH3 synthesis 

through photocatalytic, electrocatalytic or photo-electrocatalytic routes to meet the current 

demands.5,6 The optimal goal towards achieving ammonia economy is to develop a catalyst 

that reduces N2 to NH3 under ambient conditions like the nitrogenase enzyme. The 

electrocatalytic route of nitrogen fixation is an attractive alternative owing to its efficiency 

and environment-friendly nature.7,8 However, with N2 being a highly stable molecule with a 

N–N triple bond energy of 940 kJ mol-1, the kinetics associated with the electrocatalytic 

nitrogen reduction reaction (NRR) are sluggish and the faradaic efficiency is low.7 As a 

result, the competing hydrogen evolution reaction (HER) is usually preferred over the 

sluggish NRR. Therefore, it is essential to design new and smart materials with high 

electrical conductivity that have the capability to subjugate the HER and enhance the NRR. 

Several scarce metals such as Ru,9,10 Au11,12 and Pd13,14 have been known to be highly 

effective NRR electrocatalysts with faradaic efficiencies of up to 36.6%,13 their cost and 

availability are issues that cannot be overcome. Hence, identifying cost effective 

electrocatalysts based on earth abundant metals such as Mo, Fe, and Co, etc. as potential 

alternatives for the NRR is the need of the hour.15  

Notably, Mo metal is present as an active centre in nitrogenase enzymes, and possesses 

the requisite electronic structure to capture N2 molecules and has been extensively studied 

for the NRR.16 Several other Mo-based two-dimensional (2D) materials, nanoparticles and 

nanoclusters, single atom catalysts (SACs) and organometallic complexes have been 

reported as efficient catalysts for the NRR.17–26 While Mo-containing organic and inorganic 

complexes efficiently adsorb and form stable dinitrogen complexes, their application as 

electrocatalysts or electrodes are not warranted.18 Mo clusters and SACs, on the other hand, 

require a conducting/semi-conducting support for further usage as electrocatalysts.19,20,22,27 
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In this regard, Mo-based 2D materials such as MoS2,
24,28–31 MXenes (Mo2C)32–34 and 

MBenes (Mo2B2)
35,36 are appealing electrocatalysts owing to their high electrical 

conductivity and the presence of active Mo metal centres. These 2D materials not only show 

high hydrophilicity, stability and conductivity but are interesting from the catalytic aspect of 

nitrogen reduction as the Mo metal is accessible to the nitrogen molecule. Compared to 

MBenes, MXenes have been extensively investigated experimentally for the electrocatalytic 

NRR.32,37–39  

While computational studies on the electrochemical applications of Mo2C based 2D 

materials have been extensively carried out, they have rarely been explored for the 

electrocatalytic NRR. One notable study on the electrocatalytic application of Mo2C for the 

NRR was made recently by Zhang et al. wherein Mo2C monolayers were investigated for 

the NRR through density functional theory (DFT) calculations.34 It would be imperative to 

recollect that effective strategies to fine tune and improve the N2 binding efficacy on a 2D 

monolayer are structural modifications and incorporating active atomic centers on it.40 

Thereby, pristine and defective Mo2C monolayers coupled with a metal free single atom 

catalyst, in particular boron, are expected to enhance the N2 adsorption and inherently 

improve the NRR process. Several experimental and computational studies have reported 

boron-based metal free catalysts on 2D materials to remarkably augment the electrocatalytic 

NRR by promoting N2 adsorption and inhibiting the HER.41–43 The boron center behaves as 

a Lewis acid with empty p-orbitals, thereby resulting in a strong π–π* interaction with N2 

and less energy demanding subsequent protonation steps for the NRR.44,45  

The correlation between charge transfer from the catalytic center and nitrogen reduction 

efficacy is one aspect of paramount importance that has not been explored to date. Thus, in 

the present chapter, we conducted a comprehensive investigation to provide a complete 

picture concerning the fundamental understanding of nitrogen activation and reduction on 

active boron atoms anchored on a pristine Mo2C monolayer. Specifically, the coupling effect 

of boron single atom catalysts with defects on the Mo2C monolayer and its influence on 

nitrogen activation and reduction was thoroughly investigated. The p-band center and 

electronic structure of 2D Mo2C monolayers upon the anchoring of non-metallic boron 

atoms directly influences their NRR catalytic efficiency. Based on our results, we found that 
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a single boron atom catalyst anchored on a defective Mo2C monolayer can effectively 

produce NH3 at an overpotential as low as 0.41 eV. 

 

6.2 Computational Details 

All DFT calculations were carried out with the Vienna ab initio Simulation Package 

VASP).46 The generalized gradient approximation (GGA) and the Perdew–Burke–

Ernzerhof (PBE)47 functional has been employed with an energy cutoff of 532 eV to 

describe all electron core–interactions. A DFT-D3 correction method has been 

incorporated to account for the long-range van der Waals (vdW) interactions.48 All the 

catalyst systems sampled with a (5× 5 × 1) Monkhorst–Pack k-point grid and a vacuum 

space of 20 Å along the Z-direction are relaxed until the atomic energy and forces converge 

to 105 eV per atom and 0.005 eV Å1, respectively. For the density of states and electronic 

structure calculations, a higher (11× 11 × 1) Monkhorst– Pack k-point grid has been 

employed.  The stability of atomic boron catalysts on Mo2C and its analogues is evaluated 

in terms of binding energy, Eb which is calculated by using the equation, 

Eb = E(Bcat@Mo2C) - E(Mo2C) - E(Bcat)                   (6.1) 

where, E(Bcat@Mo2C) and E(Mo2C) are the total electronic energies of the 2D Mo2C 

monolayer with and without atomic boron catalysts and E(Bcat) is the electronic energy of 

atomic boron. The adsorption of N2 on the 2D Mo2C monolayer has been computed for the 

parallel and perpendicular modes and the efficiency of these materials to chemisorp N2 

molecule has been calculated in terms of the N2 adsorption energy, (Eads) as given below, 

Eads = E(Bcat@Mo2C–N2) - E(Bcat@Mo2C) - E(N2)                      (6.2) 

where, E(Bcat@Mo2C–N2), E(Bcat@Mo2C) and E(N2) are the total electronic energies of N2 

adsorbed systems, Bcat@Mo2C and free N2 molecules, respectively. The Gibbs free energy 

change, ΔG in every protonation step of the NRR has been calculated by employing the 

computational SHE (standard hydrogen electrode) model proposed by Nørskov et al.49 

using the equation, ΔG = ΔE + ΔZPE - TΔS                 (6.3) 

where, ΔE is the change in electronic energy, ΔZPE is the change in zero-point energy, T 

is the room temperature (298.15 K) and ΔS is the change in entropy. The zero-point 

energies and entropy contributions are calculated by considering the vibrational 
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frequencies of the adsorbed gas phase species. Furthermore, the overpotential for the 

electrocatalytic NRR on the Mo2C monolayer and its analogues has been calculated as η = 

USHE - UPDS, where USHE = -0.16 eV, is the standard reduction potential of N2 to NH3 and 

UPDS = -ΔGmax/e for the NRR pathway. 

 

 

 

 

 

 

 

 
  

  

Figure 6.1: Geometric structure of all the Bcat@Mo2C catalysts (a) BSAC@Mo2C, (b) 

BDAC@Mo2C, (c) BSAC@Mo2C-Movac, (d) BSAC@Mo2C-Bdef, (e) BSAC@Mo2C-Cdef (f) 

BSAC@Mo2C-Ndef, (g) BSAC@Mo2C-Pdef, (h) BSAC@Mo2C-Sdef. Atomic colour code: C 

(grey), Mo (purple), B (green), N (blue), P (pink) and S (yellow). 

(a) 

(b) 

(c) 

(d) (e) (f) 

(g) 
(h) 
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6.3 Results and Discussions 

6.3.1 N2 adsorption on BcatMo2C  

 

Figure 6.2: N2 adsorption energies in different modes, and the Mo d-band center and B 

p-band center on different Bcat@Mo2C catalysts.  

 

The stability of atomic boron catalysts on Mo2C is one of the fundamental prerequisites 

for their implementation as electrocatalysts for the NRR. Boron has been anchored on 

conventional pristine 1T-Mo2C as a single atom catalyst (SAC) or a diatom catalyst (DAC), 

respectively referred to as BSAC@Mo2C and BDAC@Mo2C from now onwards. The 

geometric structures of the BSAC@Mo2C and BDAC@Mo2C catalysts are presented in 

Figure 6.1(a-b). Anchoring BDAC on Mo2C was found to be more feasible with a binding 

energy of -7.07 eV as compared to BSAC (-6.90 eV). The 2D Mo2C monolayer was then 

subjected to two major surface modifications: a Mo-vacancy and defective Mo2C with non-

metal dopants as shown in Figure 6.1(c-h) Mo2C with a vacant Mo-site is referred to as 

Mo2C–Movac and defective Mo2C obtained by replacing one Mo atom from the surface 

with metal-free dopants is designated as Mo2C–Xdef, where X = B, C, N, P and S. On these 
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Mo-vacant and defective analogues of Mo2C, we next adsorbed B single atoms to create a 

metal-free catalyst couple for nitrogen activation and reduction. The binding energy of 

BSAC ranges from -5.35 eV on the Mo2C– Movac catalyst to -6.25 eV, -5.37 eV, -7.92 eV, -

5.81 eV and -4.77 eV respectively, on the Mo2C–Bdef, Mo2C–Cdef, Mo2C–Ndef, Mo2C–Pdef 

and Mo2C–Sdef catalysts. The exothermic binding energies of the boron atom catalysts on 

all Mo2C analogues illustrates the stability of the boron SAC integrated on the defective 

Mo2C monolayers.  

We next investigated the N2 adsorption efficacy and electronic properties of the 

Bcat@Mo2C catalysts through the d-band centre of Mo, the p-band centre of B and the 

projected density of states (PDOS) with reference to pristine 1T-Mo2C. Figure 6.2 

highlights the N2 adsorption energies of the Bcat@Mo2C catalysts with reference to 1T-

Mo2C and the correlation between N2 adsorption with the d-band center of Mo and the p-

band center of B. BSAC@Mo2C and BDAC@Mo2C exhibit a lower exothermic end-on mode 

of dinitrogen adsorption with Eads values of -0.64 eV and -0.55 eV, respectively with 

respect to -1.10 eV on 1T-Mo2C. It can also be noted that there are no significant changes 

in the Mo d-band center when BSAC and BDAC are anchored on Mo2C, however the B p-

center on BSAC@Mo2C is more positive than that of BDAC@Mo2C. A more positive B p-

band center infers that the B p-orbitals are closer to the Fermi level (EF = 0 eV), which in 

turn leads to the feasible adsorption of N2.  

  

Figure 6.3:  PDOS and CDD plots of N2 adsorbed on BSAC@Mo2C–Movac via (a) 

parallel/side-on mode and (b) perpendicular/end-on mode with the insets showing 

hybridisation of the N p-orbitals and B p-orbitals and the CDD plot generated isosurface 

density set to 0.003 eÅ-3.  

(a) (b) 



Chapter 6  PhD Thesis      
 

Maibam Ashakiran Devi  153 
 
 

Generating a Mo-vacancy on the Mo2C monolayer leads to a less positive Mo d-band 

center, but in contrast, the B p-band becomes more positive, which in turns leads to higher 

chemisorption (-1.92 eV) of N2 on BSAC@Mo2C– Movac. Moreover, on analysing the Bader 

charges on the Bcat centers, all the Bcat centers are found to be negatively charged, thereby 

implying that there is a charge transfer from the Mo2C monolayer to B. The only exception 

being the BSAC@Mo2C–Ndef and BSAC@Mo2C–Sdef systems with positively charged or nearly 

neutral Bcat centers, respectively. Interestingly, these two systems possess a more negative 

B p-band center as compared to the rest of the systems, and thereby show lower exothermic 

N2 adsorption. It is also important to note that a higher exothermic N2 adsorption is not only 

influenced by the B p-band center but also by a more pronounced overlap between the p 

orbitals of the B and N atoms. The parallel/side-on mode of N2 adsorption involves two B–

N bonds, and results in two peaks in the PDOS plot as shown in Figure 6.3, with a greater 

electron density overlap when compared to a single B–N bond for the perpendicular/ end-on 

mode of N2 adsorption on BSAC@Mo2C– Movac. The BSAC@Mo2C–Xdef catalysts follow a 

similar pattern of N2 adsorption. For instance, BSAC@Mo2C–Cdef with a more positive B p-

band center exhibits better chemisorption of N2 when compared to BSAC@Mo2C–Ndef with 

a highly negative p-band center of B. It can be established that the activation of N2 is 

influenced by the p-band center of Bcat on the B-anchored Mo2C catalysts. Interestingly, it 

was noticed that the N2 chemisorption efficacy of BSAC with a Mo-vacancy is on a par with 

that of BSAC with C-defective Mo2C, while the rest of the non-metals, i.e. B, P, S and N show 

moderate to minimal adsorption of N2. The PDOS plots also show the very interesting 

phenomenon of a synergistic effect between the C from the Mo2C and Bcat centers. The 

systems that show a higher exothermic N2 adsorption, in turn show a more pronounced 

overlap between the C p-orbitals and B p-orbitals, thus the synergistic effect of C and B 

enhances the N2 adsorption efficiency in the Bcat@Mo2C catalysts.   

 

6.3.2 N2 reduction to NH3 on Bcat@Mo2C catalysts 

Finally, we explored the thermodynamics for the reduction of N2 to NH3 on the Bcat@Mo2C 

catalysts that showed strong exothermic N2 chemisorption. Also, the NRR pathways on 

BSAC@Mo2C and BDAC@Mo2C were analysed to deduce whether the role of a second B 
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atom enhances or inhibits the reduction process. Among the defective monolayers with 

surface modification BSAC@Mo2C–Movac and BSAC@Mo2C–Cdef were considered as both 

showed highly exothermic chemisorption of dinitrogen in both the parallel as well as the 

perpendicular mode. Previous studies have revealed that the reduction of N2 can proceed 

via three pathways, viz. distal or alternating and enzymatic, respectively, for N2 adsorbed 

in the perpendicular and parallel modes. On the BSAC@Mo2C and BDAC@Mo2C catalysts 

with N2 adsorbed preferentially in an end-on mode, the NRR pathway was explored 

through the distal and alternating routes as shown in Figure 6.4 (a-b), respectively. The 

last protonation step, i.e., *NH2 → *NH3 has been found to be the potential determining 

step (PDS) for nitrogen reduction on BSAC@Mo2C and BDAC@Mo2C for both the distal and 

alternating route with a ΔGmax of 1.10 eV and 0.90 eV, respectively. The corresponding 

overpotentials, η for reducing nitrogen to ammonia on the two catalysts are therefore, 0.94 

eV and 0.74 eV, respectively. 

 

 

(a)  
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Figure 6.4: Free energy diagram of distal and alternating routes of Nitrogen Reduction 

Reaction (NRR) on (a) BSAC@Mo2C and (b) BDAC@Mo2C. 

 

 

Figure 6.5: Free energy diagram of distal, alternating and enzymatic routes of Nitrogen 

Reduction Reaction (NRR) on BSAC@Mo2C-Movac catalyst. 

 

It would be interesting to note that BSAC@Mo2C, which is more exergonic towards 

N2 (0.15 eV) as compared to BSAC@Mo2C (0.05 eV) follows a more uphill first protonation 

step (0.21 eV) and a complementary more uphill PDS. For the BSAC@Mo2C–Movac 

(b)  
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monolayer with one Mo-atom vacancy that shows exothermic N2 adsorption in the side-on 

as well as end-on modes, the NRR mechanisms for all three possible routes were computed 

and are presented in Figure 6.5. Although, the parallel mode of N2 adsorption is more 

exergonic than the perpendicular mode, and we expect the enzymatic route to be favoured 

over the distal or alternating route, the limiting potential for the NRR on the BSAC@Mo2C–

Movac catalyst was found to be 0.57 eV (*NH2 → *NH3) for the distal, 1.05 eV (*N–NH 

→ *NH–NH) for the alternating and 1.83 eV (*NH2–*NH2 → *NH2) for the enzymatic 

route. The distal route, which involves the protonation of only one nitrogen atom to form 

the first ammonia molecule, can be seen to show downhill reaction steps until the fourth 

protonation step. The preference for the distal mode could be accounted for by less steric 

hindrance caused by subsequent protonation on the nitrogen atoms. It is interesting to note 

that the BSAC@Mo2C–Movac catalyst shows a high affinity for capturing the *NH2 moiety 

as it can be found from the enzymatic route. The *NH2–*NH2 intermediate shows a highly 

exergonic adsorption with dissociation of the N–N bond and the adsorption of one *NH2 

on the Mo atom of the monolayer. Dissociating the N–N bond would be the ultimate goal 

of the NRR, however, if the catalyst holds onto the ammonia molecule strongly, the 

effectiveness and applicability of the catalyst is restricted. As a result, the enzymatic route 

would be a highly unlikely and unfavoured route for reducing N2 molecules. A similar case 

of the high exergonic adsorption of the *NH2–*NH2 intermediate can be seen for the 

BSAC@Mo2C–Cdef catalyst (Figure 6.6), wherein the limiting potentials for nitrogen 

reduction were found to be 1.42 eV for the distal and alternating routes (*NH2 → *NH3) 

and 2.26 eV for the enzymatic route (*NH2–*NH2 → *NH2). The limiting potentials and 

the corresponding potential determining steps on the above mentioned Bcat@Mo2C 

catalysts are summarised in Table 6.1.  
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Figure 6.6: Free energy diagram of distal, alternating and enzymatic routes of Nitrogen 

Reduction Reaction (NRR) on BSAC@Mo2C-Cdef catalyst. 

 

Table 6.1: Gibbs free energies, ΔG(eV) of N2 adsorption, first protonation and rate 

determining step (ΔGmax) and overpotential, η for all routes of NRR on the Bcat@Mo2C 

catalysts. 

Bcat@Mo2C 

catalysts 

NRR route ΔG in eV 

(*N2→*N2H) 

Rate determining 

step 

ΔGmax 

(eV) 

η 

(eV) 

 

BSAC@Mo2C 

Distal 0.21 *NH2 →*NH3 1.10 0.94 

Alternating 0.21 *NH2 →*NH3 1.10 0.94 

 

BDAC@Mo2C 

Distal 0.02 *NH2 →*NH3 0.90 0.74 

Alternating 0.02 *NH2 →*NH3 0.90 0.74 

 

BSAC@Mo2C-Movac 

Distal -0.34 *NH2 →*NH3 0.57 0.41 

Alternating -0.34 *N-NH → *NH-NH 1.05 0.89 

Enzymatic -0.42 *NH2-*NH2→*NH2 1.83 1.67 

 

BSAC@Mo2C-Cdef 

Distal 0.30 *NH2 → *NH3 1.42 1.26 

Alternating 0.30 *NH2 → *NH3 1.42 1.26 

Enzymatic -0.07 *NH2-*NH2→*NH2 2.26 2.10 
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Figure 6.7: Bader charges on N and B atom catalysts for NxHy intermediates involved in 

the free energy diagram for the NRR on all the Bcat@Mo2C catalysts.   

 

6.3.3 Mechanistic insights from electronic properties 

While an exergonic adsorption of N2 is essential for the feasible capture of N2, it is not 

the only deciding factor for successful nitrogen reduction. There have been no accounts 

correlating dinitrogen adsorption to the efficacy of nitrogen reduction and the 

corresponding limiting potential. The exergonic free energy of N2 follows the order 

BSAC@Mo2C–Movac > BSAC@Mo2C–Cdef > BSAC@Mo2C > BDAC@Mo2C, however the 

limiting potential of nitrogen reduction follows the order BSAC@Mo2C–Cdef > BSAC@Mo2C 

> BDAC@Mo2C > BSAC@ Mo2C–Movac. In order to correlate the N2 adsorption and the 

limiting potential, we probe into the electronic properties of the adsorbed N2 and NxHy 

species via the Bader charges on the B atom and N atoms for all the Bcat@Mo2C catalysts 
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as shown in Figure 6.7. The N-atoms are seen to be negatively charged on all the NxHy 

intermediates and tend to be more electron rich for subsequent reaction steps thereby 

making the protonation facile. While the differences in Bader charge on the N-atoms are 

minute for different catalysts, the charges on the B-atoms are prominent with less positive 

B-atoms on the BDAC@Mo2C, BSAC@Mo2C–Movac and BSAC@Mo2C catalysts, followed 

by the BSAC@Mo2C–Cdef catalyst. A highly positive B-atom on the corresponding NxHy 

intermediates would deplete the negative charge on the N-atom, thereby restricting the 

protonation steps as seen in the case of BSAC@Mo2C–Cdef. Therefore, the BSAC@Mo2C–

Movac catalyst with strong N2 chemisorption captures the dinitrogen molecule effectively 

and the electron deficient B-atom aids the protonation steps in the NRR, thus making it an 

attractive electrocatalyst when 0.57 eV is supplied as limiting potential and the 

corresponding overpotential observed is 0.41 eV. In contrast, the relatively high limiting 

potential of 1.10 eV for BSAC@Mo2C in spite of the similar charges on the B-atoms can be 

accounted for by a less exergonic N2 adsorption as compared to BSAC@Mo2C–Movac. 

Additionally, BDAC@Mo2C with electron rich B-atoms shows a relatively higher limiting 

potential of 0.90 eV owing to its less exergonic N2 adsorption. We further correlate our 

analogy to the first protonation step of the NRR, which is usually considered a crucial step 

in the NRR. It has been reported that a less endergonic or exergonic *N2 → *N2H step 

leads to a lower limiting potential for nitrogen reduction. Upon comparison of the free 

energies of the first protonation steps, the Bcat@Mo2C catalysts with less endergonic free 

energies, i.e., BSAC@Mo2C–Movac (-0.34 eV) and BDAC@Mo2C (0.02 eV) exhibit lower 

limiting potentials as compared to BSAC@Mo2C and BSAC@ Mo2C–Cdef. This analogy 

holds true only for the distal and alternating routes wherein N2 has been adsorbed in the 

end-on mode. Our previous argument correlating N2 adsorption free energies and Bader 

charges is in agreement with the analogy of first protonation energies, and therefore can 

give insightful information on the mutual correlation between the free energies of the 

adsorption and electronic properties that directly govern the limiting potentials of the NRR 

on Bcat@Mo2C catalysts. Furthermore, the BSAC@Mo2C–Movac catalyst with one Mo-

vacancy is found to efficiently capture and accentuate the catalytic activity of the boron 

SAC with a very low overpotential of 0.41 eV for the NRR. This study provides an indepth 
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analysis of the electronic factors crucial for efficient N2 adsorption and reduction, and 

proposes the BSAC@Mo2C–Movac catalyst as a potential candidate for the NRR.  

 

6.4 Conclusions 

In summary, a detailed and systematic DFT investigation has been carried out to 

analyse the efficacy of N2 adsorption and reduction on Bcat@Mo2C monolayers. Our study 

identifies a metal-free boron anchored defective Mo2C monolayer with superior 

electrocatalytic activity for the NRR at 0.41 eV on account of a more positive p-band center 

and the negative charge of boron SACs that implicitly stabilizes the intermediates along 

the energy profile of the NRR. The insights gained from this chapter can be implemented 

for further research towards the design of efficient B-atom based electrocatalysts for the 

nitrogen reduction reaction.  
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Chapter 7 

   
 

 
 
 

 

 

 

 

 

 

 

In this chapter, electrocatalytic nitrogen fixation under ambient conditions on vanadium 

dichalcogenides (VX2) with non-metal dopants has been explored herein. Understanding 

the interface chemistry, inherent electronic and acute synergistic nature of non-metal 

dopants on two unique phases of VX2 has been meticulously explored through a scrutiny 

of several non-metal atoms as catalytic centers. The efficacity of N2 chemisorption and 

N–N bond activation has been implemented as crucial parameters to realize boron and 

carbon doped VX2 monolayers to be electrocatalytically active for nitrogen reduction 

reaction (NRR). Detailed investigation on the NRR mechanism brings out the pivotal role 

of thermodynamic favourability for product formation obtained from Gibbs free energy 

differences. The charge transfer on N and π-π* orbital hybridization and electron 

“donor–acceptor” mechanism between the non-metal and N2 has been found to modulate 

the electrocatalytic barrier for NRR on VX2 monolayers. This study proposes boron 

doped VS2 as an efficient chemically feasible, earth abundant sustainable electrocatalyst 

for NRR with an overpotential as low as 0.06 eV.   

Maibam, A. et. al, Applied Surface Science, 2022, 602, 154401 
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 7.1 Introduction 

With the average CO2 concentration in the air hitting a maximum of 419 ppm in 

2021, global warming and climate change are looming over the earth. To meet the 2030 

sustainable goals, there is a need to halt the release of greenhouse gases in the atmosphere 

and curb processes that have a high carbon footprint.1 One industrial process associated 

with 6% of global CO2 emissions is artificial nitrogen fixation via the Haber-Bosch 

process.2,3 Ammonia is one of the most influential chemicals driving the economy of 

several countries and its latent energy density, when tapped properly will open up 

avenues for new generation fuels. Consequently, there is a need to develop carbon free 

technologies for artificial nitrogen fixation through electrocatalytic, photocatalytic, or 

photoelectrocatalytic routes to cater to the ever-increasing demand for ammonia.4 The 

crux of achieving ammonia economy via an electrocatalytic route for artificial nitrogen 

fixation is one of the most sought after green modes of ammonia  synthesis and several 

materials have been explored for efficient nitrogen fixation.5,6 However, the major 

setback in the advancement of electrocatalytic nitrogen reduction reaction (eNRR) is the 

slothful kinetics of N-N triple bond dissociation in addition to a low yield and Faradaic 

efficiency.7 Henceforth, it is imperative to develop state-of-the-art highly conducting 

smart chemically affordable materials for prospective applications in eNRR. 

A remarkably inexpensive material of high electrical conductivity and prospects for 

application as electrocatalysts is transition metal dichalcogenides (TMDs).8,9 These two- 

dimensional (2D) materials possess exceptional properties as compared to their bulk 

counterparts and have piqued the interest of several researchers since the last decade.10,11 

Interestingly, TMDs have been reported to exhibit metallic or semiconducting properties 

upon varying the combination of chalcogens (S, Se, Te) with different transition metals. 

Most intriguingly, the change in crystal phases can also influence the electronic as well 

as magnetic properties. This ambidexterity in the electronic and magnetic properties of 

TMDs further makes them attractive candidates for novel applications. Notably, 

vanadium dichalcogenides, VX2 (X = S, Se, Te) which shows intrinsic ferromagnetism 

is one such TMD with versatile attributes that exhibits different electronic and magnetic 

properties in different phases, i.e., 1 T and 2H phases or with different dichalcogens.12-14 
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Recent studies on vanadium dichalcogenides have prompted the 1T phase of VX2 to be 

metallic, while the 2H phase is semimetallic in VS2 and VSe2 and metallic in VTe2 

monolayers. Several experimental and computational studies have also reported the 2H 

phase to show higher stability and magnetic moment than the 1T phase for VS2 

monolayers, while most studies of VSe2 and VTe2 monolayers are focused on the metallic 

1T-phase.15-20 Besides showing conformable properties, the presence of vanadium metal 

in nitrogenase enzyme, its high catalytic activity for nitrogen reduction along with natural 

abundance and durability is an added advantage of these vanadium based materials for 

application in eNRR.21,22 Furthermore, the electronic, magnetic, and optical properties of 

the VX2 monolayers can be altered either by inducing physical constraints like 

mechanical strain, modulating temperature, tuning the material width and thickness, or 

chemical influence such as metal or non-metal doping and charge doping.23-28  

In this aspect, it would be imperative to look into introducing dopants on vanadium 

dichalcogenides as this approach has been pursued widely on several 2D materials as a 

non– destructive, chemically feasible method to activate the dormant basal planes and 

calibrate the electrocatalytic activity of VX2 monolayers. The debate would then be to 

critically choose the dopants that will enhance the electrocatalytic properties of these 

monolayers for nitrogen fixation. While metal atom dopants and non-metals have been 

explored simultaneously, it is important that research on developing efficient 

electrocatalysts for nitrogen fixation also accounts for the sustainability of developing 

these novel materials and the dopants to be employed. Non-metal dopants offer an 

advantage of non-toxicity and abundance when compared to metals, and one such non-

metal dopant that has been extensively employed as a dopant on several 2D materials for 

promoting nitrogen fixation is boron.29-32  

In this chapter, we have investigated the role of several non-metals dopants for 

activating the electrocatalytic activity of vanadium dichalcogenides. It would be essential 

to probe for a non-metal dopant that would lead to synergistic activation of the different 

phases of vanadium dichalcogenide monolayers. This chapter delves into the criticality 

of considering the N–N bond elongation as another parameter to be considered alongside 

the Gibbs Free energy of N2 adsorption and the first protonation step as we have discussed 



Chapter 7  PhD Thesis      
 

Maibam Ashakiran Devi  168 
 
 

in the previous chapter.33 Furthermore, we believe a linear relationship between Gibbs 

Free energy differences of the intermediate steps in NRR plays an integral role in 

determining the limiting potential of nitrogen reduction. From our results, we found 

boron and carbon atoms when doped on 2H and 1T phases, respectively, of VS2 

monolayers to synergistically enhance their electrocatalytic properties and produce 

ammonia at limiting potentials as low as 0.22 eV and 0.42 eV, respectively.  

 

7.2 Computational Details 

Spin-polarized DFT calculations to optimize all vanadium dichalcogenide 

monolayers were carried out with Vienna ab-initio Simulation Package (VASP.5.4).34 An 

energy cut-off of 400 eV has been employed to describe all electron interactions in the 

framework of a generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) 

functional.35 The long- range van der Waals (vdW) interactions between TMD 

monolayers have been incorporated in the electronic calculations with a DFT-D3 

correction.36 All the VX2 monolayer has been sampled with a vacuum space of 20 Å along 

the Z-direction and a (5 × 5 × 1) Monkhorst- Pack kpoint grid. The vanadium 

dichalcogenide monolayer systems are allowed to relax till the atomic energy and forces 

reach a cutoff of 10-6 eV/atom and 0.001 eV/Å respectively. The electronic property 

analysis has been carried out by considering a higher kpoint grid of (11 × 11 × 1) 

Monkhorst-Pack grid. Ab initio molecular dynamics simulations (AIMD) simulations 

have been performed with a Nośe–Hoover thermostat of 298 K in an NVT ensemble for 

10 ps, with a time step of 3 fs to evaluate the thermodynamic stability of VX2 systems.37-

39 The feasibility of formation of 1 T and 2H monolayer phases of pristine and non-metal 

doped vanadium dichalcogenides has been computed in terms of formation energy per 

atom, Eform by using the equation, 

Eform =1/n {E(VX2@Ycat ) -  NVEV - NXEX - NYE(Ycat )}                 (7.1) 

where, n is the number of atoms in a TMD monolayer, E(VX2@Ycat) is the total electronic 

energy of the pristine or non-metal doped vanadium dichalcogenide monolayer, Na and 

Ea are the number of atoms and corresponding electronic energies of each isolated atom 

respectively, X is the chalcogen (S, Se or Te) and Y is the non-metal dopant. 
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N2 adsorption on the basal plane of pristine and non-metal doped VX2 monolayers 

could proceed either through the end-on or side mode modes. The end-on or perpendicular 

mode of N2 adsorption has been observed to be more prominent over the side-on or 

parallel mode on all VX2 systems, thereby only the end-on mode of nitrogen adsorption 

will be presented in this study. The N2 chemisorption efficacy of all pristine and doped 

VX2 monolayers is. calculated as adsorption energy, Eads with the equation below, 

Eads = E(VX2@Ycat-N2) – E(VX2@Ycat) – E(N2)              (7.2)  

where, E(VX2@Ycat-N2), E(VX2@Ycat) and E(N2) are the total electronic energies of N2 

adsorbed VX2 systems, pristine and doped VX2@Ycat and free N2 molecule, respectively. 

The energetics of each intermediate protonation step in the Nitrogen Reduction Reaction 

is represented by the Gibbs free energy change, ΔG. The computational Standard 

Hydrogen Electrode model of Nørskov et al.40 has been implemented to calculate ΔG 

using the following equation, 

ΔG = ΔE+ΔZPE - TΔS                           (7.3) 

where, ΔE and ΔZPE are the change in electronic energy and zero-point energy 

respectively, ΔS is the change in entropy at room temperature, T is room temperature 

(298.15 K). All zero-point energy and entropy corrections are computed from the non-

negative vibrational frequencies of the gas phase species in each intermediate. Finally, 

the overpotential for electrocatalytic NRR has been calculated as η = USHE - UPDS, where 

USHE = -0.16 eV, is the standard reduction potential of N2 to NH3 and UPDS = -ΔGmax/e 

for the NRR pathway.  

 

7.3 Results and Discussions 

7.3.1 Formation of VX2@Ycat monolayers and N2 chemisorption 

The formation energies of pristine and non-metal doped vanadium dichalcogenide 

monolayers, VX2@Ycat have been computed to be approximately -4.9 eV/atom, -4.4 

eV/atom and -3.8 eV/atom respectively for the sulphides, selenides and tellurides 

systems. The highly negative formation energies confirm the experimental feasibility of 

synthesizing the vanadium dichalcogenide monolayers, and the vanadium disulphides to 

be more stable than the other dichalcogenides. Two different phases of vanadium 
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dichalcogenides have been considered owing to earlier reports that 2H-VS2 phase shows 

higher stability and magnetic moment over its 1T phase. The 2H phase of pristine VS2 

shows a slightly higher formation energy (-4.94 eV/atom) and magnetic moment of 0.98 

μB as compared to 0.47 μB of 1T-VS2. Contrastingly, pristine VSe2 showed higher 

formation energies (-4.44 eV/atom) in its metallic 1T-phase with a higher magnetic 

moment of 0.90 μB in the semimetallic 2H-phase. VTe2, on the other hand, demonstrated 

higher stability with a formation energy of -3.81 eV/atom and a magnetic moment of 0.15 

μB in its 1T-phase exclusively. 

  

Figure 7.1: Top and side views of 1T and 2H phases of pristine vanadium 

dichalcogenides, top views of VX2 monolayer with chalcogen vacancy (VX2@Xvac) and 

nonmetal dopant (VX2@Ycat).  

The VX2@Ycat systems are further modeled with a chalcogen vacancy (VX2@Xvac) 

and substitutional doping of non-metals on the chalcogen vacancy to generate VX2@Ycat, 

as seen in Figure 7.1. The formation energies of VX2@Ycat systems are found to be 

higher than their corresponding pristine counterparts with a few exceptions in VS2 and 

VSe2 when the non-metal dopant is heavier than the parent chalcogen, e.g., VS2@Se, 
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VS2@Te and VSe2@Te. The magnetic properties, on the other hand, show a gradual 

decrease as non-metal dopants are introduced in the VX2@Ycat systems except for 2H-

VTe2@B and 2H-VTe2@C systems. The highly exothermic formation energies of 

VX2@Ycat systems demonstrate the stability of both 1T and 2H phase of vanadium 

dichalcogenides and their magnetic moments further exemplifies the incidence of 

ferromagnetic nature of these systems.  

 

Figure 7.2: (a) N2 adsorption energies on all VX2@Ycat systems with the corresponding 

N–N bond lengths (Å), cyan line corresponds to 0 eV of N2 adsorption and N–N bond 

length in free dinitrogen molecule (1.112 Å). (b) Average Bader charge on N-atoms of 

N2 upon adsorption on VX2@Ycat monolayers plotted w.r.t the d-band centers of the 

corresponding monolayers. 

The N2 chemisorption efficacy and the extent of N–N bond activation on 1T and 2H 

phases of all VX2@Ycat systems are then investigated to determine the synergistically 

favourable non-metal dopant for a family of VX2. The adsorption energies and N–N bond 

lengths of the dinitrogen molecule adsorbed in end-on or perpendicular mode on all 

VX2@Ycat systems are shown in Figure 7.2(a). It can be observed that pristine VX2 

systems show minimal to moderately exothermic N2 adsorption without activating or 

elongating the N–N bond. Such systems would imperatively require a large potential 

when employed for nitrogen fixation as the nitrogen atoms remain strongly bonded. 

VX2@Xvac systems except 1T-VS2 and 1T-VTe2, boron and carbon doped VX2@B and 
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VX2@C systems show favourable N2 adsorption as well as N–N bond activation up to 

1.16 Å. Interestingly, for boron and carbon doped VS2 and VSe2 systems, the non-metals 

play a major role in tuning the catalytic property of the monolayer. Although both boron 

and carbon dopant showed higher N2 adsorption on 1T phases of VS2 and VSe2; boron 

induces a higher N–N bond activation on 2H phase while carbon doping leads to a more 

pronounced N–N bond elongation on 1T phase. However, on VTe2 systems, the impact 

of B or C doping is not very prominent as N2 adsorption and N–N bond activation remain 

nearly similar in both   T and 2H phases. Eventually, it can be deduced that boron and 

carbon dopants synergistically enhance the catalytic properties of 2H and 1T phases 

respectively, of VS2 and VSe2; whilst VTe2 monolayers prefer both boron and carbon 

dopants. The VX2@N systems show a unique aspect of high N–N bond activation under 

endothermic conditions, thereby excess energy is needed to ensure N2 adsorption and this 

condition is the most unfavourable scenario for electrocatalysis. It would be imperative 

to recapitulate that the N2 adsorption energies and activated N–N bond lengths of 

VX2@B and VX2@C systems are comparable to earlier reports made by Wu et. al on W-

doped BP monolayer and Mo-doped Fe3P monolayer.41,42 It can also be noted that the N2 

adsorption energies of VX2@Si systems range from -0.02 eV to -0.14 eV and is 

comparable to those observed by Gholizadeh et. al on Si-doped graphene systems.43 The 

rest of nonmetal dopants: Si, P, S, Se and Te show weak N2 chemisorption as well as 

bond elongation, thereby employing these heavier non-metal dopants will be 

unfavourable.  

A Bader charge44 analysis of adsorbed N2 molecule highlights an extensive charge 

gain mostly on the VX2@B and VX2@C systems followed by VX2@Xvac and 1T-phases 

of VX2@N. These systems with higher charge transfer on N2 correspond to the systems 

showing N–N bond activation or elongation, thereby justifying our reasoning behind 

consideration of N–N bond length elongation as a crucial parameter. The plot of average 

Bader charge on N-atoms upon adsorption on VX2@Ycat monolayers with respect to the 

d-band centers of the corresponding monolayers in Figure 7.2(b) shows the charge 

transfer on the VX2@Xvac, VX2@B and VX2@C systems are facilitated by a more 

positive d-band center, which in turn corroborates to higher exothermicity of N2 
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adsorption. In particular, VTe2@B and VTe2@C systems with a more positive d-band 

center has been found to show higher charge transfer and N2 chemisorption as compared 

to its VS2 or VSe2 counterparts. Taking the efficacy of N2 chemisorption, N–N bond 

elongation, Bader charge on N-atoms and d-band center of the monolayers into account; 

the non-metal doped VX2 systems of interest which show exothermic N2 adsorption, N–

N bond elongation and charge gain on N2 are the VX2@B and VX2@C systems in both 

phases along with 1T-VS2@N, 2H-phases of VX2@Xvac and 1T-VSe2@Sevac. Moving 

forward, we will focus on the energy profile and NRR mechanism of these active 

VX2@Ycat monolayers to determine the limiting potential for NRR and decipher the 

critical factors that affect the limiting potential.  

7.3.2 N2 reduction on VX2@Ycat monolayers 

 

Figure 7.3: (a) NRR limiting potentials (ΔGmax), captions indicate the potential rate 

determining step and preference of distal or alternating route, (b) Gibbs free energy 

difference plot between two crucial protonation steps and N2 adsorption. 

Following the chemisorption of N2 and electronic analysis on catalytically active 

VX2@Ycat, VX2@B and VX2@C monolayers, we investigated the thermodynamics of 

ammonia synthesis from dinitrogen via the associative pathway. Taking into account that 

only the perpendicular or end-on mode of N2 adsorption is more prominent, the two 

possible routes of associative NRR pathway are the distal and alternating routes.45 The 
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distal route involves protonation of end N to release NH3, followed by subsequent 

protonation of the next N; whereas the alternating route shows alternate protonation of N 

atoms to form ammonia. The most probable route of N2 reduction has been deliberated by 

accounting the lowest energy barrier on the free energy profiles of each VX2@Ycat system 

and plotted in Figure 7.3(a). 

The chemically modified vanadium disulphide, VS2 monolayers are found to show 

equivalent preference of distal and alternating route with the first protonation step, *N2 → 

*N-NH as the potential rate determining step (PDS), except on 1T-VS2@C system with 

PDS in its last protonation step, i.e., *NH2 → *NH3. Intriguingly, the lowest NRR limiting 

potential on the two different phases of VS2 has been found be 0.42 eV and 0.22 eV on 

1T-VS2@C and 2H-VS2@B, respectively. It would be important to recollect that the 

synergistic doping of carbon and boron on 1T-VS2 and 2H-VS2 also led to strong 

chemisorption of N2 and N–N bond activation. Coming to VSe2@Ycat monolayers, 

VSe2@Sevac systems are found to show a preference for the distal route on both 1T and 

2H-phases, while 1T-VSe2@C and 2H-VSe2@B systems advance through the alternating 

route with an equal prevalence of distal and alternating route of NRR on 1T-VSe2@B and 

2H-VSe2@C systems. Nonetheless, a lower barrier for nitrogen reduction on VSe2 has 

been observed on 1T-VSe2@C, 2H-VSe2@B and 2H-VSe2@C with limiting potentials of 

0.51 eV, 0.50 eV and 0.49 eV, respectively. In both phases of VTe2 monolayers, the boron-

doped systems show an identical affinity for distal or alternating route, while the 

remaining show a prevalence of the distal route over the alternating path with a lower 

energy barrier on 1T-VTe2@C and 2H-VTe2@C. In retrospect, the lowest energy barrier 

for 1 T as well as 2H phases of VTe2, which has been reported to be metallic, is observed 

on the carbon doped systems. Similarly, the prevalence of carbon doping can be found to 

lower the NRR limiting potential on the metallic 1 T phases of VS2 and VSe2, while boron 

doping does the same on the semi-metallic 2H phases. The energetics of the active 

VX2@Ycat monolayers are further investigated to elucidate the critical aspects of each 

intermediate step in factors that affect the limiting potential of NRR. Two crucial 

intermediate steps of NRR are the first (*N2 → *N-NH) and last (*NH2 → *NH3) 

protonation steps, with both processes being endergonic. As such, these two steps are the 
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most prominent rate limiting steps in all of the systems we have considered, except for 

1T-VSe2@Sevac and 2H-VTe2@Tevac where the *NH → *NH2 is the energy uphill step. 

Also, conceptually for a multistep reaction, the *NH2 and *NH3 intermediates can be 

considered as systems belonging to the product side wherein the reactant is the *N2 

intermediate, and the feasibility of such a reaction increases as the exoergicity between 

the product and reactant increases. This analogy can be implemented as a rationale for 

achieving a lower energy barrier in the NRR process by mapping a Gibbs Free energy 

difference plot. In Figure 7.3(b), a nearly linear relationship can be observed between the 

Gibbs free energy differences of products to reactant, i.e., *NH3–*N2 w.r.t. *NH2–*N2. 

The 2H-VS2@B system with the lowest limiting potential of 0.22 eV is found to show a 

larger energy difference (~2.0 eV) between *NH2 to *N2 and *NH3 to *N2, thereby 

emphasizing that systems with a higher potential to form the products, i.e., NH3 or alike 

intermediates are prone to show a lower limiting potential for NRR.46,47 The remaining 

VX2@B and VX2@C systems with energy barriers 0.49 eV to 0.58 eV show Gibbs free 

energy differences of 1.2 to 1.4 eV and a lower tenacity of product formation as compared 

to 2H-VS2@B. Except for VSe2@Sevac systems which show a lower limiting NRR 

potential, the VS2@Svac and VTe2@Tevac systems show a much lower energy difference 

or lower exoergicity of *NH3 intermediate and the energy differences are found to be 

around 0.5 eV to 1.0 eV. Amongst all the active VX2@Ycat monolayers, the systems of 

significance will be systems with a lower NRR limiting potential wherein a lower 

electrode potential would be needed for implementing them as electrocatalysts for NRR. 

Therefore, 2H-VS2@B and 1T-VS2@C systems with ΔGmax of 0.22 eV and 0.42 eV, 

respectively are of interest and their electronic properties are investigated further for their 

application as electrocatalysts for NRR.  
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Figure 7.4: Projected Density of States (PDOS) plots with insets showing orbital 

overlap and charge density difference plots of (a) 1T-VS2@C-N2 and (b) 2H-VS2@B-

N2 showing favourable N2 adsorption; the top and side views of Electron localization 

function (ELF) contour plots of (c) 1T-VS2@C-N2 and (d) 2H-VS2@B-N2 showing 

electron location on the adsorbed dinitrogen. 

 

7.3.3 NRR mechanism on 2H-VS2@B and 1T-VS2@C 

A detailed electronic analysis through Projected Density of States (PDOS) and charge 

density plots of these systems reveal that the p-orbitals of non-metal dopants to hybridize 

with the empty π* orbitals of N2, this orbital overlap coupled with charge transfer 

inherently leads to electron occupation in the antibonding π orbitals of N2 leading to 

activation of the N–N bond. The PDOS, charge density difference plots and Electron 

Localization Function (ELF) contour plots of 1T-VS2@C and 2H-VS2@B monolayers, as 

shown in Figure 7.4, demonstrate the overlap of carbon and nitrogen p-orbitals to 

hybridize with the π * orbitals on N2, respectively and the localization of electron density 

around the N2 molecule, thereby affirming the electron transfer on the adsorbed N2. The 

electronic properties of each intermediate nitrogen reduction step on 2H-VS2@B systems 
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has been further investigated to root out the essential parameter behind the energy barrier 

for NRR. The segmented p-states of B and N alone for the *NxHy intermediates observed 

via the distal route of NRR has been plotted in Figure 7.5. The chemisorption of N2 on 

2H-VS2@B has been found to be associated with a π-π* hybridization between the B p-

states and N p-states. These electronic orbitals hybridization or overlap gets more 

enhanced as the adsorbed N2 gets reduced and the N p-states turn into electron rich states. 

Prior to the first ammonia desorption in the *N-NH2 intermediate, a charge back-transfer 

from the filled N p-states to the empty p-states of B can be observed. The σ-back donation 

augments the activity of the boron center and assists in following protonation steps to form 

the second NH3 molecule. Such electron back-donation could not be observed on our next 

best system, 1T-VS2@C and we believe the thermodynamic favourability of NH3 

formation from N2 along with the electron “donor–acceptor” mechanism between boron 

and nitrogen is responsible for high NRR performance.  

 

Figure 7.5: Segmented Projected Density of States of B p-states (green line) and N 

p-states of all the NxHy intermediates from the distal route of NRR on 2H-VS2@B 

monolayer. 
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Figure 7.6: Gibbs free energy diagrams of distal and alternating NRR at zero and 

applied potentials equivalent to their respective limiting potentials on (a) 1T-VS2@C 

(0 V and 0.42 V), (b) 2H-VS2@B (0 V and 0.22 V).  

In terms of electrocatalytic application for NRR, the distal and alternating routes of 

dinitrogen reduction on 1T-VS2@C and 2H-VS2@B has been investigated at applied 

potentials of 0.42 V and 0.22 V respectively and is shown in Figure 7.6. The Gibbs free 

energies of each intermediate protonation steps are computed with the CHE model 

(computational hydrogen electrode) developed by Nørskov et al.40, ΔGeNRR = ΔE + ΔZPE 

- TΔS - neU, where ΔG is the free energy change of each intermediate step (as calculated 

in equation 7.3, n is the number of electrons and U is the applied potential. The endergonic 

intermediate steps in both systems are the first (*N2 → *N2H) and last (*NH2 → *NH3) 

protonation steps with the PDS being either of the two steps. The initially energy uphill 

step of *N2H formation in 1T-VS2@C becomes exoergic under the application of an 

applied potential of 0.42 V. Similarly, the endoergic sixth protonation step to form 1T-

VS2@C-NH3 intermediate is also found to flip into an exergonic process as shown in 

Figure 7.6(a). The analogous endoergic intermediate steps of 2H-VS2@B are also found 

to revert into energy downhill processes in Figure 7.6(b) upon application of 0.22 V. It 

can be observed that with the application of an external potential equivalent to their 

respective limiting potentials in 1T-VS2@C and 2H-VS2@B, all the intermediate 

protonation steps of NRR become feasible and thereby employed for electrocatalytic 
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nitrogen reduction. Furthermore, our analogy of synergic non-metal doping on vanadium 

dichalcogenides has shown that 1T-VS2@C and 2H-VS2@B are the best electrocatalysts 

so far with NRR limiting potentials of 0.42 eV and 0.22 eV, respectively. The 

corresponding overpotentials, η of 0.26 eV and 0.06 eV respectively on boron or carbon 

doped VX2 systems are the lowest reported so far on vanadium dichalcogenides.48,49 

Figure 7.7: (a) Selectivity of NRR over HER on select active VX2@Ycat systems, the 

more positive the ΔG(*H) – ΔG(*N2H), the higher is the NRR selectivity, (b) Total 

energy and temperature of 2H-VS2@B as a function of time during the AIMD 

simulation for 10 ps at 298 K.  

Consequently, the NRR selectivity of 1T-VS2@C and 2H-VS2@B systems have also 

been investigated and it has been found that both systems can selectively suppress the 

competing hydrogen evolution reaction (HER). Although the adsorption of H is usually 

more negative than N2 adsorption, former involves proton and electron transfer, thereby 

it is easily influenced by electrode potential. N2 adsorption, on the other hand, does not 

involve proton transfer and the more appropriate step to be considered is the first 

protonation step of NRR, i.e., *N2H adsorption. Therefore, the selectivity of NRR over 

HER can be evaluated from the free energy difference of *H and *N2H adsorption, 

ΔG(*H) – ΔG(*N2H). Figure 7.7(a) shows the ΔG(*H) – ΔG(*N2H) vs NRR limiting 

potential plot of all active VX2@Ycat systems and it can be seen that 2H-VS2@B shows a 

relatively higher selectivity as well as activity for NRR. With the exception of 1 T-VS2@B 
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and 1T-VS2@N, all the catalytically active VX2@Ycat systems possess enhance NH3 

production as supported as exothermic *NH3 formation on all VX2@Ycat systems. The, 

the thermal stability of the best performing catalyst, 2H-VS2@B has been investigated at 

room temperature, 298 K. It can be seen from Figure 7.7(b) that the structure of 2H-

VS2@B is retained and there are no structural distortions after 10 ps, this is also supported 

by the total electronic energy of the systems which remains nearly constant throughout 

the simulation. This elucidates the possibility of experimental realization of B-doped 

vanadium disulphide in 2H-phase as a thermally stable, highly active and selective 

electrocatalyst for NRR at room temperature. This study presents a detailed analysis of 

synergistically introducing a non-metal dopant on vanadium dichalcogenides monolayer 

for developing efficient electrocatalysts for NRR and delves into energy difference and 

electronic factors as crucial parameters for N2 adsorption, activation and reduction. We 

propose vanadium dichalcogenide monolayers with substitutionally doped boron as 

potential electrocatalyst for NRR.  

 

7.4 Conclusion 

In summary, a detailed study has been made on the synergistic doping of several non-

metal dopants on vanadium dichalcogenide monolayers to enhance its electrocatalytic 

activity. An analysis of the electronic properties on VX2@Ycat catalysts with high N2 

chemisorption efficacy demonstrates an overlap between the p-orbitals of non-metal 

dopants with the empty antibonding π* orbitals of N2. This π-π* orbital hybridization 

coupled with high charge transfer on N2 inherently leads to N–N activation and reduction 

of dinitrogen to ammonia. Further investigation on the energetics of the intermediate 

steps of NRR brings forth a correlation between the limiting potential and 

thermodynamic favourability of NH3 (i.e., product) formation from N2 (i.e., reactant) 

along with the electron “donor–acceptor” mechanism between boron and nitrogen. Our 

findings propose 1T-VS2@C and 2H-VS2@B as efficient electrocatalysts with high NRR 

performance at overpotentials of 0.26 eV and 0.06 eV, respectively. The understanding 

from this chapter can be implemented for further research on introducing earth abundant, 
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non-toxic non-metal doped transition metal dichalcogenides electrocatalysts for nitrogen 

reduction reaction.  
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Chapter 8 

Surface electronic properties 
driven electrocatalytic nitrogen 
reduction on metal-conjugated 

porphyrin 2D-MOFs   
 

 
 

In this chapter two-dimensional (2D) metal organic framework (MOF) or 

metalloporphyrin nanosheets with stable metal-N4 complex unit presents the metal as 

single atom catalyst dispersed in the 2D porphyrin framework. First-principles 

calculations on the 3d-transition metals in M-TCPP are investigated for their surface 

dependent electronic properties-work function and d-band center. Crystal Orbital 

Hamiltonian Population (-pCOHP) analysis highlights a higher contribution of bonding 

state in M-N bond and antibonding state in N-N bond to be essential for N-N bond 

activation. A linear relationship between ΔGmax and surface electronic properties, N-N 

bond strength and Bader charge has been found to influence the rate determining 

potential for Nitrogen Reduction Reaction (NRR) in M-TCPP MOFs. Ti-TCPP with an 

excellent NRR selectivity and limiting potential of -0.35 V in water solvent is proposed 

as an attractive candidate for electrocatalytic NRR.    
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8.1 Introduction 

Ammonia (NH3), formed by the thermal combustion of N2 and H2 in a highly energy 

intensive Haber-Bosch reaction1,  is of  immense importance to agriculture and energy 

storage.  With increasing population and demands for energy, the sustainability of a 

century old industrial for ammonia production possess a jarring strain to the future of 

earth. While questions are raised on mimicking the biological “nitrogen cycle” with 

nitrogenase enzyme to convert nitrogen to ammonia, the efficiency of such biological 

approaches are nowhere close to meeting the commercial demands.2,3 Influenced by the 

biological nitrogen cycle operating at ambient temperature and pressure conditions, 

electrocatalytic Nitrogen Reduction Reaction (eNRR) in aqueous solvent is an emerging 

alternative to substantiable ammonia production.4,5 To achieve commercially acceptable 

scale of ammonia; low cost, high durability and activity, high nitrogen reduction 

selectivity over hydrogen evolution, and high Faradaic efficiency are crucial attributed 

of the electrocatalysts to be purported.  

Over the last few decades, the research on two-dimensional (2D) materials as 

electrocatalysts for room-temperature activation and reduction of N2 have been on the 

rise.6,7 The objective of this research is to conceive a sustainable electrocatalyst that can 

offer near-commercial levels of NH3 production. Thereby, the greenness of the raw 

materials comprising these electrocatalysts is an important aspect to be a noted. In 

particular, coordination polymer frameworks or organic frameworks of porphyrin, a 

ligand found in almost every biological system, when assembled with an active 

transition metal to form 2D-metal organic framework (MOF) or metalloporphyrin 

nanosheets are a fascinating family of electrocatalysts and photocatalysts.8 The porous 

architecture of this family of MOFs driven by the reticular chemistry of the metal centers 

and the organic linkers creates conducting channels and the π−π electron conjugation in 

the porphyrin ligands brings forth excellent electronic conductivity in these 2D 

materials.9-11 Additional structural features of the 2D MOFs include larger surface area, 

conducive diffusion of gases in the framework and mechanical stability. The 

metalloporphyrin MOFs have been reported as active electrocatalysts and photocatalysts 

for HER (hydrogen evolution reaction) and CO2RR (CO2 reduction reaction), C−H 
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activation and nitrous oxide decomposition.12-19 The extraordinary performance of 

metalloporphyrin MOFs in CO2RR, a multistep CO2 reduction to CO and CH4 as end 

products prompted their application into electrocatalysts for nitrogen reduction reaction 

which is a six-electron-reduction process.  

An added advantage is the reducing nature of porphyrin ligand which has been 

highlighted in the study by Hegg et. al. wherein the porphyrin ligands induce the 

reduction of N2 to NH3.
20 It is also important to note that the metal center in the 

metalloporphyrin MOFs also serves as a single atom catalyst (SAC) as the four nitrogen 

atoms in the porphyrin network form a highly stable M-N4 complex thereby avoiding 

metal aggregation or migration.21,22 The single atom nature of Fe center in 

metalloporphyrin MOFs have been affirmed from the work by Zhang et.al when PCN-

222(Fe) MOF comprised of (iron(III)meso-tetra(4-carboxyphenyl)porphyrin chloride) 

and H2-TCPP (tetra(4-carboxyphenyl)porphyrin), showed excellent electrocatalytic 

NRR yield of  1.56 × 10-11 mol cm-2 s-1 with a Faradaic Efficiency (FE)  of 4.51% at -

0.05 V vs. RHE. The nitrogen reduction has been guided by the atomically dispersed Fe 

site and the porous nature of the MOF thereby providing accessible active sites.23A 

remarkable improvement in the electrocatalytic NRR performance was reported in 2021 

by Cong and co-workers with Fe–TCPP MOF showing NH3 yield of 44.77 µgh-1mgcat.
–

1 and FE of 16.23 % at –0.3 V vs RHE.24 Further adjustments in the electronic and 

catalytic properties of the metalloporphyrin can be brought about by swapping the metal 

center, in particular, transition metals that show a variation in their outermost valence 

or d-electrons. The design of metalloporphyrin is relatively facile and low cost via 

hydro-/solvothermal methods at low temperature with a high yield and tuning the 

transition metal center can be brought about by using different metal salts.25 This makes 

the metalloporphyrin MOFs, in particular M-TCPP (metal- tetrakis (4-carboxyphenyl) 

porphyrin MOFs, one of the most attractive candidates for electrocatalytic NRR. 

However, the development and research on M-TCPP MOFs are limited and sporadic 

owing to their low stability in aqueous media.  
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In this chapter, we explore a series of M-TCPP MOFs formed by the coordination of 

metal-porphyrin complex with Zn(II)-paddlewheel linker. The metals of interest are the 

lighter 3d-tarnstion metals which are earth abundant and economically viable for 

commercial exploration. The surface electronics of the M-TCPP MOFs have been found 

to drive the chemisorption and back-bonding of N2 to the metal centers. A stronger 

corelation have been found between the surface electronics of the M-TCPP MOFs to the 

NRR limiting potential, thereby exemplifying the role of the porphyrin ligand and the 

metal linker nodes.  Furthermore, a stabilisation of the M-N2 interaction and 

destabilisation of the N-N bond in the lighter 3d-transtion metals has been affirmed to 

prompt the reduction of N2. We propose Ti-TCPP MOF that shows an alleviated NRR 

performance at lower onset potential (-0.35 V) from experimentally reported Fe-TCPP 

MOF (-0.45 V) in water solvent as an attractive NRR selective electrocatalyst for 

ammonia production. 

8.2 Computational Details 

All Density Functional Theory (DFT) calculations on the M-TCPP (M= Sc, Ti, V, 

Cr, Mn, Fe, Co, Ni, Cu, Zn) MOFs, the unit structure of which is shown in Figure 8.1(a), 

are carried out using Vienna ab−initio Simulation Package (VASP.5.4).26 The structures 

are optimized with a 5 × 5 × 1 Monkhorst- Pack kpoint grid and 300 eV energy cut-off  

and all interactions of the ions and electrons are calculated with a generalized gradient 

approximation Perdew-Burke-Ernzerhof (PBE) functional.27 A DFT-D3 correction has 

been incorporated to include long range van der Waals interaction and the structures are 

relaxed till the atomic forces and energies converge to 0.005 eV/Å and 10−5 eV/atom, 

respectively.28 The electronic properties – Density of States, Work Function and Bader 

charges of the M-TCPP MOFs and their N2 adsorbed structures are analysed at a higher 

kpoint grid of (11 × 11 × 1) Monkhorst-Pack grid.29 To analyse the thermal stability of 

the M-TCPP MOFs, ab-initio molecular dynamics (AIMD) simulations in an  NVT 

ensemble at 298 K described with a Nose–Hoover thermostat at 1 ps time step have been 

carried out for 10 ps.30 Additionally, the thermodynamical and electrochemical stability 

of the M-TCPP MOFs   have been verified with the formation energy, Eform of the single 
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transition metal attaching to the porphyrin framework and the metal dissolution 

potential, Udiss using the equation,31  

𝐸𝑓𝑜𝑟𝑚 = (𝐸𝑀−𝑇𝐶𝑃𝑃) − 𝐸𝑇𝐶𝑃𝑃 − 𝐸𝑀       and,                     (8.1) 

𝑈𝑑𝑖𝑠𝑠 = 𝑈𝑑𝑖𝑠𝑠
0  (𝑚𝑒𝑡𝑎𝑙, 𝑏𝑢𝑙𝑘) − ( 𝐸𝑓𝑜𝑟𝑚/𝑛𝑒)                (8.2) 

where, 𝐸𝑀−𝑇𝐶𝑃𝑃 , 𝐸𝑇𝐶𝑃𝑃 and  𝐸𝑀 are the total electronic energies of M-TCPP MOF unit 

cell, TCPP structure and single atom transition metal, respectively; 𝑈𝑑𝑖𝑠𝑠
0  (𝑚𝑒𝑡𝑎𝑙, 𝑏𝑢𝑙𝑘) 

and ne are the standard dissolution potential of bulk metal and number of electrons 

involved in their dissolution at pH=0. Following this, the adsorption of N2 on the M-

TCP MOFs via end-on and side-on modes are investigated and N2 adsorption energy, 

Eads is computed using the equation, 

𝐸𝑎𝑑𝑠 = (𝐸𝑀−𝑇𝐶𝑃𝑃−𝑁2
) − (𝐸𝑀−𝑇𝐶𝑃𝑃) − 𝐸𝑁2

                             (8.3) 

where,  𝐸𝑀−𝑇𝐶𝑃𝑃−𝑁2
 is the total electronic energy of M-TCPP system after N2 adsorption, 

𝐸𝑀−𝑇𝐶𝑃𝑃  and 𝐸𝑁2
  are the total electronic energy of M-TCPP MOF and free N2 molecule, 

respectively. The Gibbs free energy of N2 adsorption and their protonated counterparts, 

NxHy intermediates involved in the Nitrogen Reduction Reaction (NRR) is calculated 

from the electronic energy with zero-point energy, ZPE and entropy contributions, S at 

room temperature using the equation,  

G = E + ZPE − T S                  (8.4) 

and, the Gibbs free energy change of each protonation step in NRR are also calculated 

using the above equation with the correction terms computed from the non-negative 

vibrational frequencies of the gas phase species in each intermediate. The potential rate-

determining step (PDS) for the multistep NRR reaction is the single step with the highest 

free energy change (ΔGmax) and the limiting potential, UL is equal to –(ΔGmax)/e. The 

corresponding theoretical NRR overpotential, ηNRR = UL – USHE, where USHE = –0.16 V 

is the standard N2/NH3 reduction potential. For an electrocatalyst under applied 

potential, the free energy is calculated as, ∆GNRR = ∆E + ∆ZPE − T∆S + neU + ΔGpH, 

where n is the number of electrons, U is the applied electrode potential equivalent to the 
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limiting potential, UL and ΔGpH is the free energy correction to pH of the solvent.32 The 

pH correction to free energy is represented by ΔGpH = 2.303 × kBT × pH, where kB is the 

Boltzmann constant. The pH value is assumed to be zero as the overpotential of NRR is 

unaffected by the change in pH.33,34 Calculations with implicit solvation have been 

carried out using a self-consistent continuum model as implemented in VASPsol, a 

software package that incorporates solvation into VASP.35 The default parameters of 

water solvent, i.e. bulk dielectric constant εb = 78.4, width of dielectric cavity σ = 0.6, 

the cutoff charge density ρcut = 0.0025 Å−3 and a surface tension parameter of 

0.525 meV/Å2 are fitted from its empirical parameters of neutral water molecule.  

 

8.3 Results and Discussions 

8.3.1 M-TCPP surface electronics and N2 activation 

The formation energies and dissolution potentials of the 10 M-TCPP MOFs with 

3d transition metals are provided in Table 8.1. The thermodynamic and electrochemical 

stability of the M-TCPP MOFs can be affirmed when the formation energies, Eform are 

exothermic and their corresponding dissociation potential, Udiss is greater than 𝐸𝑁2/𝑁𝐻3

0  

reduction potential, 0.16 V.36 An exothermic Eform demonstrates a strong binding of the 

transition metal to the porphyrin framework and all the M-TCPP MOFs show negative 

Eform ranging from -3.02 eV to -8.10 eV.   Furthermore, all M-TCPP MOFs possess a 

dissolution potential ranging from 0.56 V to 3.18 V, thereby the metals will not undergo 

dissolution under electrochemical conditions. The thermal stability of the 10 M-TCPP 

MOFs are further investigated with AIMD simulations at 298 K and minute structural 

distortions are observed in all the M-TCPP MOFs after 10 ps. Hence, all 10 M-TCPP 

MOFs are thermodynamically, electrochemically and thermally stable at room 

temperature and are thus eligible candidates for electrocatalytic nitrogen reduction 

reaction (eNRR). 
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Table 8.1: Formation energies (Eform) in eV and dissociation potentials (Udiss) in V of M-

TCPP MOFs along with their surface electronic energies – work function and d-band centers.  

M-TCPP 

MOFs 

Eform (eV) 

𝑼𝒅𝒊𝒔𝒔
𝟎  

(V)  

 

ne Udiss (V)  

Work-

function 

(eV) 

d-band 

center 

(eV) [εd=-

5:5]  

Sc-TCPP -7.92 -2.08 3 0.56 3.57 -0.92 

Ti-TCPP -7.41 -1.63 2 2.08 3.79 1.34 

V-TCPP -8.10 -1.18 2 2.87 3.48 -0.40 

Cr-TCPP -7.72 -0.91 2 2.95 4.55 -2.19 

Mn-TCPP -5.83 -1.19 2 1.72 3.78 -0.24 

Fe-TCPP -6.55 -0.45 2 2.83 4.07 -0.18 

Co-TCPP -6.93 -0.28 2 3.18 4.7 -2.07 

Ni-TCPP -6.47 -0.26 2 2.98 5.02 -3.70 

Cu-TCPP -4.32 0.34 2 2.50 4.77 -2.87 

Zn-TCPP -3.03 -0.76 2 0.75 5.05 -3.93 
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Figure 8.1: (a) Top view of the optimized structure of M-TCPP (M = Sc, Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu, Zn) 2D-MOFs with the paddlewheel Zn2(CO2)4 linker; elemental colour 

codes are as shown and unit cell marked by a dashed line. (b) The surface electronic 

properties of the M-TCPP MOFs recorded as work-function and d-band center for [εd=-

5:5]. (c) N2 adsorption energies and N-N bond lengths of N2 adsorbed in perpendicular 

and parallel modes in M-TCPP MOFs. (d) Linear correlation between the surface 

electronic properties to the N-N bond length for N2 adsorbed on M-TCPP MOFs, solid 

lines represent the side-on mode of N2 adsorption while the dotted lines represent the end-

on mode.   

Table 8.2: Bader charges (𝑞𝑀) of the transition metals in M-TCPP MOFs and the Bader 

charge of the N-atom (𝑞𝑁) attached to the M-TCPP MOFs along with their integrated 

Crystal Orbital Hamiltonian Population (IpCOHP). The Bader charges and IpCOHP 

values indexed with ‘e’ indicate the end-on mode of N2 adsorption, and the rest of the 

values represents the side-on mode on N2 adsorption.   
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M-TCPP 

MOFs 

𝑞𝑀 

 

𝑞𝑁  

M-N IpCOHP  N-N IpCOHP  

Spin-up Spin-down Spin-up Spin-down 

Sc-TCPP 

1.74 -0.25 

-0.21e 

-1.28 

-0.98e 

-1.11 

-0.72e 

-10.71 

-9.57e 

-11.39 

-10.68e 

Ti-TCPP 

1.51 -0.47 

-0.27e 

-1.94 

-1.31e 

-1.44 

-1.31e 

-10.19 

-9.22e 

-11.05 

-9.22e 

V-TCPP 

1.38 -0.26 

-0.14e 

-1.99 

-0.90e 

-1.45 

-0.62e 

-10.30 

-10.17e 

-11.11 

-10.97e 

Cr-TCPP 1.29 -0.08 -0.09 -0.11 -11.48 -11.60 

Mn-TCPP 1.29 -0.12 -0.30 -0.53 -11.53 -11.53 

Fe-TCPP 1.16 -0.33 -2.15 -2.15 -10.56 -10.56 

Co-TCPP 1.08 -0.13 -0.61 -1.33 -11.12 -11.11 

Ni-TCPP 0.91 -0.05 -0.06 -0.06 -11.63 -11.63 

Cu-TCPP 0.94 -0.03 -0.06 -0.06 -11.60 -11.60 

Zn-TCPP 1.16 -0.03 -0.06 -0.06 -11.61 -11.61 
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The M-TCPP MOFs exist as 2D nanosheets due to the planar π-electron conjugation 

of the metal-porphyrin with the paddlewheel Zn2(CO2)4 linker. The electronic properties 

of the M-TCPP MOFs are thus driven by the exposed surface, and one anisotropic 

electronic property is the work function(Φ) which is direction and surface dependent.37 

While all M-TCPP MOFs are planar and oriented in the same direction, the difference in 

their electronic properties is caused by the transition metal coordinating with porphyrin 

framework and the corresponding work-function is surface dependent. Another intrinsic 

electronic property is the d-band center (εd) of a material which determines the charge 

distribution and in turn the electrocatalytic activity. A system with lower work-function 

will require a smaller energy to activate the N2 molecule, and a correspondingly less 

negative d-band center will conform to possessing higher carrier density and availability 

of d-orbitals near the Fermi level. As such, systems with a lower work-function are 

optimal for stronger adsorption of N2 and less negative d-band center will enhance charge 

transfer to the N2 molecule which will further activate and weaken the strongly boded 

N≡N bond. It can be seen from Figure 8.1(b) that the surface electronic properties of Sc-

TCPP, Ti-TCPP, V-TCPP, Mn-TCPP and Fe-TCPP MOFs show these optimal conditions 

while the rest of the M-TCPP MOFs show a more negative d-band center and higher 

work-function. The anticipated trend in N2 adsorption and N-N bond activation from the 

surface electronic properties can be documented in the lighter transition metals Sc-TCPP, 

Ti-TCPP and V-TCPP MOFs as seen in Figure 8.1(c). The same cannot be inferred for 

Mn-TCPP and Fe-TCPP and their lower activity chemisorption efficiency can be 

correlated to the Bader charge transfer from the metal center to the adsorbed N2, provided 

in Table 8.2. Furthermore, when a correlation of the surface electronic properties is 

investigated to the N2 adsorption efficacy in terms of their free energy and the activated 

N-N bond lengths or the N-N bond strength; a stronger correlation could be observed to 

the order of N-N bond activation as seen in Figure 8.1(d) as compared to Figure 8.2(a-

b). The linear relationship is much more pronounced in the side-on modes of N2 

adsorption which is exothermic and feasible only in Sc-TCPP, Ti-TCPP and V-TCPP 

MOFs. In addition, the R2 values of linear fits for the work-function is higher than the d-

band center for all response properties observed: N2 Gibbs free energy of adsorption, N-
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N bond activation, N-N bond strength or bond order, charge transferred to the N atom 

adsorbed on M-TCPP MOFs (Figure 8.2). Thus, the work function which is only surface-

dependent can be expected to give a more reliable correlation to the catalytic properties 

of the M-TCPP MOFs as compared to the d-band center which is dependent to the range 

of band energy considered to calculate the average band center.  

 

 

Figure 8.2:  Linear correlation between the surface electronic properties to the (a) Gibbs 

free energies of N2 adsorption, (b) N-N bond order or bond strength of the adsorbed N2, 

(c) Bader charge of the metal, (d) Bader charge of the N-atom attached to the transition 

metal center of the M-TCPP MOFs. Solid lines represent the side-on mode of N2 

adsorption while the dotted lines represent the end-on mode.   
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Figure 8.3: Charge density difference, Projected Density of States and Crystal Orbital 

Hamiltonian Population (-pCOHP) of Ti-N pair when N2 is adsorbed in (a) side-on or 

perpendicular mode and (b) end-on or parallel mode. COHP calculations are carried out 

with LOBSTER software.38 

While the activation of N-N bond is subsequently brought about by charge transfer 

on the adsorbed N2 molecule, the side-on mode of N2 adsorption inspite of showing a 

larger N-N bond activation show a relatively lower charge transfer to the N-atoms, the 

vales of which are provided in Table 8.2. Further investigations into the nature of M-N 

and N-N interaction are explored with the Crystal Orbital Hamiltonian Population (-

pCOHP) of the M-N atom pair for the perpendicular/end-on and parallel/side-on modes 

of N2 adsorption. The covalent bonding and antibonding states are characterized by the 

positive and negative overlap population of the -pCOHP plots respectively. The positive 

or bonding contribution for the M-N atom pair in higher in Sc-TCPP, Ti-TCPP, V-TCPP 

and Fe-TCPP as compared to the rest of M-TCPP MOFs for the end-on mode of N2 

adsorption shown in Figure 8.3(a). The corresponding integral of the -pCOHP (IpCOHP) 

up to the Fermi level are provided in Table 8.2 with a more negative IpCOHP 

corresponding to stronger bonding in the atom pair considered. The IpCOHP values for 

the spin-up or spin-down states in the above mentioned four MOFs have been found to 

be more negative than the rest. Upon comparing the -pCOHP contributions and IpCOHP 



Chapter 8  PhD Thesis      
 

Maibam Ashakiran Devi  197 
 
 

values of the M-N pair for the side-on mode of N2 adsorption shown in Figure 8.3(b) to 

their side-on interaction mode, the covalent bonding contribution has been found to be 

lower and this explicates the lower charge in the end-on modes of N2 adsorption. 

Interestingly, the orbital contributions of the N-N bond pair, Figures 8.3(c-d) show a 

higher contribution of the negative or antibonding state, thus affirming the presence of 

electrons in the N2 antibonding states that influences N-N bond activation. As such, a 

positive or bonding orbital contribution in M-N atom pair and negative or antibonding 

contribution in N-N atom pair favours the activation of N≡N bond.  

 

8.3.2 NRR mechanism 

 

Figure 8.4: (a) ΔGmax (in eV) with potential rate determining steps for NRR on M-TCPP 

MOFs with respective colour codes for the different mechanistic routes shown by each 

system, (b-c) Enzymatic routes of NRR in Sc-TCPP and Ti-TCPP calculated under 

applied voltage of 0 V and onset limiting potentials of -0.70 V and -0.68 V respectively, 

(d) Consecutive route of NRR in V-TCPP calculated under applied voltage of 0 V and 

onset potential of -0.67 V, (e) Alternating route of NRR in Fe-TCPP calculated under 

applied voltage of 0 V and onset potential of -0.60 V. 

Subsequent investigations into mechanism of nitrogen reduction on the M-TCPP 

MOFs show the incidence of distal and alternating routes of NRR for end-on mode of N2 
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adsorption and enzymatic and consecutive routes for side-on mode of N2 adsorption. The 

enzymatic and route predominates the free energy profile of Sc-TCPP and Ti-TCPP with 

the last protonation step, *NH2→ *NH3 as the potential rate determining step (PDS) and 

the energy barrier of 0.70 eV and 0.68 eV, respectively. The preference of the enzymatic 

route in these two MOFs can be speculated from the higher stability of the *NxHy 

intermediates that are more exoergic as compared to its analogues in the distal, alternating 

or consecutive routes. Contrastingly, V-TCPP MOFs show an inclination towards a 

consecutive route for NRR with the first protonation step, *N2→ *N-*NH being the PDS 

with ΔGmax of 0.67 eV; despite the *NxHy intermediates in the distal route being more 

exoergic. The first protonation step in distal mode being highly endoergic (0.92 eV) 

becomes unfavourable and the energy barrier for NRR is lowered when the reduction 

proceeds via enzymatic or consecutive route. The rest of M-TCPP MOFs had earlier 

shown feasible side-on mode on N2 adsorption and the nitrogen reduction show an 

inclination towards following distal or alternating route of NRR. The first protonation 

step, *N2→ *N-NH is the rate determining step in the remaining M-TCPP MOFs with the 

precedence of the distal route of NRR in Cr-TCPP (1.36 eV) and Mn-TCPP (0.73 eV) 

while the alternating route predominates in Fe-TCPP (0.60 eV), Co-TCPP (1.70 eV), Ni-

TCPP (2.0 eV), Cu-TCPP (2.23 eV) and Zn-TCPP (2.16 eV). A summary of all 

mechanistic NRR routes and the potential rate determining step with ΔGmax values on all 

M-TCPP MOFs are shown in Figure 8.4(a). The candidate of interest with lower ΔGmax 

≤ 0.70 eV values are Sc-TCPP, Ti-TCPP, V-TCPP and Fe-TCPP MOFs with 

corresponding limiting potentials of -0.70 V, -0.68 V, -0.67 V and -0.60 V, respectively. 

Figures 8.4(b-e) show the free energy profiles of nitrogen reduction in Sc-TCPP, Ti-

TCPP, V-TCPP and Fe-TCPP via the most efficient routes and the reaction becomes 

feasible with each protonation steps being exoergic under an applied onset potential 

equivalent to the respective limiting potentials, thereby inferring these MOFs can be 

implemented as electrocatalysts for NRR. 
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8.3.3 NRR electrocatalytic activity and selectivity 

 

Figure 8.5: Linear correlation between (a) the limiting energy barrier for NRR, ΔGmax  to 

surface electronic properties – work function and d-band center, (b) Average Bader 

charge on adsorbed N2 to ΔGmax and N-N bond order or bond strength, (c) NRR vs HER 

selectivity plot of the M-TCPP MOFs with lower limiting potentials. 

Following the investigations on the NRR reaction mechanism and the potential rate 

determining energy barrier on the M-TCPP MOFs, a correlation between the energy 

barrier for nitrogen reduction is probed to the electronic and response properties of the 

MOFs. A linear relationship has been observed between ΔGmax and the surface electronic 

properties as seen in Figure 8.5(a). The R2 value of the work-function is higher than that 

of the d-band center, thereby signifying a stronger correlation of the energy barrier to the 

work function and the positive slope infers to a proportional relationship between the two, 

as such the MOFs with a lower value of work function also show a lower energy barrier.  

As the optimal mechanistic NRR routes for Sc-TCPP, Ti-TCPP and V-TCPP MOFs 

emanate from the side-on mode of N2 adsorption, while for the remaining M-TCPP MOFs 
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is derived from the end-on mode of N2 adsorption. Thereby, a correlation of the charge 

transferred on the adsorbed N2 is then accounted to the ΔGmax attributed from the optimal 

N2 adsorption that leads to lower energy barrier for nitrogen reduction and N-N bond 

order, which accounts for the strength of the N-N bond, in Figure 8.5(b). A better fit can 

be observed when the bond order on N2 is considered as a determining response property 

and the positive slope further ratifies that a larger charge gain on the adsorbed N2 

corresponds to smaller N-N bond order or activated N-N bond.  The same can be seen 

wherein ΔGmax shows a linear relationship to the average Bader charge on the N-atoms. 

This linear relationship facilitates the surface electronic properties, N-N bond strength 

and Bader charge as fundamental parameters in determining the rate determining potential 

for metalloporphyrin MOFs with 3d-transition metals. The theoretical  NRR Faraday 

efficiency of the M-TCPP MOFs with lower limiting potentials as evaluated using the 

Boltzmann distribution function,39 𝑓𝑁𝑅𝑅 =
1

[1+𝑒𝑥𝑝−(
∆𝐺𝑁𝑅𝑅−∆𝐺𝐻𝐸𝑅

𝑘𝐵𝑇
)]

 × 100%  at room 

temperature have been found to be 100%, thereby inferring high selectivity of NRR over 

the competing HER. However, Fe-TCPP MOF tends to show an increasing occurrence of 

HER under onset-potential of -0.3 V to -0.5 V in 0.1 M HCl (aqueous) electrolyte, as 

confirmed by Cong and co-workers. This corroborates to our finding of Fe-TCPP MOF 

with NRR limiting potential of -0.60 V and overpotential of -0.44 V showing a higher 

selectivity towards HER in Figure 8.5(c). However, Sc-TCPP and Ti-TCPP MOFs 

despite showing slightly higher NRR limiting potentials, -0.70 V and -0.68 V, 

respectively show a higher NRR selectivity and 100% theoretical Faradaic efficiency.  
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Figure 8.6: Free energy diagram of (a) enzymatic NRR on Ti-TCPP and (b) alternating 

NRR on Fe-TCPP without and with water solvent, with the corresponding ΔGmax in water 

solvent highlighted in red. Average Bader charge on N-atoms of *NxHy intermediates and 

N-N bond order for (c) enzymatic NRR on Ti-TCPP and (d) alternating NRR on Fe-TCPP 

MOF. 

 An interesting outlook can be accounted on the NRR performance of Sc-TCPP, Ti-

TCPP, V-TCPP and Fe-TCPP MOFs in the presence of water solvent. The adsorption of 

N2 in a polar solvent is expected to be endoergic as the molecule is non-polar, and the 

same is established with a less negative free energy of its adsorption energy in water for 

all foru MOF systems ad seen in Figures 8.6(a-b). Nonetheless, the protonated *NxHy 

intermediates possess dipole moments and their formation should be exoergic in water 

solvent as compared to their free energy of formation in vacuum. However, the 

hydrophobic nature of the porphyrin components in the metalloporphyrin MOFs masks 

the hydrophilic contribution of the *NxHy intermediates. This limited stabilisation of the 

*NxHy intermediates aids in lowering the energy barrier of the rate determining first and 
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last protonation steps, *N2→ *N2H and *NH2→ *NH3, as shown in Figure 8.6(a) and 

8.6(b) for Ti-TCPP and Fe-TCPP MOFs respectively As such, the NRR limiting potential 

on Sc-TCPP, Ti-TCPP, V-TCPP and Fe-TCPP MOFs are seen to reduce to -0.50 V, -0.35 

V, -0.51 V and -0.45 V, respectively. Furthermore, an analysis of the average Bader 

charge on the N-atoms of the *NxHy intermediates in water solvent exhibited an increase 

in the charge gained on the N-atoms as compared to the vacuum state, as seen in Figure 

8.6(c-d) for Ti-TCPP and Fe-TCPP MOF. This enhanced charge transfer on the N-atoms 

explains the lowering of NRR limiting potential in water solvent. While a significant 

increase in the N-N bond order cannot be observed in water solvent, the presence of 

solvent leads to the stabilisation of the more dissociated N-N bond can be observed in 

Figure 8.6(c) on Ti-TCPP MOF as the N-N bond order gradually decreases to zero in the 

*NH2-*NH2 species.  Henceforth, with a higher NRR performance in water solvent and 

exclusive selectivity for NRR, Ti-TCPP MOF can be recommended as a highly efficient 

electrocatalyst for nitrogen reduction reaction. 

8.4 Conclusion 

In summary, DFT investigation has been carried out to understand the surface 

electronic properties of two-dimensional M-TCPP MOFs with the change in transition 

metal center in the metalloporphyrin unit. Economically viable and earth abundant 3d-

tanstion metals are influential in enhancing the stability and catalytic properties of M-

TCPP MOFs. The surface-dependent work function ca be implemented as a reliable 

correlation to the catalytic properties of the M-TCPP MOFs as compared to the electronic 

properties. Orbital population (-pCOHP) analysis emphasizes the higher contribution of 

the positive or bonding state in M-N bond and negative or antibonding state in N-N bond 

are essential for N-N bond activation. Furthermore, a linear relationship between ΔGmax 

and surface electronic properties, N-N bond strength and Bader charge is fundamental in 

determining the rate determining potential for NRR in M-TCPP MOFs. Upon employing 

the fundamental parameter, NRR selective Ti-TCPP MOF with a limiting potential of -

0.35 V in water solvent has been proposed as an attractive candidate for eNRR.  Overall, 

this study offers insights on the stability, catalytic activity and selectivity of 2D M-TCPP 
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MOFs with approaches to incorporate parameters influential in determining energy 

barrier to inspire further research on sustainable electrocatalysts for feasible ambient 

ammonia production.   
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Chapter 9 

   
Summary and  

Future Scope  
 

This chapter discusses the outcomes and findings of the computational studies performed 

from Chapters 3 to 8 on different 2D materials in the thesis. An additional perspective 

on the future of this research is also presented in this chapter.  
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9.1 Focus of the thesis 

The present-day ammonia synthesis is carried out through the Bosch-Haber’s process 

or steam reforming process, both of which requires a high amount of energy. Ammonia 

synthesis sucks upto 6% of the world’s total energy and releasing 451 million metric tonnes 

of CO2 during the process. Its carbon footprint goes well above the energy demand and is 

certainly a cause of concern. While industries face the bottleneck of huge energy demand and 

carbon footprint; nature, interestingly, produces ammonia very efficiently with the help of 

enzymes at ambient condition. Few research groups work on experimental studies to develop 

new organometallic compounds and metal catalysts that are efficient catalyst for nitrogen 

reduction. One way to reduce the depleting metal reserves is to make each and every atom 

active and this idea has been implemented by introducing them as atomic catalyst centers with 

cheaper and efficient substrates, one such being 2D materials, to hold the single atom sites is 

the focus of this thesis.  Implementing the idea of 2D surfaces, which has a large delocalised 

electron density to act as an electron reservoir to the active single atom sites, this electron rich 

system has been explored to study N2 activation. However, considering the cost of developing 

these compounds experimentally, computational scanning and analysis will help in reducing 

the cost of materials and metal loss. A thermochemical model of the proposed catalysts has 

been implemented using Density Functional Theory (DFT) with benchmarked electronic 

representation. The thermochemical calculations adopted in this thesis include calculating the 

enthalpic parameters and incorporating the computational hydrogen electrode (CHE) method 

for prospective 2D materials that can be explored as electrocatalysts. The CHE model 

developed based the one-electron hydrogen revolution reaction (HER), despite its simplicity 

and undermining reaction kinetics and applied potential that are crucial for multistep 

reactions, is successful in identifying electrocatalysts and rate limiting step. The instance 

where CHE model has been found to predict the same NRR pathway and rate determining 

step when compared to electrochemical solid–liquid interface model that incorporated 

reaction intermediates in solvent and applied potential validates the methodology adopted in 

the thesis.1  
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An inherent modulation in the electronic nature of 2D materials can be brought about 

when atomic metal and non-metal centers when anchored or embedded on it. The catalytic 

activity of the materials can be augmented via this practice and the atomic dopants/defects 

that can work selectively on almost all 2D materials need to investigated. The most commonly 

and actively implemented atomic catalysts that can be integrated into 2D materials are the 

transition metal single atom catalysts (SACs). However, the use of non-metal atomic centers 

is much more attractive considering the future of ammonia economy and obtaining sustainable 

goals. A stark improvement in the NRR performance can be investigated theoretically by 

investigating the Gibbs free energy of the limiting step of NRR. Additionally, a correlation 

between charge transfer from the catalytic centre and nitrogen reduction efficacy is one aspect 

of paramount importance that can be explored. This opens a new window for understanding 

the origin of the electrocatalytic properties of non-metals atoms, in particular, on the 2D 

materials and their role in nitrogen fixation, which can help experimentalists to a great extent 

in the design and fabrication of doped 2D materials for sustainable ammonia production. 

Moving towards a sustainable goal, the research has been framed on exploring experimentally 

procurable, earth-abundant, low cost, stable and efficient NRR electrocatalysts by tuning the 

properties through synergistic enhancement on different phases and active to bring down the 

NRR overpotential. 

 

9.2 Summary of results 

 The activity of metal single atom catalyst (SAC), Mo anchored on pristine and BN-

doped graphene sheets and nanoflakes have been studied for dinitrogen activation. This study 

carried out with the use of two different methodologies and electronic description is further 

extended on several metal SACs that possess enormous potential for nitrogen activation. The 

association between the electronic nature and activity of the metal SACs are made via Fukui 

and Multiphilic descriptors and a reusable V-BNring-grap catalyst had been found to reduce 

nitrogen to ammonia. This study has been extended on the most earth abundant element 

aluminium anchored as single atom catalysts or clusters and a trade-off can be achieved when 

researchers aim for scalable and sustainable catalyst for ammonia production with smaller 

clusters of Al on nitrogen-doped graphene. The results from the above studies highlights the 
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need to shift towards electrocatalysis and explore the challenges of electrocatalytic nitrogen 

reduction reaction (eNRR) on a highly conducting 2D material, MXenes with a very high 

efficiency to reduce nitrogen to ammonia with an overpotential of 0.41 eV. It then brings us 

to an inexpensive material of high electrical conductivity with prospects for application in 

eNRR, vanadium dichalcogenides, VX2. This most recent work on two different phases of 

VX2 that exhibits different electronic and magnetic properties and the synergistic nature of 

non-metal dopants on these two phases which govern the reduction of nitrogen. It has been 

found that boron and carbon atoms when doped on 2H and 1T phases, respectively, of VS2 

monolayer to synergistically enhance their electrocatalytic properties and produce ammonia 

at limiting potentials as low as 0.22 eV and 0.42 eV, respectively. The final aspect of this 

thesis investigates the ammonia production efficacy of a family of porous material which are 

relatively easier to synthesize, 2D paddle-wheel MOFs studied with different earth-abundant 

metal centers. Fe-based 2D-MOF in non-aqueous condition and Ti-based MOF has been 

predicted as excellent electrocatalysts for NRR at ambient aqueous condition. The outcomes 

on different 2D materials from this thesis has been summarised in Table 9.1 below, 

Table 9.1: Summary of the research finding from different 2D material catalysts (in different 

chapters) considered in this thesis. 

Chapter 2D-catalyst Key findings 

3 Mo-CBN-grap  

 

1. N-N bond activation in N2 is a local site activity. 

2. Size and edge orientation of graphene does not 

influence N2 activation.   

3. N2 bond elongation by 9% (1.21 Å) on the catalyst.  

Maibam, A. et. al, J. Phys. Chem. C, 2019, 123, 27492−27500. 

4 V-BNring-grap 1. Description of atomic orbitals is critical for metal 

single atom centers. 

2. Role of electronic descriptors in deciphering the 

catalytic activity. 

3. Recyclable catalyst that shows N-N bond elongation 

by 11% (1.23Å) with ΔGNRR ≤ 1.24 eV.      

Maibam, A. et. al, J. Colloid Interface Sci., 2021, 600, 480-491. 
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5 Al5@N4-DVG 1. Comparison of single atom catalyst to metal cluster 

catalyst.  

2. Stabilization of atomic clusters and ΔGNRR = 0.78 eV. 

3. Trade-off between NRR performance and cost of metal 

catalysts. 

Maibam, A. et. al, Applied Surface Science., 2023, 623, 157024. 

6 BSAC@Mo2C-Movac 1. Incorporation of boron atomic catalyst on defective 2D 

material. 

2. ΔGNRR = 0.57 eV and role of p-band center in 

deciphering catalytic activity.   

Maibam, A. et. al, Mater. Adv., 2022, 3, 592-598. 

7 2H-VS2@B 1. Mon-metallic dopants on 1T and 2H dichalcogenides 

of vanadium. 

2. ΔGNRR = 0.22 eV and electron “donation–acceptor” 

between B-dopant and N2. 

3. Thermodynai favourability of product, NH3 formation 

is decisive in directing NRR. 

 Maibam, A. et. al, Applied Surface Science, 2022, 602, 154401 

8 Ti-TCPP  1. Biocompatible porphyrin-based catalyst with 

stabilised metal centers. 

2. Ti-TCPP showing ΔGNRR = 0.35 eV in aqueous solvent 

and an attractive NRR electrocatalyst. 

 

9.3 Future scope 

Academically, this research would open a new door towards 2D-materials as catalysts 

for one of the most energy intensive chemical process and understanding the factors involved 

in ammonia production. The electronic properties can be designated as parameters crucial for 

N2 activation and reduction. Other parameters include the surface electronic properties of the 

2D materials that can be pre-screened before the material is subjected to N2 reduction. NRR 

being a six-electron transfer process, the electronic state of the intermediates is crucial for 
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driving the reduction process.  While all these parameters can be incorporated into machine 

learning modules to predict the optimal next generation catalysts for NRR; the same approach 

can be implemented in other multi-electron transfer processes such as CO2 reduction reaction 

and NOx reduction reaction. It is important to note that this approach of employing the 

thermodynamic parameter - enthalpy is a conventional method to describe the NRR activity 

of the chemically modified 2D materials in their most stable state for an ideal scenario with 

an implicit solvent media taken into account. In an experimental setting, the reaction is not 

static and the kinetics of reactants, intermediates and products in the reaction media play a 

crucial role in driving the rate limiting potentials discussed in the thesis. This limitation has 

not been addressed in the thesis and the kinetic factors need to be addressed as prospects as 

we move forward with NRR. As such, microkinetic modelling of the reaction intermediates 

can be adopted for nitrogen reduction reaction to inculcate the kinetic parameters and the 

equilibrium rate constant of the reaction via the transition state theory.2,3  As we move ahead 

to mimic experimental conditions, there is also a need to incorporate the solvent media and 

applied potential in understanding the mechanism and kinetics of NRR; therefore, a 

combination of density functional theory with statistical model, i.e., grand canonical ensemble 

(GCE) can be implemented to incorporate the kinetic factors incited by the solvent media or 

reaction intermediates. under a constant potential.4-6 The GCE model with DFT which give a 

comprehensive NRR mechanism inclusive of thermodynamic, kinetic and electrochemical 

factors will be the prospective advancement from the work done in this thesis.  

The experimental relevance of the proposed 2D materials and computational results in 

this thesis is yet to be validated and the electrochemical parameters presented in this thesis 

being atomic or micro-properties cannot be transferred in an experimental setting.  

Furthermore, the 2D models discussed in this thesis are of one-atom layer thickness or 

monolayer sheets; in experimental conditions these 2D sheets will need a scaffold for support 

and the dynamic experimental conditions, such as – electrolyte, pH, solvent and applied 

potential, are ignored or approximated as implicit addendums. This raises a disparity in the 

quantitative values of the rate limiting potentials between the experiments and computational 

results as observed in several recent research works.7-9 Rather, a qualitative trend of the 

computational results and the experimental data are usually used to verify the higher activity 
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of any catalyst explored by experimentalists; therefore, further theoretical exploration is 

required to obtain a more accurate description of the experimental conditions.   

On an industrial scale, insights from this thesis plan will help in designing energy 

efficient materials oriented for ammonia production and storage. Considering the importance 

of commercially pragmatic materials, a trade-off or choice can be made for selecting a material 

that shows moderate NRR performance, but shows show scalability and recyclability in term 

of their usage. Ammonia is more competitive than H2 due to its high volumetric energy 

density; when this stored ammonia is released and employed in ammonia-based fuel cells, it 

can serve as an approach to solve the demanding problems on energy shortage.  
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Sustainable methods of ammonia production need to be explored with increasing concentration of CO2 and 

the Bosch-Haber’s method being a high carbon footprint process being a highly energy-intensive with a 

carbon footprint. It is eminent that sustainable methods and materials for ammonia production need to be 

explored and computational tools can be implemented for catalyst design and establishing large scale 

ammonia synthesis from N2 under mild conditions. Chemical insights from molecular orbitals of N2 molecule 

has been adopted to design its activation and N-N bond can be activated by introducing electrons into the 

empty anti-bonding orbitals. In this context, two-dimensional (2D) materials can be exploited as electron 

reservoirs and the electrons can be tapped and directed to the anti-bonding orbital of N2 through metallic or 

non-metallic single atom catalyst (SAC) or catalytic centres introduced as surface modifications on the 2D 

surface. The nature of catalysis on Mo-metal single atom catalyst (Mo-SAC) anchored on heteroatom doped 

graphene substrate of different sizes and edge orientations has been confirmed to be a local site activity. More 

importantly, the quantitative catalytic efficiency of one metal over the other is highly influenced by the 

description of the atomic orbitals. However, a qualitative trend in the catalytic nature of different metals can 

be investigated through the use of non-commercial academically licensed computational software. Further 

investigation on possible catalytic centers on graphene led to incorporating Al-metal clusters, with a 

significant reduction in NRR performance.  

The catalytic efficiency of two electrically conductive 2D materials–Mo2C and vanadium dichalcogenides 

(VX2) are further studied and the conductive nature of these 2D substrates enhances the process of electron 

transfer from the catalyst. Non-metal atomic center, boron when introduced as adatom on defective Mo2C 

improves NRR performance to 0.57 eV and the same non-metallic boron atom center when introduced as a 

substitutional dopant on 2H-phase of VS2 shows a further reduction in NRR performance to 0.22 eV.  Moving 

forward with the goal of obtaining commercially viable catalysts that do not involve tedious and sophisticated 

synthesis protocols that are mandatory for the above-mentioned materials, we have studied porous 

coordination compounds that can be achieved via reticular synthesis. Two-dimensional metal organic 

framework (MOF) comprised of porphyrin ligands and early transition metals are investigated for ammonia 

production at ambient aqueous condition, and Ti-based porphyrin MOF is being proposed as an active 

electrocatalyst for NRR with limiting energy barrier of 0.35 eV in aqueous solvent. Besides exploration on 

different 2D materials for N2 reduction to NH3, we have also put emphasis on studying the correlation 

between electronic properties of the catalysts and their NRR performance. The notable properties are band-

centers, work function, atomic charges, density of states and free energy differences of NRR intermediates. 

These properties have been found to satisfactorily correspond to NRR performance thereby establishing them 

as universal parameters for developing novel catalysts.  

This Ph.D. thesis focuses on the development of experimentally feasible sustainable 2D material with earth 

abundant and economically viable metal and non-metal active centers. The goal of this research is to develop 

an active, low cost, stable and efficient electrocatalyst for NRR via an exhaustive computational study. 
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Abstract 

Research in catalysis has shifted towards Single Atom Catalysts (SACs) to overcome 

the growing cost of metals, by making each site available for the reaction while not 

compromising with the activity. Also, the issue of self-agglomeration in SACs can be 

easily avoided if the metal SACs are anchored on suitable two-dimensional (2D) 

materials. When metal Single Atom Catalysts (SACs) are anchored on a 2D material 

with delocalized electron density; the debate is whether the catalysis is driven by the 

metal, the surface or the system altogether. All the while, catalysis on a 2D material 

has generally been treated as a surface phenomenon under the conjecture that the 
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delocalized electron density is the driving force. To understand the contributing 

factors of catalysis on such systems, a case study of dinitrogen (N2) activation on metal 

SACs anchored graphene has been made by employing periodic and finite models of 

graphene. The study highlights that different metal centres when coupled with 2D 

materials show varying catalytic nature, i.e., local activity or surface activity. 
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Abstract 

Sustainable reduction of nitrogen to ammonia with minimal energy feed is achieved 

by assimilating the inherent electronic and reactive nature of Single Atom Catalysts 

(SACs) on heteroatom doped-graphene and tailoring SAC@graphene for N2 

reduction. A full-scale DFT study accounting for disparate descriptions of atomic 

orbitals and representation of support, has been carried out to identify the most active 

and recyclable SAC/B-graphene composite as catalyst for Nitrogen Reduction 

Reaction (NRR). Non-periodic DFT have been implemented to give the factual details 

of metal SACs and highlight their catalytic activity. The periodic paradigm gives a 

better understanding of the surface phenomena and the influence of delocalized 

electron density for catalysis. Accounting the pros and cons of both methodologies, 
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along with the implementation of Dual and Multiphilic descriptors, the reactivity 

pattern of six different metal SACs V, Fe, Ni, Ru, W and Re are derived on pristine 

and BN-pair doped graphene supports. Vanadium SAC, a relatively cheaper metal, 

anchored on BNring-graphene with an energy barrier of < 1.24 eV as a highly active 

and recyclable catalyst for NRR. 
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Abstract 

The electrocatalytic mode of nitrogen fixation is an attractive route to its efficiency 

and environment friendly nature. Abundant and metal-free boron atom catalysts 

anchored on pristine and defective Mo2C based monolayers have been explored as 

electrocatalysts for nitrogen reduction reaction (NRR) through first principles 

simulations. Single boron atom catalysts on the defective Mo2C monolayer with a Mo-

atom vacancy (referred as BSAC@Mo2C-Movac) was found to show a very high N2 

adsorption energy of -1.92 eV and significantly low overpotential of 0.41 eV for 

nitrogen reduction to NH3 along the distal pathway. The low NRR overpotential on 

BSAC@Mo2C-Movac can be accounted to less positively charged B-atom along with an 

exergonic adsorption of N2. Further, for the first time a correlation between the B p-
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band center in the BSAC@Mo2C catalysts and the NRR catalytic efficiency is revealed 

by our calculations. This understanding provides new insights into the rational design 

of transition metal free centers like boron as future electrocatalysts for efficient 

ammonia production. 
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Abstract 

Commercial ammonia production with the Bosch-Haber’s process is highly energy-

intensive with a carbon footprint. It is eminent that sustainable methods and materials 

for ammonia production need to be explored and computational tools can be 

implemented for catalyst design and establishing large scale ammonia synthesis from 

N2 under mild conditions. Chemical insights from molecular orbitals of N2 molecule 

has been adopted to design its activation and N-N bond can be activated by introducing 

electrons into the empty anti-bonding orbitals. In this context, two-dimensional (2D) 

materials can be exploited as electron reservoirs and the electrons can be tapped and 

directed to the anti-bonding orbital of N2 through metallic or non-metallic single atom 

catalyst (SAC) or catalytic centres introduced as surface modifications on the 2D 

surface. DFT driven analysis on metal anchored graphene successfully showed N2 

activation and reduction with the utilization of each metal site, thereby reducing the 
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stress on depleting metal reserves. N-N bond activation and efficacity of N2 

chemisorption have been implemented as two crucial factors to scour the catalytic 

nature of the materials for nitrogen reduction.  With a limiting potential of 1.24 eV for 

nitrogen reduction, the metal SAC anchored graphene has been found to be a 

recyclable catalyst capable of ammonia fixation under mild temperature and pressure. 

Electrocatalytic nitrogen reduction reaction (eNRR), being an environment friendly 

approach to ammonia fixation, the investigations on electrically conducting 2D 

materials coupled with non-metal catalytic centers or dopants led to efficient nitrogen 

reduction. These materials brought about ammonia fixation through an augmented 

electron transfer (i.e., donation) from the non-metal@2D material to N2 molecule, 

which is then followed by back-donation from N2. DFT study on non-metals anchored 

Mo2C (MXenes) showed higher NRR performance when the non-metals are more 

electron rich. In particular, a lower limiting potential of 0.57 eV was found on boron 

anchored Mo2C with surface modification on the 2D surface. Another computational 

study on vanadium dichalcogenides, an inexpensive material of high electrical 

conductivity with tunable magnetic properties, demonstrated high performance for 

electrocatalytic nitrogen fixation. Doping non-metals on the basal plane of vanadium 

dichalcogenides led to synergistic enhancement of nitrogen activation and reduction. 

2H-VS2@B has been reported with a record low overpotential of 0.06 eV with higher 

selectivity from reported vanadium dichalcogenides.  
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Abstract 

The prospect of nitrogen fixation under ambient conditions mandates the 

materialization of active, low cost, stable, earth-abundant and efficient hetero- and 

electro-catalysts.  for artificial ammonia fixation. Computational study on vanadium 

dichalcogenides, an inexpensive material of high electrical conductivity with tunable 

magnetic properties, demonstrated high performance for electrocatalytic nitrogen 

fixation. Doping non-metals on the basal plane of vanadium dichalcogenides led to 

synergistic enhancement of nitrogen activation and reduction. The study highlights the 

cruciality of N-N bond activation and efficacity of N2 chemisorption in tuning the 

electronic and catalytic nature of the materials.  Detailed investigation on the nitrogen 

reduction mechanism brings out the pivotal role of thermodynamic favourability for 

product formation obtained from Gibbs free energy differences. The charge transfer 

on adsorbed N2 and electron “donor–acceptor” mechanism between the catalytic 

center and N2 has been found to modulate the electrocatalytic barrier for nitrogen 

fixation. 2H-VS2@B has been reported with a record low overpotential of 0.06 eV 

with higher selectivity from reported vanadium dichalcogenides.  
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Abstract 

Sustainable large scale ammonia production from N2 under mild conditions has been 

explored through catalyst design with computational tools. Two-dimensional (2D) 

materials are exploited as electron reservoirs which are directed to the anti-bonding 

orbital of N2 through metallic or non-metallic single atom catalyst (SAC) or catalytic 

centres introduced as surface modifications. Density Functional Theory (DFT) study 

implemented with N-N bond activation and N2 chemisorption as two crucial factors 

showed metal SAC anchored graphene to be a recyclable heterocatalyst capable of 

ammonia fixation under mild temperature and pressure with an energy barrier of 1.2 

eV. Another environment friendly approach to ammonia fixation is the electrocatalytic 

nitrogen reduction reaction (eNRR), and investigations on electrically conducting 2D 

materials (Mo2C and VX2) coupled with non-metal catalytic centers or dopants has led 

to efficient nitrogen reduction. These materials brought about ammonia fixation 

through an augmented electron transfer (i.e., donation) from the non-metal@2D 

material, which is then followed by back-donation from N2. Boron anchored Mo2C 

(MXenes) showed high NRR performance with a lower limiting potential of 0.57 eV, 

while boron doped VX2 demonstrated higher performance with a record low 

overpotential of 0.06 eV and selectivity from reported vanadium dichalcogenides. This 

research highlights the aspect of implementing earth abundant metals and non-metals 

on several 2D materials to develop an active, low cost, stable and efficient 

electrocatalyst for NRR via an exhaustive DFT study. 



Dinitrogen Activation on Graphene Anchored Single Atom
Catalysts: Local Site Activity or Surface Phenomena
Ashakiran Maibam,†,§ Thillai Govindaraja,‡ Kaliaperumal Selvaraj,‡,§ and Sailaja Krishnamurty*,†,§

†Physical Chemistry Division, CSIR-National Chemical Laboratory, Pune 411 008, India
‡Nano and Computational Materials Lab, Catalysis Division, CSIR-National Chemical Laboratory, Pune 411 008, India
§Academy of Scientific and Innovative Research, CSIR-Human Resource Development Centre (CSIR-HRDC) Campus, Postal Staff
College area, Gaziabad, 201 002 Uttar Pradesh, India

*S Supporting Information

ABSTRACT: Catalysis on two-dimensional (2D) substrates
with metal clusters or centers is generally dealt with as a
surface phenomenon under the conjecture that the delocalized
electron density is the driving force. When single atom
catalysts (SACs) are anchored on such materials with
delocalized electron density, for instance graphene, the
stimulant for catalysis may be either the d-electrons on the
metal or the system altogether. To understand the
contributing factors of catalysis on such systems, a case
study of dinitrogen (N2) activation on Mo anchored graphene
has been made by employing periodic and finite models of
graphene. The periodic model represents a continuum of
SACs anchored periodically on graphene, while the finite models are graphene nanoflakes of varying sizes and edge orientations.
In addition to the physical aspects, such as size/finiteness of graphene, the influence of varying chemical compositions of the
substrate on the activity is also evaluated by doping graphene with different B and N concentrations. This study, while clearly
bringing out the connotation of regulating atomic composition of graphene substrate for dinitrogen activation, also surprisingly
unveils the relative insignificance of varying the size and edge effects of the substrate. These features are highlighted through an
analysis of red shift in the N−N stretching frequency, charge transfer to dinitrogen from the catalytic system, and structural and
electronic characteristics of the catalytic system. The total and projected density of states plots reveal hybridization between the
metal d orbitals and the p orbitals of carbon and nitrogen in the valence band. On the other hand, the frontier molecular orbital
analysis also depicts a strong chemisorption of dinitrogen with the metal−graphene supports on account of direct hybridization
between the d orbitals of the supported metal atom and the p orbitals of dinitrogen. The Bader and Löwdin charge distribution
on the adsorbed dinitrogen in periodic and finite models shows the preeminence of local site over the surface activity.

■ INTRODUCTION

N2 fixation and activation is essential for the sustenance of life.
Although N2 is the most abundant constituent in air, its
fixation and activation is a highly endothermic process on
account of its triple bond, thus making it a nearly inert gas. Up
to this date, the most efficient chemical reduction of N2 is
through the well-known Haber-Bosch process which involves
chemical transformation of N2 to NH3 using an iron oxide,
Fe3O4, catalyst in the presence of hydrogen under extremely
harsh conditions of about 400 °C and 200 atm.1 On the other
hand, naturally occurring nitrogenase enzyme secreted by
prokaryotic organisms found in the root nodules of plants
complete this task under mild conditions without utilizing
gaseous hydrogen.2−4 Research has shown that biological N2
fixation occurs under ambient conditions and that the active
sites are rich in Fe and S and, additionally, contain Mo or V
atoms.5,6 However, the detailed mechanism of N2 reduction by
these enzymes remains elusive.6 As a consequence, finding an
ambient catalyst for the N2 reduction is a challenge for the

organometallic chemists. Intuitively, N2 fixation and its
dissociation require an efficient catalytic center coupled to an
electron reservoir.
Metal clusters in the nano regime offer promise in this

context on account of their quantum confinement of electrons.
Few research works have explored the potential of simple
inorganic metal clusters for N2 activation using experimental
and theoretical approaches.7−11 Notable among them is a work
by Fielicke and co-workers,7 where N2 activation on neutral Ru
clusters is evaluated using infrared-multiphoton dissociation
(IR-MPD). Other transition metal catalysts have also been
reported, Ohki et al. in an experimental work showed Mo−Ti−
S cluster elongates the N−N bond up to 1.294 Å, and the
active site for the catalyst is titanium (Ti).8 In another work,
Roy et al.9 have demonstrated dinitrogen activation on solid

Received: July 16, 2019
Revised: October 21, 2019
Published: October 28, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 27492−27500

© 2019 American Chemical Society 27492 DOI: 10.1021/acs.jpcc.9b06757
J. Phys. Chem. C 2019, 123, 27492−27500

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 C
H

E
M

IC
A

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
Ja

nu
ar

y 
25

, 2
02

0 
at

 0
5:

44
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b06757
http://dx.doi.org/10.1021/acs.jpcc.9b06757


Lin (2 < n < 8) clusters, with the N−N bond stretching
frequency red-shifted up to 810 cm−1. The work also
demonstrated that even a small metal cluster, such as Li8,
has the potential to split the N−N bond completely in an
exothermic process. Among the metal clusters, Al clusters are
the most notable ones that have been studied for N2 activation.
Jarrold and co-workers,10 using concerted experimental and
theoretical methods, reported for the first time that Al clusters
with 44 and 100 atoms lower the activation energy of the N2
molecule by nearly 1 eV at high temperatures. In another work,
the same group has demonstrated that the structure and size of
the cluster have implications on the N2 activation potential.11

Studies on the reaction trajectories have demonstrated that
high energy conformations of the Al clusters show a lower
activation barrier toward dinitrogen.12 However, the potential
of the high energy conformations to be present at ambient
conditions is relatively low. Thus, doping a ground state cluster
is a more practical design of catalyst for N2 activation. Along
these lines, theoretical studies have shown that silicon- and
phosphorus-doped aluminum clusters demonstrate increased
activation as compared to their pristine ground-state counter-
parts.13

With the growing cost of the metals, exploring alternative
catalysts such as metal-free or single-atom catalysts (SACs) is
the need of the hour. Metal-free catalysts include frustrated
Lewis pairs14 that form iminium complexes upon reaction with
N2, polymeric carbon nitride electrocatalyst,15 and edges of 2D
boron nitride (BN)16 surfaces. SACs anchored on suitable
supports, on the other hand, considerably bring down the
usage of metals by making each site available for the reaction
while not compromising with the activity. In this context, there
are several 2D materials that can be exploited as electron
reservoirs when embedded with metal active centers. A well-
crafted 2D material support with an active metal center has an
enormous potential to adsorb the N2 molecule and activate it.

2D material supports reported so far with a high N2 fixation
potential include graphene, Mo-doped BN nanosheet materi-
als, BiOBr nanosheets, and boron anti-sites on BN nano-
tubes.17−20 Among them, graphene is an attractive one and has
always been tapped as a support in reactions such as water
splitting,21 hydrogen evolution reaction,22 and so on.
Experimentally, few research groups have applied graphene-
based materials as catalysts toward N2 fixation.

23,24

In comparison to the experimental explorations, there are
more theoretical works toward exploring the potential of
graphene-based nanomaterials as catalysts/support materials
for N2 fixation. Using Density Functional Theory (DFT)-based
methodologies, Le and co-workers demonstrated that doping
graphene with Mo/N can lead to the successful dissociation of
the N2 molecule.25 In another work, Li and co-workers
reported an activation of the N2 molecule up to nearly 2.5 Å on
FeN3-embedded graphene, wherein nitrogen atoms act as
anchors, while iron is the active center.26 Kumar et al. more
recently have demonstrated the catalytic role of the BN-doped
graphene substrate for N2 activation on aluminum clusters.27

Another interesting property of graphene is a higher
reactivity when scissored to smaller sizes of the order of tens
of nanometers (90 nm).28,29 On scissoring, the electronic as
well as magnetic properties are seen to differ with respect to
size and edge effect.30,31 Depending on the orientation of the
edges, graphene nanoflakes can have two types of edges,
namely, armchair and zigzag. A DFT study carried out by
Nazrulla et al. on different graphene nanoflake sizes reported
that, given a spin state and nanoflake size, the armchair isomer
is more reactive than the zigzag isomer.32 An intensive study
carried out by Yu et al. on graphene sheets to explore the
reactive carbon edge responsible for oxygen reduction reaction
(ORR) predicted the armchair edge to more active than the
zigzag edge.33 Another work by Owens showed a gradual
decrease in the band gap with the increase in chain length of

Figure 1. Graphene models considered in this study as supports to SAC: (a) A periodic graphene sheet with 50 atoms in a cell; (b) 42 atom
graphene nanoflake with zigzag edges (C42-zz); (c) 42 atom graphene nanoflake with armchair edges (C42-ac); (d) 54 atom graphene nanoflake
with zigzag edges (C54-zz); (e) 54 atom graphene nanoflake with armchair edges (C54-ac). Elemental color codes: gray, carbon (C); teal, hydrogen
(H).
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both armchair and zigzag graphene isomers.34 Inherently, the
zigzag isomers demonstrated a higher gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) in the case of
nanoflakes with odd electrons with respect to the ones with
an even number of electrons. In short, the band gap and,
henceforth, reactivity would change upon tweaking the edge
orientation, chain length, and number of electrons in these
graphene nanoflakes. Further changes in the reactivity can be
brought about by introducing defect sites and dopant atoms
such as boron, nitrogen, sulfur, silicon, and so on.
In the above context, the present work explores the activity

of a SAC, namely, Mo, anchored on pristine and doped (boron
and nitrogen) graphene sheets as well as model nanoflakes
toward dinitrogen (see Figure 1). Graphene sheets are periodic
models defined using plane wave basis sets to incorporate the
periodic nature. The use of plane wave (PW) basis sets offer a
set of advantages, such as quicker convergence and avoiding
basis set superposition error (BSSE); however, it comes with
an approximation of treating core electrons implicitly. The
plane wave basis sets also incorporate the concept of
pseudopotentials toward the description of the atomic orbitals.
The query is whether the periodic model that represents a
delocalized electron density on the metal-anchored systems
gives the correct picture of catalytic activity of the single
(metals) atom catalyst. On the other hand, graphene
nanoflakes are represented by finite models of 42 and 54
carbon atoms, as shown in Figure 1, and defined using linear
combination of atomic orbitals (LCAOs). These nanoflakes
can be synthesized by “cutting” extended sheets of graphene
using lithography35 and chemical etching36 techniques. Two
different edge orientations are possible in finite models,
namely, zigzag and armchair. In the finite model, factors such
as (a) edge effects, (b) size, and (c) dopant atoms (B and N)
are taken into account; while in the periodic models, only the
influence of boron and nitrogen dopants are considered as
edge and size effects are irrelevant in the context of a periodic
system (see Figure 1). The choice of B and N as dopant atoms
stems from the fact that although several dopants in graphene
have been reported and explored, boron and nitrogen remain
the most attractive as they have similar atomic radii to carbon.
Also, a B−N unit is isoelectronic to C−C unit and the
planarity is conserved, leaving the delocalized electron cloud
intact. Apart from that, methods to dope boron and nitrogen
are diverse, ranging from solid phase37 and chemical vapor
deposition37,38 synthesis to plasma doping,39 and are syntheti-
cally cost-effective.

■ NOMENCLATURE, METHODOLOGY, AND
COMPUTATIONAL DETAILS

a. Nomenclature of the SACs Anchored Graphene
Models. All the graphene models implemented in this study
are shown in Figure 1. The periodic model is shown in Figure
1a. The chemical composition of this graphene substrate is
varied by doping it with different number of B and N atoms
(see Supporting Information, Figures S1−S5). Single atom
catalyst, namely, Mo, is anchored on the pristine and doped
counterparts of periodic graphene (see Supporting Informa-
tion, Figure S1, for graphical representation of the structures
and the nomenclature used for the periodic models). We
would like to highlight that the metal center used in this study
is inspired on account of its presence in the nitrogenase
enzymes, namely, Mo. The dinitrogen molecule is adsorbed on

the SAC-anchored periodic graphene models discussed above,
that is, the catalyst (see Supporting Information, Figures S1
and a2−d2).
The finite-sized graphene models are shown in Figure 1b−e.

The smaller-sized graphene model we have considered in the
present work is a graphene nanoflake with 42 carbon atoms.
The two possible edge effects accounted for in this model are
as seen in Figure 1b,c. This model is extended by incorporating
12 additional carbon atoms leading to a 54 atom graphene
nanoflake, as shown in Figure 1d,e. Similar to the case of
periodic system, the chemical composition of the nanoflakes
with both the sizes and edges is modified using varying
concentrations of B and N atoms. Mo is anchored on graphene
nanoflakes followed by N2 adsorption on these chemically and
physically distinct models. The pictorial representation for the
same and the nomenclature applied to these models are shown
in Supporting Information, Figures S2−S5.
The finite and periodic graphene models made up of all

carbons atoms is referred to as pristine graphene (pris-gp) by
definition. The graphene sheet/nanoflakes with dopants are
generated by replacing the carbon atoms with boron and
nitrogen in such a way that a C−C bond is replaced by B−N
bond. When one such replacement is made on the model it is
referred to as BN-gp (see Supporting Information, Figures
S1−S5, (b)); two C−C bonds are replaced by B−N bonds
(leading to a C−B−N−C−B−N structure in a ring) it is
referred to as CBN-gp (see Supporting Information, Figures
S1−S5, (c)) and when all C−C bonds in a ring are replaced by
B−N bonds so as to form a borazine ring it is referred to as
BNring-gp model (see Supporting Information, Figures S1−
S5, (d)).
The model name is suffixed after each system. For example,

for periodic models, the names of pristine and doped
substrates are referred to as pris-gp-sheet, BN-gp-sheet,
CBN-gp-sheet, and BNring-gp-sheet. The SAC-anchored
complexes of periodic models are referred to as pris-gp-
sheet-Mo, BN-gp-sheet-Mo, CBN-gp-sheet-Mo and BNring-
gp-sheet-Mo, respectively. Finally, the N2 adsorbed complexes
of the same are referred to as pris-gp-sheet−Mo-N2, BN-gp-
sheet−Mo-N2, CBN-gp-sheet−Mo-N2, and BNring-gp-sheet−
Mo-N2 respectively. The nomenclature is also highlighted in
Supporting Information, Figure S1.
Along the same lines, the chemically distinct graphene

nanoflake models for C42 with zigzag edges are referred to as
pris-gp-C42-zz, BN-gp-C42-zz, CBN-gp-C42-zz, BNring-gp-C42-
zz, and so on (refer to Supporting Information, Figure S2).
Their corresponding SAC anchored models are called as pris-
gp-C42-zz-Mo, BN-gp-C42-zz-Mo, CBN-gp-C42-zz-Mo, and
BNring-gp-C42-zz-Mo, respectively. Their N2 adsorbed com-
plexes are called as pris-gp-C42-zz−Mo-N2, BN-gp-C42-zz−Mo-
N2, CBN-gp-C42-zz−Mo-N2, and BNring-gp-C42-zz−Mo-N2
respectively. Nomenclature of C42 graphene nanoflakes with
armchair edges and C54 graphene nanoflakes with zigzag and
armchair edges follow the same way and are given in the
Supporting Information, Figures S2−S5. A brief description of
model structures (scaled-down) along their nomenclature is as
given in Table 1. They are named system-Mo (e.g., pris-gp-
sheet-Mo) upon anchoring Mo and system−Mo-N2 (e.g., pris-
gp-sheet−Mo-N2) when a particular system-Mo adsorbs
dinitrogen.

b. Methodology and Computational Details. Earlier
studies have demonstrated that the parallel mode shows higher
N−N bond dissociation as compared to the vertical mode of
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dissociation.40,41 Hence, in this study we restrict to the parallel
mode of N2 adsorption on Mo. The adsorption energies of the
N2 molecule, adsorbed in a parallel mode on a Mo-anchored
graphene system are calculated as follows:

E E E E(system Mo N ) (system Mo) (N )ad 2 2= ‐ ‐ − ‐ −

where, E(system-Mo-N2) represents the energy of the N2
molecule adsorbed on the catalytic systems. The E(N2) and
E(system-Mo) represent the energies of the N2 molecule and
SAC-anchored graphene models, respectively.
The adsorption of Mo atom on the graphene models is also

calculated to ensure that the proposed catalytic systems are
energetically/thermodynamically stable. The adsorption en-
ergies of Mo on the various graphene models are calculated as
follows:

E E E(system Mo) (system)ad = ‐ −

where E(system-Mo) represents the energy of the SAC-
anchored graphene models and E(system) represent the
energy of the graphene models.
The periodic model, its SAC-anchored, BN-doped, and N2-

adsorbed counterparts are studied using Vienna Ab initio
Simulation Package (VASP)42 software with PBE functional.43

The projected augmented wave (PAW)44 method is employed
using an energy cutoff of 520 eV to describe plane wave basis
set. The two-dimensional graphene sheets are simulated using
periodic boundary conditions. To avoid the interactions
between the different nearest neighboring layers, a vacuum
space of 20 Å is created along the Z-direction. The 5 × 5 super
cell with 50 atoms is used as graphene surface model, as shown
in Figure 1a and the optimized C−C bond length in graphene
sheet is 1.42 Å. The structural optimization of all geometries is
carried out using the conjugate gradient method.45 Brillouin
zone is sampled by a (2 × 2 × 1) kpoint grid using the
Monkhorst−Pack scheme.46 For Density of State (DOS)
calculation, the Monkhorst−Pack generated (9 × 9 × 1) set of
k-point grid is used.
All the calculations on finite models (graphene nanoflake

models with 42 atoms and 54 atoms) are performed using a
linear combination of Gaussian-type orbitals within an auxiliary
framework of DFT,47 as implemented in the deMon 5.0.
program.48 All structures are optimized using the Perdew−
Burke−Ernzerhof (PBE) exchange and correlation func-
tional.43 Two different basis sets are used for describing the
atomic orbitals of Mo in finite-sized models: (a) first case

Table 1. Graphene Models Taken in This Study along with
Their Nomenclaturea

aElemental color codes: gray, carbon (C); teal, hydrogen (H); green,
boron (B); blue, nitrogen (N).

Figure 2. (a) N−N bond length in graphene model−Mo-N2 complexes for varying chemical composition, as highlighted on the x-axis. The
calculated N−N bond length in free dinitrogen is 1.12 Å. The solid black line refers to the N−N bond length noted for various chemically distinct
periodic−Mo-N2 complexes. The dotted lines refer to the case when Mo is treated using DZVP basis set in finite models (graphene nanoflakes) and
solid lines refer to the case when Mo is treated with QECP basis set in finite models (graphene nanoflakes). (b) N−N stretching frequency in
graphene model−Mo-N2 complexes (calculated νN−N in free N2 = 2326 cm−1).
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where its atomic orbitals are described with DZVP basis set (as
was the case for H, C, B, and N) and (b) second case where
Los Alamos National Laboratory 2-double-ζ quasi-relativistic
effective core potential (QECP)49,50 basis is used for Mo, while
all other atoms were treated with a DZVP basis set. The charge
density for all the cases is calculated by fitting the GEN-A2
auxiliary functions.51 Gradient and displacement criteria used
for geometrical convergence is 5 × 10−4 a.u., while the SCF
convergence criterion is set at 10−8 a.u.
All the atoms in periodic and finite graphene models

considered in this work are relaxed at the lowest spin state
(spin multiplicity = 1). It can also be noted that the singlet spin
state of all the graphene nanoflakes correspond to the lowest
electronic energy, thereby conforming to the ground state. On
these relaxed graphene models, Mo atom is anchored and the
entire geometry is relaxed. This is followed by the adsorption
of N2 and relaxing the dinitrogen adsorbed geometries at the
lowest spin state. A restricted Kohn−Sham formalism is
adopted for the optimization of all the above geometries.
Following the optimization of all the structures discussed
above, frequencies are calculated to ensure these optimized
conformations correspond to local minima.

■ RESULTS AND DISCUSSIONS

The adsorption of dinitrogen molecule on all the periodic
models is exothermic with the adsorption energies ranging
between −1.70 and −1.87 eV (see Table S1 and Figure S6).
The adsorption energies obtained when we use DZVP basis set
for Mo range between −1.4 and −1.6 eV and somewhat higher
than those obtained with QECP basis set for Mo. The
adsorption of Mo on the graphene models is also exothermic
with the adsorption energies ranging between −3 and −4 eV
(see Table S2). The negative adsorption energies are indicative
of the stability of the catalytic systems energetically. All the
studied SAC-anchored graphene models have been found to be
effective catalysts toward the activation of dinitrogen. This is
understood from the fact that the N−N bond is elongated to
1.19−1.21 Å from its value of 1.12 Å in the free state on
various systems. The N−N bond elongation on various SAC-
anchored graphene models is plotted in Figure 2a, with CBN-
gp-Mo models showing the maximum N−N bond activation.
Most interestingly, both periodic and finite-sized models show

the same trend of N−N bond activation with respect to varying
chemical composition. The second salient observation is that
the difference in absolute numbers between the periodic and
finite-sized models is negligible (amounting to only 1%) when
Mo is treated using the QECP basis set. N−N bond elongation
is also seen to be associated with interatomic distance between
one of the N atoms (of dinitrogen) and the Mo metal
anchored on the graphene model, as seen from the Supporting
Information, Figure S7. Longer N−N bond elongation is
correlated with the shorter Mo−N interatomic distance.
The increase in the N−N bond length is validated by both

red shift in the N−N stretching frequency and the total
amount of charge transferred to the dinitrogen. N−N
stretching frequencies in various N2-adsorbed SAC-anchored
graphene models is given in Figure 2b. Inherently, the bond
stretching frequencies of the all the models is consistent with
the trend of bond elongation and CBN-gp-Mo models show a
red shift up to 1636 cm−1, as compared to 2359 cm−1 in free
N2. It is once again noted that the finite model calculation
carried out with Mo-QECP basis set falls in trend to the
periodic model, while the “all-electron” calculation using
DZVP basis shows a slightly lower red shift. Change in the
size of finite graphene nanoflakes and edge orientations does
not show any significant impact on N−N bond elongation
when compared to the periodic graphene model.
Charges on the Mo-anchored graphene models after N2

adsorption are calculated, and a significant change in charge
could be observed only on the adsorbed N2 molecule and Mo
atom. Thus, the charge redistribution is completely localized.
Bader charges are calculated for all the periodic models and
finite models, where Mo is treated with a DZVP basis set. Since
Bader charges are not well-defined with metal Electron Core
Potentials, for the finite models where Mo has been treated
with QECP basis set, Löwdin52 charges are calculated. The
average Bader charges on N2 and Bader charges on Mo after
dinitrogen adsorption is plotted in Figure 3a,b; the
corresponding plots of the Löwdin charges are provided in
the Supporting Information, Figures S8a,b. The Bader charges
on CBN-gp-Mo models are most negative and reflect a higher
charge transfer from the catalyst to dinitrogen in both periodic
as well as finite models. The elongation of N−N bond is
favored when electrons are transferred to the N−π* orbital, in
short, a larger electron gain on N atom is essential for bond

Figure 3. (a) Average of the Bader charges on the adsorbed N2 molecule. (b) Bader charges on the Mo atom after N2 adsorption.
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dissociation. The charges accumulated on the N atoms, as
shown in Figure 3a, correspond to the extent of N−N bond

elongation in various studied systems. The charge on Mo metal
follow reverse trend of the charges gained by the N2, indicative

Figure 4. (a) Total charge density plots for the periodic pris-gp-sheet and finite pris-gp-C42-zz models, their Mo-anchored geometries and N2
adsorbed pris-gp-Mo geometries. (b) Charge difference density plots of the Mo-anchored periodic models with and without N2. Density plots are
made at an isosurface value of 0.06eÅ−3.

Figure 5. Total density of states (TDOS) and projected density of states (PDOS) plots of (a) pris-gp-sheet−Mo-N2, (b) BN-gp-sheet−Mo-N2, (c)
CBN-gp-sheet−Mo-N2, and (d) BNring-gp-sheet−Mo-N2..
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of the fact that the charge transfer is primarily from Mo. The
same pattern could be seen from the Löwdin charges on N2
and Mo. This is further validated in the electronic structure
analysis discussed in the next paragraph.
We next come to the underlying electronic factors that are

responsible for the activation of dinitrogen on various SAC
anchored graphene models. The total charge density plots of
periodic and finite models made at an isosurface value of 0.06
eÅ−3 show a delocalized electron density over the dinitrogen
adsorbed SAC anchored graphene models (Figure 4a). The
electron density plot with Mo-QECP basis set is not shown as
it is similar to the all electron calculation from DZVP basis set.
The charge density difference plots of the Mo-anchored
periodic models with and without N2 show an exclusive
overlap of the electron density on Mo with that of N2, as
shown in Figure 4b. However, the electron density from the
graphene substrate, in particular, the C, B, and N atoms in the
local environment around Mo could not interact with the
electron density of N2. Rather, these surrounding atoms
interact with Mo metal and indirectly influence the interaction
of Mo with N2. Since the catalytic activity of these SAC-
anchored graphene models is governed by the metal atom and
the local environment of the catalytic metal center, it is a local
site activity and not a surface phenomenon. To understand the
mechanism of catalysis, the electronic nature around the Fermi
level in the periodic models and the Frontier Molecular
Orbitals of the finite models are investigated.
The total density of states (TDOS) and projected density of

states (PDOS) of N2 adsorbed graphene systems, as shown in
Figure 5, shows nearly zero density at the Fermi level (EF) and
a nonzero density around EF inferring the semimetallic nature
of pristine graphene. The conduction band near EF has a larger
density of Mo d-orbital, this region would correspond to the
Highest Occupied Molecular Orbital (HOMO); while a d−p
hybridized orbital in the valence band will correspond to the
Lowest Unoccupied Molecular Orbital (LUMO). The Frontier
Molecular Orbital (FMO) picture of the finite C42-zz−Mo-N2
models (Figure 6) corresponds to the orbital composition of
HOMO and LUMO as interpreted from the PDOS plot. The
FMO pictures of the finite models remain the same even when
Mo-QECP basis has been used. Also, the HOMO−LUMO

energy gap of the finite gp−Mo-N2 systems (MoDZVP and
MoQECP basis set) lies within 1.0 and 2.0 eV; this also happens
to be the E−EF value of the closest conduction-valence gap in
the PDOS plot. The HOMO−LUMO gaps of the finite gp−
Mo-N2 models, in eV, are given in Supporting Information,
Figure S9.

■ CONCLUSIONS
In this work, single atom catalysts (SACs) on graphene
supports have been explored as a catalytic system for
dinitrogen activation. While metal clusters of 4−20 atoms
have been reported to show excellent N−N bond dissociation,
the challenge has always been to synthesize the metal cluster. It
is easier to absorb a single atom on a stable framework and this
idea has been exploited in this work by utilizing graphene as
the framework to hold the metal atom which will act as the
catalytic centers. Also, size and edge orientation of graphene
have been reported to affect its activity, therefore the size and
edge orientations are taken into account by taking graphene
nanoflakes of two different sizes and the periodic model which
inherently assumes the graphene nanoflake is repeated
infinitely in all directions.
The critical findings obtained from this extensive study of

investigating periodic and finite graphene models as catalyst for
dinitrogen activation are the following:

(a) This study shows that all Mo-anchored graphene models
are good catalysts for dinitrogen activation with a
potential for designing them experimentally. In partic-
ular, a better catalytic activity is seen in the case of CBN-
gp-Mo models.

(b) It has also been observed that the role of dopants is far
more influential in dinitrogen activation as compared to
graphene surface orientation in both periodic and finite
models.

(c) Interestingly, the extent of bond elongation in the
periodic model has also been found to be nearly similar
to that in finite models where Mo is treated with QECP
basis set. In spite of different molecular orbital
treatments in periodic and finite models, the similar
activity trend that we have obtained is because of the
local activity of the catalytic centers.

Figure 6. HOMOs of (a) pris-gp-C42-zz −Mo-N2, (b) BN-gp-C42-zz−Mo-N2, (c) CBN-gp-C42-zz−Mo-N2, (d) BNring-gp-C42-zz- Mo−N2.
LUMOs of (a1) pris-gp-C42-zz−Mo-N2, (b1) BN-gp-C42-zz−Mo-N2, (c1) CBN-gp-C42-zz−Mo-N2, and (d1) BNring-gp-C42-zz−Mo-N2.
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The finite models can give factual details of clusters and
highlight which atoms are the catalytic centers. The periodic
models give a better understanding of the surface phenomena
and the influence of delocalized electron density for catalysis;
however, it comes with its own complexity of implementing
several approximations and intensive calculation. This work
proposes that, for SAC-anchored graphene, since the catalytic
center is the metal atom and the catalysis is driven by the local
environment around the metal center, finite model calculations
are as reliable as periodic model calculations.
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a b s t r a c t

Efficient reduction of nitrogen to ammonia at a minimal cost would require a recherche catalyst tailored
by assimilating the inherent electronic and reactive nature of Single Atom Catalysts (SACs) on heteroatom
doped-graphene. A full-scale DFT study accounting for disparate descriptions of atomic orbitals and rep-
resentation of support, has been carried out to identify the most active and recyclable SAC/B-graphene
composite as catalyst for Nitrogen Reduction Reaction (NRR). Dual and Multiphilic descriptors derived
reactivity pattern of six different metal SACs V, Fe, Ni, Ru, W and Re on periodic and non-periodic para-
digms of pristine and BN-pair doped graphene supports, align with the calculated chemisorption efficacy
and activation of N2. The enzymatic route of nitrogen reduction on three most ideal metal SACs (V, W and
Re) culminates Vanadium SAC, a relatively cheaper metal, anchored on BNring-graphene with an energy
barrier of 61.24 eV as a highly active and recyclable catalyst for NRR.

� 2021 Elsevier Inc. All rights reserved.

1. Introduction

Ammonia ðNH3Þ, the most stable basic hydride formed by
hydrogen and nitrogen is not only an essential precursor to fertil-

izers and modern chemicals,[1,2] but also a molecule with tremen-
dous potential towards green energy due to its high energy density
with zero carbon footprint.[3,4] Large scale industrial NH3 produc-
tion is carried out with the conventional Haber–Bosch[5] process
using H2 and N2 gases as raw materials at high temperature and
pressure that gobbles up approximately 1–2% of global energy
and generates an alarming carbon footprint amounting to 6% of
global CO2 emissions.[6] Accordingly, alternative technology of
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converting N2 to NH3 via simple, eco-friendly and cost effective
technologies such as direct photocatalytic, electrocatalytic or enzy-
matic Nitrogen Reduction Reaction (NRR) provides a holistic
approach for a clean NH3 production.[7] The advancement of such
technology, however, relies greatly on the development of highly
efficient catalysts that exhibit high activity, stability and
recyclability.

Over the years, various experimental studies were devoted to
Transition Metal (TMs) such as Mo[8,9], Cr[10,11], Fe[12–14], etc.
and their bimetallic heteromultimetallic complexes as catalysts
for NRR at ambient conditions. Although, these transition metal
and heteromultimetallic complexes form stable metal-dinitrogen
complexes with N2 and show features similar to the nitrogenase
enzyme, there is a heavy loss of metals and their recovery for the
next catalytic cycle is unfeasible[15]. This led to an impetus of tan-
gential studies on employing metal nanoclusters as catalysts to
reduce dinitrogen under experimental and theoretical
approaches.[16,17] While metal nanoclusters are intriguing due
to electronic quantum confinement, thereby leading to higher cat-
alytic activity as compared to bulk catalyst; not all the metal atom
centres are exploited.

Metal Single Atom Catalysts (SACs)[18,19], in this regard, not
only offer a higher catalytic activity and selectivity; but curbs
metal loss during the catalytic cycle by exploiting every metal cen-
tre as an active catalyst and also provides vacant coordination sites
for electron transfer or electron gain from the dinitrogen molecule.
[20–22] However, isolated metal SACs owing to strong metal d-d
orbital interactions[23] require a support that secures it without
compromising the catalytic activity. In this respect, electron-rich
two-dimensional (2D) materials such as graphene[24–26], graphi-
tic carbon nitride ðg� C3N4Þ[27–29], boron nanosheet [30–32],
MBenes[33], MXenes[34,35], phosphorene [36,37], hexagonal
boron nitride (h-BN)[38–40], MoS2[41–43], etc. not only act as a
support to secure the metal SACs but also assist in their catalytic
performance.

Interestingly, compared to pristine 2D substrates, heteroatom
doped 2D substrates such as N-doped carbon [44,45],
g� C3N4[27–29] or h-BN[38–40] with isolated boron sites have
been reported to be remarkably efficient towards NRR in several
experimental as well as theoretical investigations. The N-atoms
in the substrate increase metal coordination to the substrate and
tune the selectivity of metals toward N2 molecule,[46,47] while
the B-atoms can inherently induce charge redistribution on the
substrate and favour adsorption of N2.[48,49] Moreover, the pres-
ence of B hetero-dopants on B and N dual-doped carbon nano-
spheres has been reported to inhibit the competing Hydrogen
Evolution Reaction (HER) and enhance adsorption of N2 in electro-
catalytic NRR.[50] Our previous study on one such BN-pair dual
doped graphene support showed a better anchoring of Mo SAC
on the CBN-doped graphene support[51] and as well as higher acti-
vation of dinitrogen when compared to pristine graphene.[51,52] It
is evident that boron and nitrogen doped graphene can act as an
effective 2D substrate for anchoring various metal SACs. Besides,
the practical development of such BN-doped graphene supports
is highly feasible with atomic precision via plasma doping and
chemical vapour deposition under appropriate experimental con-
ditions.[53–55] In short, a meticulously designed transition metal
SAC supported on BN-pair doped graphene is one such material
that can be achieved experimentally in the coming years for large
scale NRR.

This brings us to the computational studies that have brought
an insight on the underlying chemical morphology and composi-
tion to which the catalytic activity is susceptible. Density Func-
tional Theory (DFT) based studies, attempted over the last two
decades, to identify an ideal SAC/support combination leading an
efficient NRR are worth mentioning at this juncture.[56–59] These

studies focus on either scanning several transition metal SACs on a
particular substrate[56,57] or propositions of a particular SAC as an
electrocatalyst with a lower overpotential than earlier reported
catalysts.[58,59] The notable among these works is the study by
Liu et al. with an objective to bridge the chemical understanding
behind the activity of different transition metal SACs from an elec-
trochemical viewpoint by examining the activity trends and elec-
tronic nature of the SACs through the Gibbs free energies of
limiting steps in electrocatalytic NRR.[60].

However, an insightful and penetrating study highlighting the
inherent electronic and reactive nature of SACs on graphene and
the implications of doped support in augmenting the catalytic
activity of metal SAC in question is still amiss. In short, we are
missing out on the innate feature of metal atoms that distinguishes
the catalytic activity of one metal from the other and are bereft in
principle. Further, the trend of scanning several SACs, based on the
Gibbs free energy of the limiting step of NRR is extremely erratic,
with sensitivity to the methodology used. Reported prognosis of
efficient electrocatalysts for NRR from DFT calculations are
deduced based on the method applied and description of the metal
with a given set of atomic orbitals and given model.

Considering all the above mentioned key points, this work pre-
sents a consolidated study to address the so far unaccounted
aspects of theoretical studies in identifying a graphene based 2D
supported SAC for NRR. The purpose of the study is to identify a
low cost, active, stable and reusable metal SAC on graphene sup-
port that is unvarying with respect to the method applied, descrip-
tion of the metal atom and model implemented in the
computational study. For this, we carry out one of the most exten-
sive study on six different metal SACs, i.e. V, Fe, Ni, Ru, W and Re
anchored at distinct modes of BN-doping on periodic model (Cn

sheet) and non-periodic models (C� 42zz and C� 54zz nanoflakes)
of graphene.These metal SACs (V, Fe, Ni, Ru, W and Re) are chosen
looking into their high NRR activity as per previous experimental
reports on SAC[44,61–63] and to account for a correlation between
the magnetic property and catalytic nature.[64] The implication of
atomic/orbital representation of metals has been critically anal-
ysed through different pseudopotentials, implemented as Plane
Wave (PW) basis, in periodic calculations and basis sets defined
by Linear Combination of Atomic Orbitals (LCAOs) in non-
periodic calculations. While the periodic DFT methodology pro-
vides a closer-to-real system electronic description of metal SACs
anchored on graphene; the non-periodic calculations have been
employed to provide a more pronounced electronic description of
atomic orbitals. Thereby, a more accurate description of the elec-
tronic structure and the activity of the metals can be achieved from
non-periodic calculations. This becomes essential when there is a
need to identify the optimal substrate for metal SACs. Thus, the
robustness of different concentrations of BN dopants on graphene
models such as nanoflakes of different sizes and nanosheet, DFT
methodologies and orbital definition of different metals to their
chemical nature has been gauged. Reactivity descriptors such as
Dual descriptor [65,66] and Multiphilic descriptor [67] are applied
as leads while we explore the exhaustive aspects of methodology,
model and description of the metal centre. This investigation pro-
vides a detailed examination of metal SACs through their reactivity
descriptors and is an absolute bridge to correlate the activity of
metal SACs and their implementation as catalysts for NRR.

2. Computational models and methods

2.1. Models

The 2D graphene models of varying size and lateral width: a
periodic model and two non-periodic models considered in this
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study are as shown in Fig. 1(a). The periodic Cn graphene sheet has
been modeled by considering that the sp2 hybridised carbon atoms
are repeated infinitesimally along the xy plane. Coming to the two
non-periodic models, graphene nanoflakes with hydrogen termina-
tion on 42 carbon atoms with a lateral width of 8.7 Åand 54 carbon
atoms with a lateral width of 12.4 Å, are respectively are modeled
as C� 42zz and C� 54zz. BN-pair dopants are introduced on the
basal plane of the graphene models and the concentration of dop-
ing varies from zero, one, two and three BN-pair dopants in pris-
grap, BN-grap, CBN-grap and BNring-grap systems, respectively.
The periodic graphene models with varying concentration of BN-
pair dopants are referred as Cn-pris-grap, Cn-BN-grap, Cn-CBN-
grap Cn-BNring-grap, respectively. The nomenclature of the non-
periodic graphene models with different BN-pair dopants are as
provided in Table S1 of Supplementary Information. When metal
SACs are anchored on the graphene supports, it is ensured that
the metal SAC is coordinated to the basal plane of graphene with
BN-dopants and the same is referred to as M-pris-grap, M-BN-
grap, M-grap-CBN and M-BNring-grap systems, respectively as
shown in Fig. 1(b). The corresponding nomenclature of SAC
anchored periodic and non-periodic graphene models are as pro-
vided in Table S1 of Supplementary Information along with speci-
fications of the graphene model. Furthermore, it can be seen from
Table S1 of Supplementary Information that when molecular dini-
trogen is adsorbed on the SAC anchored graphene models, the
associated systems are explicitly referred as M-pris-grap-N2, M-
BN-grap-N2, M-grap-CBN-N2 and M-BNring-grap-N2, respectively
of periodic Cn model or non-periodic C� 42zz and C� 54zz models.

2.2. Computational Details

All periodic calculations on Cn graphene sheet and its BN-pair
doped analogues are carried out using the Vienna ab� initio Simu-
lation Package (VASP) software based on plane wave (PW) basis.
[68] The projected augmented wave (PAW) method[69] has been
employed to describe the electron core-interactions. The non-
metallic atoms: C, B and N are described by PAW potentials that
treat 2s and 2p as valence states while the metal SACs are
described by two different PAW potentials: the conventional PBE
pseudopotential with nsðn� 1Þd valence states and PBEpv pseu-
dopotential with nsðn� 1Þpðn� 1Þd valence states. A generalized
gradient approximation (GGA) implemented in the Perdew-
Burke-Ernzerhof (PBE)[70] functional has been used for geometry
optimization with the cutoff energy set at 520 eV. The geometries
are allowed to relax till the energy and forces of each atom reach a
convergence criteria of 10�6 eV and 0.005 eV/atom respectively. All
the geometries are sampled by a ð2� 2� 1Þ Monkhorst–Pack
kpoint grid with a vacuum space of 20 Åalong the Z-direction to
avoid inter-layer interactions. Spin polarized calculation has been
carried out for geometries with Fe, Ni and Ru metal atoms; while
non-spin polarized calculation has been carried out for V, W and
Re counterparts. For electronic structure calculations, the relaxed
geometries are sampled at ð11� 11� 1Þ Monkhorst–Pack kpoint
grid.

The non-periodic calculations are carried out with a linear com-
bination of Gaussian-type orbitals and an auxiliary framework of
DFT implemented in the deMon:5:0. program. [71] A Perdew-
Burke-Ernzerhof (PBE) exchange and correlation functional[70]

Fig. 1. Graphene models with different concentrations of BN-pair doping.
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has been considered to optimize pristine and BN-pair doped
geometries of C� 42zz and C� 54zz nanoflakes to their correspond-
ing lowest spin state with a restricted or restricted-open Kohn
Sham formalism. The GEN-A2 auxiliary functions have been used
to fit the charge density[72] of all the geometries and their N2

adsorbed geometries with their geometrical and SCF convergence
criteria set at 5� 10�4 a.u. and 10�8 a.u. respectively. Several basis
sets shipped with the program have been considered for represent-
ing the atomic orbitals of the metal SACs, while a DZVP[73] (double
f valence polarized) basis set has been employed for C, B, N and H
atoms. The lighter 3-d transition metal: V, Fe and Ni are described
by the DZVP, DZVP-GGA[74] and WACHTERS[75] basis sets that
treat both core and valence electrons explicitly; as well with the
Stuttgart-Dresden effective core potential (ECP)[76] and Los Ala-
mos National Laboratory 2-double-f effective core potential
(LANL2DZ)[77] basis that provide an implicit treatment to core
electrons with an explicit treatment of valence electrons. The heav-
ier 4-d and 5-d metals (Ru, W and Re) have been represented with
an implicit treatment of core and explicit treatment of valence
electrons defined by Stuttgart-Dresden ECP and quasi-relativistic
effective core potential (QECP), and LANL2DZ basis sets. The QECP
basis has been considered only for heavier 4-d and 5-d metals to
account for their relativistic effect. Non-periodic calculations por-
tray a definite electronic description, therefore an ideal electronic
description of 2D materials and the metals can be achieved. To
bring forth the factual electronic nature and the chemical activity
of these 2D material supported SACs, non-periodic calculations
have been carried out in this study.

The stability of metal SACs on the 2D graphene based supports
has been measured through their binding energy, Eb. The binding
energy of the metal on the pristine and BN-pair doped graphene
supports is calculated by the equation,

Eb ¼ ESAC�grap � Egrap � ESAC ð1Þ
where, ESAC�grap and Egrap are the total electronic energies of the var-
ious graphene supports with and without metal SAC and ESAC is the
electronic energy of the single metal atom.The efficacy of these SAC-
grap systems to capture free dinitrogen molecule has been com-
puted in terms of the adsorption energy, Eads of dinitrogen and it
has been calculated by the equation,

Eads ¼ ESAC�grap�N2 � Egrap�SAC � EN2 ð2Þ
where, ESAC�grap�N2 is the total electronic energy of N2 adsorbed SAC-
grap systems, Egrap�SAC and EN2 are the electronic energies of gra-
phene support with metal atom and free nitrogen molecule respec-
tively. Earlier reports on metal SACs have highlighted the parallel or
side-on mode of adsorption to show a higher N-N bond dissociation
as compared to the vertical or end-on mode of adsorption,[78]
therefore, only the parallel mode of N2 adsorption has been consid-
ered in this work.

2.3. Reactivity descriptors and Gibbs Free Energy Calculations

The Dual Descriptor and Multiphilic descriptor are derived
respectively, from the Fukui indices and group philicity of the
metal centers. For periodic DFT calculations, the Fukui function
or local philicity is calculated by the finite difference method as
reported by Ceŕon et al. [79] where electrons are added or removed
by using the NELECT keyword to/from the neutral system. The
Fukui indices, f�ðrÞ and fþðrÞ of the metal SACs and coordinating
atoms are computed by using the Henkelman’s program [80] that
integrate charges of the systems from their Voronoi volumes. The
expressions for computing Fukui indices from their condensed
charges are represented by,

f�ðrÞ ¼ qN � qN�1 ð3Þ

fþðrÞ ¼ qNþ1 � qN ð4Þ
where, qN; qN�1 and qNþ1 are charges on the atoms with N, N-1 and
N + 1 electrons, respectively. For non-periodic DFT calculations, the
Fukui indices of metal centers and coordinating atoms on C� 42zz

and C� 54zz nanoflakes are computed analytically as reported by
Flores-Moreno et al.[81] and implemented in the deMon.5.0 pro-
gram. The electrophilic and nucleophilic Fukui functions are evalu-
ated by removing or adding electrons to the frontier orbitals and
thereby corresponds to f�ðrÞ and fþðrÞ, respectively. The group
philicity wa

g , on the other hand, corresponds to the condensed local
philicity over the metal center and atoms coordinated to it and is
thereby expressed as,

wa
g ¼

Xn

k¼1

wa
k ð5Þ

where a = + for nucleophilicity or - for electrophilicity, k is the metal
SAC and n is the number of atoms coordinated to the metal center,

wa
k is the local philicity. Accordingly, the Dual descriptor f ð2ÞðrÞ and

Multiphilic descriptor DwðrÞ are defined as the difference between
nucleophilic and electrophilic Fukui indices and group nucleophilic-
ity and electrophilicity, respectively. They are evaluated by using
the equations,

f ð2ÞðrÞ ¼ fþðrÞ � f�ðrÞ ð6Þ

DwðrÞ ¼ wþ
g �w�

g ð7Þ
These reactivity descriptors have been reported to be more

accurate descriptors [82,67] than the Fukui function as it can reveal

the nucleophilic (f ð2ÞðrÞ and DwðrÞ < 0) and electrophilic (f ð2ÞðrÞ and
DwðrÞ > 0) centres simultaneously.

Although the reactivity descriptors provide a description to the
electrophilicity or nucleophilicity of the metals, the feasibility of
these metals to adsorb dinitrogen and reduce it to ammonia will
rest on their free energy change. The Gibbs free energy change
for periodic calculations on dinitrogen adsorption and elementary
reaction steps of NRR has been calculated by the equation, DG = DE
+ DZPE - TDS, where DE is the change in electronic energy, DZPE is
the change in Zero Point Energy, T (=298.15 K) is the room temper-
ature in Kelvin scale and DS is the change in vibrational entropy
between the final and initial geometries. The zero point energy
and entropy terms are evaluated from the vibrational frequency
calculations. The free energy of N2 adsorption and the elementary
reaction steps of NRR for non-periodic calculations of SACs on
C� 42zz and C� 54zz systems are computed with the thermody-
namic quantities derived from frequency calculations at room tem-
perature. The relation for free energy change in non-periodic
calculations is DG = DE + DHcorr - TDScorr , where DE is the change
in electronic energy, DHcorr is the change in enthalpy correction
and DScorr is the change in entropy correction at room temperature.

3. Results and discussion

3.1. Binding energy of metal SACs

The binding energies, Eb of single metal atoms on periodic and
non-periodic models of graphene with different modes of BN-
pair doping is provided in Fig. 2. It is observed that most of the
metals considered in our study show a stable anchoring on the gra-
phene supports with their exothermic binding energies varying
with respect to the change in graphene model, DFT methodology
and description of the metal atom. Coming to the observations of
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binding energies from periodic calculations, the metals are found
to anchor strongly, with higher negative binding energies, on the
graphene support when PBEpv pseudopotentials are used for defin-
ing the metals as compared to PBE pseudopotentials in all metals,
except Fe metal. From Fig. 2 and values of Eb provided in Supple-
mentary Information Table S2, the heavier 5-d transition metals,
W and Re are found to show higher binding energies than the
lighter 3-d and 4-d metals, with the exception of V. It can be noted
that most metal single atoms show higher binding energies on the
pristine graphene support and it decreases as the concentration of
B and N dopants increases with all the metal single atoms being
the least stable on their corresponding BNring-grap support. On
the other hand, the binding energies obtained from non-periodic
calculations are found to be insensitive to the size of the graphene
nanoflakes; however as anticipated, the binding energy of metals
are sensitive to the basis set describing the metal orbitals. The
binding energies of 3-d metals, except V-SAC, tend to be higher
as the basis sets become more exhaustive and all electrons are
treated exclusively i.e. DZVP, DZVP-GGA and WACHTERS when
compared to basis sets with implicit core electrons. Amongst the
metals described with implicit core electrons, the 4-d metal Ru
shows a consistent binding energy on all supports irrespective of
the change in metal basis. It is also to be noted that the heavier
5-d metals are extremely sensitive to the metal basis set and their
stability on the graphene support decreases when QECP and
LANL2DZ basis are implemented instead of the ECP basis; in partic-
ular, Re on BNring-grap support shifts from an exothermic binding
energy of �1.5 eV (with ECP basis) to an endothermic binding
energy of � 0.5 eV when computed with QECP and LANL2DZ basis
sets. Coming to the role of dopants, the influence of B and N
dopants on the substrate and their efficacy to stabilise the metal
atom becomes more prominent with a definite electronic descrip-
tion of the metal as different metals show optimal binding condi-
tions on different substrates. For instance, V and Fe metals are
found to prefer CBN-grap substrates; Ni, Ru and Re prefer BN-
grap substrates and W prefers pris-grap substrate. While a conclu-
sive comment cannot be made on which metal shows the highest
stability than the rest due to diverse treatment of core and valence
electrons; it is interesting to note that in all basis set considera-
tions, Fe metal shows a lower stability on graphene and its BN-

pair doped substrates in periodic as well as non-periodic
calculations.

3.2. Reactivity descriptor of metal SACs

While it is important to account for the stability of the metals
on the graphene substrates, the activity of the metal defined by
the reactivity descriptor is a more crucial factor to be accounted
for the SAC-grap system to be employed as a catalyst for NRR.
The reactivity of carbon atoms in basal plane of graphene nano-
flakes has been discussed by Azeez et. al[83] to be lower than those
of peripheral atoms. From Figure S1 in Supplementary Information,
it can be seen that as boron and nitrogen dopants are introduced
on the basal plane of the C� 42zz graphene model, there is a signif-
icant change in the reactivity pattern as B-atoms become nucle-
ophilic centres and N-atoms become electrophilic centres in BN-
grap and CBN-grap support; while in BNring-grap support both B
and N atoms behave as electrophilic and nucleophilic centres and
the overall reactivity of the support increases as such. It can be
observed that the charge disparity created by boron and nitrogen
atoms when doped on graphene plays a major role in influencing
the reactivity pattern of the graphene supports. Thereby, when
SACs are anchored on the basal plane of these graphene supports,
the metal d-orbitals form hybridized d-p orbitals upon conjugation
with the p-orbitals of B and N atoms bonded to it. The nature of
dopant atoms on the support influences the reactivity pattern of
the metals and the same has been computed in terms of Dual

and Multiphilic descriptors. The Dual descriptor, f ð2ÞðrÞ and Mul-
tiphilic descriptor, DwðrÞ on different BN-pair doped metal SAC/-
graphene supports as obtained from periodic and non-periodic
calculations carried out by considering several metal pseudopoten-
tials and basis sets are as shown in Supplementary Information,

Figures, S2 and S3. SAC/graphene systems with f ð2ÞðrÞ or DwðrÞ �
0 are neither strong electrophilic or nucleophilic centers, thereby

we will focus on the systems with higher electrophilicity (f ð2ÞðrÞ
or DwðrÞ > 0.1) and nucleophilicity (f ð2ÞðrÞ or DwðrÞ < �0.1). It
can be seen from Figures S2 and S3 that W and Ni followed by
Re systems show higher nucleophilicity, whereas W shows the
highest electrophilicity on all graphene supports followed by V-
BNring-grap, Re-pris-grap, Ni-BNring-grap and Fe on pris-grap
and BN-grap supports. While periodic calculations show an incli-
nation towards an electrophilic nature of the metal SAC/graphene
systems, there is no significant change in the reactivity pattern,

both f ð2ÞðrÞ and DwðrÞ, when different metal pseudopotentials are
employed. Coming to the non-periodic calculations, the Multiphilic
descriptor which incorporates the philicity of atoms coordinated to
metal centers, gives an overall understanding of the reactivity of
SAC-graphene supports and it becomes more pronounced. The
nucleophilicity of SAC/graphene systems are more pronounced
when the local environment of the metal and group philicity are
considered, as seen in Figure S3. Additionally, the reactivity pattern
of the SACs and SAC/graphene systems is predictably sensitive to
the metal basis but it also becomes sensitive to the change in size
of the nanoflakes. For instance, the reactivity of V-SAC and V-grap
systems become more pronounced in larger C� 54zz graphene
nanoflake, while that of Ni andW gets masked. The Dual Descriptor
analysis reveals a consensus on the higher activity pattern of W, V,
Re and Ni metals from periodic as well as non-periodic calcula-
tions. The same pattern can be seen from Multiphilic descriptor
analysis which highlights the role of B and N dopants in accentuat-
ing the reactivity of the SAC/ graphene systems.

One fascinating aspect is the linear relationship observed
between the Dual descriptor and Multiphilic descriptor as seen in

Fig. 3. It can be noted from f ð2ÞðrÞ and DwðrÞ values of SACs and

Fig. 2. Binding energies of the metal SACs on periodic and non-periodic graphene
supports. Metals on the negative scale of cyan line are stable and show exothermic
Eb on the graphene supports. Symbolic representations of BN-doping is provided in
inset along with colour scheme of the metals as mentioned in Fig. 1(b). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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SAC/graphene systems that the metal centers show a major contri-
bution in directing the reactivity of the system and these two
descriptors can be used synonymously for SACs anchored graphene
systems. Another interesting aspect from the linear plot in Fig. 3 is
the two designated regions of higher electrophilicity, A and higher
nucleophilicity, B. In region A, aside from the information that W,
V, Ni and Re metals show higher electrophilicity, the graphene sup-
ports are mostly BN-grap, CBN-grap and BNring-grap. On the other
hand, region B of higher nucleophilicity with W, Re and Ni metals
are mostly coupled with pris-grap and a few BN-grap supports. In
general, the reactivity of the SAC/graphene systems is higher when
B and N dopants are introduced in the support and the overall sys-
tem tends to be electrophilic in nature. It is also notable that V, Ni,
W and Re SACs are found to be stable on the pristine and BN-pair
doped supports from our earlier section on metal binding energy.
Thereby, it becomes interesting as these metals with a higher reac-
tivity are also stable on the graphene support and their synthesis is
feasible from experimental point-of-view.

3.3. Dinitrogen adsorption and activation on metal SACs

The activity pattern of metal SACs on different graphene sup-
ports, as observed from the analysis of reactivity descriptors, has
been further corroborated to the efficacy of the metals to adsorb
and activate dinitrogen molecule. The adsorption energies of free
dinitrogen molecule on the SAC-grap systems are calculated and
plotted in Fig. 4. The adsorption of N2 on all SACs anchored gra-
phene supports are found to be feasible and exothermic (-0.82 eV
to �2.80 eV) in periodic as well as non-periodic calculations. The
exothermic chemisorption energies of dinitrogen on all metal-
SAC-grap systems validates the potential of these metals to be
employed as catalysts for dinitrogen activation and NRR. It is par-
ticularly notable that Ru metal SAC with a milder activity as com-
pared to the rest of the metals also shows a lower chemisorption of
N2, �0.82 to �1.80 eV on periodic and non-periodic models of pris-
tine and BN-pair doped graphene supports. It can be observed from
Fig. 4 that the efficacy of the SAC-grap systems to adsorb N2 has
been influenced by different modes of BN-pair doping, metal pseu-
dopotentials and basis sets and size of the nanoflakes considered in
periodic and non-periodic calculations. In periodic calculations,

with the introduction of B and N dopants and as the system
changes from SAC-pris-grap to SAC-BNring-grap, the chemisorp-
tion of N2 tends to become more exothermic. However, a signifi-
cant change brought about by the addition of valence ðn� 1Þp-
states in PBEpv pseudopotentials of metals is seen in the case of
Fe-SAC and Ru-SAC anchored graphene systems, while the rest of
the metals remain insensitive to the change in metal pseudopoten-
tials. Amongst the metal-graphene systems considered in this
work; V, W and Re systems are found to show higher chemisorp-
tion of N2 with adsorption energies of �2.3 eV, �2.8 eV and �2.2
eV respectively on their respective BNring-grap systems.

Likewise, the adsorption of dinitrogen on all metal anchored
non-periodic graphene models are found to be enhanced as the
concentration of BN-pair dopants increases around the metal in
the basal plane of graphene. The implication of considering several
metal basis sets cannot be prominently seen in the case of V-SAC-
grap systems as the N2 adsorption energies remain nearly consis-
tent despite the implicit treatment of core electrons in ECP and
LANL2DZ basis sets. Fe-SAC-grap and Ni-SAC-grap systems tend
to show a more exothermic adsorption of dinitrogen when
described with explicit core and valence electrons in DZVP,
DZVP-GGA and WACHTERS basis sets as compared to ECP and
LANL2DZ basis. The heavier metals (Ru, W and Re) described with
implicit core electrons tend to show a higher chemisorption when
quasi-relativistic metal basis sets, QECP and LANL2DZ are
employed over the metal ECP basis set. Thereby, the 3-d metals
show a pronounced chemisorption of dinitrogen with metal basis
that define both core and valence electrons explicitly while the
heavier 4-d and 5-d metals are highly affected with the inclusion
of quasi-relativistic factors in the metal basis. In addition, the
adsorption energies of N2 on V-SAC-grap, W-SAC-grap and Re-
SAC-grap systems are found to be insensitive to the size of gra-
phene nanoflakes, while the same cannot be seen for Fe, Ni and
Ru systems.

Most significantly, it can be noted that V,W and Re metals show
a consistently higher and similar affinity towards chemisorption of
N2 molecule in periodic as well as non-periodic calculations, albeit
the difference in the DFT methodologies implemented. In particu-
lar, adsorption energies computed with the V metal defined by the
DZVP-GGA basis set is found to show similar results to the periodic
calculations on V-SAC-grap systems. A similar case can be observed
on W-SAC-grap and Re-SAC-grap systems when metal atomic orbi-
tals described by LANL2DZ basis set has been found to show nearly
similar N2 adsorption energies to the periodic calculations. The
same cannot be seen in the case of Fe-SAC-grap, Ni-SAC-grap and
Ru-SAC-grap systems where the adsorption energies in non-
periodic models tend to be overestimated as compared to the
adsorption energies in the periodic models. This consistent and
similar pattern of adsorption energy observed in the case of V, W
and Re metal SACs, in-spite of different DFT methodologies and
atomic orbital representation, validates the prepotency of local
reactivity of these metals which is in direct correspondence to
the reactivity pattern achieved from their reactivity descriptors.

The chemisorption energies of N2 on different metal SACs can
be correlated to the activation of dinitrogen which is measured
in terms of the elongated N-N bond of dinitrogen molecule when
adsorbed on the M-SAC-grap systems. A percentage increase in
the N-N bond length is made with reference to the N-N bond
length in free N2 molecule, i.e. 1.11 Å and 1.12 Å for periodic and
non-periodic calculations respectively. A gradient plot on the per-
centage increment in N-N bond length on periodic and non-
periodic V-SAC-grap-N2 systems with different modes of BN-pair
doping is as provided in Fig. 5(a). A consistent pattern of N-N bond
activation on V-SAC-grap-N2 can be observed where the BNring-
grap substrates show the largest bond elongation in-spite of the

Fig. 3. DwðrÞ vs f ð2ÞðrÞ plot of the SAC/graphene systems, the symbolic represen-
tations of BN-doping is provided in inset. Less active metals on their corresponding
graphene supports are indicated in the shaded region. Colour scheme of the metals
is as mentioned in Fig.1(b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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difference in DFT methodologies, basis sets and pseudopotentials
to define the metal and nanoflake size in the periodic and non-
periodic models. The N-N bond in V-BNring-grap-N2 systems is
elongated by 11%, i.e. 1.23 Å in the periodic model and non-
periodic nanoflakes when V metal is defined by DZVP-GGA basis
set. The higher bond activation observed in V-BNring-grap-N2 sys-
tems is in direct correlation to the adsorption energy of dinitrogen
molecule and the higher reactivity of V metal as discussed earlier
in the adsorption and reactivity descriptor section. While the
extent of bond activation in Fe, Ni and Ru systems, Figs. 5(b), 5
(c) and 5(d), range from 4.6–8.7 % owing to their less exothermic
adsorption of dinitrogen molecule, which correlates to their lower
reactivity pattern, these metals fail to show a consistent pattern in
N-N bond activation with the change in concentration of BN-pair
dopants, different basis sets or pseudopotentials to define the
metal and size of graphene models in the periodic and non-
periodic calculations. Coming to the W-SAC-grap-N2 and Re-SAC-
grap-N2 systems in Figs. 5(e) and 5(f), these metals show a consis-
tent pattern where a larger N-N bond elongation is found on their
respective CBN-grap substrates in periodic and non-periodic calcu-
lations. The extent of N-N bond activation on W-CBN-grap-N2 and
Re-CBN-grap-N2 systems range from 15.4% (1.27 Å) and 13% (1.24
Å) respectively in periodic models to approximately 16% (or 1.28 Å)
and 14% (or 1.26Å) respectively in their non-periodic counterparts
when the metal is represented by the LANL2DZ basis set. Therefore,
W and Re metals anchored on CBN-grap substrate possess a higher
potential to chemisorp and activate dinitrogen molecule followed
by V on a BNring-grap substrate. It is notable that periodic calcula-
tions carried out with metal PBEpv pseudopotentials generated
geometries with higher N-N bond activation as compared to those
carried out with PBE pseudopotentials in V, W and Re metals.

To also account for the experimental analogy of N-N bond acti-
vation on the adsorbed N2 molecule; IR-stretching frequency
which is a fingerprint to represent the strength of a chemical bond
has been evaluated for the M-SAC-grap-N2 systems and the red-
shift observed in N-N stretching frequency has been provided in
Supplementary Information, Figure S4. It can be noted from Fig-

ure S4(a), S4(e) and S4(f) that the red-shift in N-N bond is consis-
tently higher on the V-BNring-grap, W-CBN-grap and Re-CBN-grap
systems despite the change in DFT methodology, size of the gra-
phene models, metal pseudopotentials and basis sets. This consis-
tent pattern of red-shift in V, W and Re corresponds to the N-N
bond activation observed earlier; with W-CBN-grap showing the
highest red-shift of 1026 cm�1 in periodic calculations and 950
cm�1 in non-periodic calculations. This is followed by Re-CBN-
grap systems with a N-N bond red-shift of 894 cm�1 and 876
cm�1 from its corresponding periodic and non-periodic systems,
respectively. Finally, the V-BNring-grap systems with an 11 % N-
N activation shows a red-shift of around 810 cm�1 in its periodic
system and 740 cm�1 in the non-periodic system. It can be further
noted from Figure S4(b)-S4(d) of Supplementary Information that
Fe, Ni and Ru metal SACs with a relatively lower bond activation
of 4.6–8.7 % shows a correspondingly lower red-shift ranging from
373 cm�1 to 612 cm�1, respectively. This trend on N-N bond red-
shift corroborates to the earlier section on N-N bond activation
and dinitrogen chemisorption energies on different metal SACs.
Our observation on N-N bond red-shift and activation by V, W
and Re SACs corroborate the N2 adsorption energies and reactivity
of the metals described via their reactivity descriptors earlier.
Therefore, the qualitative reactivity description of metal SACs dis-
cussed earlier can be implemented as an important descriptor in
the probe for a highly active metal SAC and a suiTable 2D substrate
that amplifies its activity.

Following the investigation on N-N bond activation, the later
part of the study is now restricted to the more active metals, i.e
V, W and Re. While the activity of V, W and Re metals have been
affirmed through their reactivity descriptor, higher N2 chemisorp-
tion energies and N-N bond activation; a detailed understanding
on the electronic properties before and after dinitrogen adsorption
has to be accounted. Thus, an electronic analysis of V-BNring-
grap-N2, W-CBN-grap-N2 and Re-CBN-grap-N2 systems through
the Projected Density of States (PDOS) examined before and after
dinitrogen adsorption of the periodic models has been shown in
Fig. 6. The electron transfer from the metals to the dinitrogen

Fig. 4. Adsorption energy of dinitrogen on different metal SACs; inset shows the colour scheme changes from blue to red as the adsorption of N2 becomes more feasible.
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molecule can be emphasized by the decrease in electron densities
of the metal d-orbitals in the valence band. W and Re metals
decreases significantly owing to charge transfer from metal to
N2. However, V-CBN-grap shows an exception as the decrease in
electron densities in the valence band leads to generation of vacant
d-orbitals in its conduction band. The reactivity of V-SAC on CBN-
grap substrate can be thereby accounted to its electrophilic nature.
While the heavier W and Re metals have electron rich d-orbitals
and coordinate with dinitrogen via transfer of electrons to the p-
⁄-p⁄orbitals of N2 molecule, V metal with its vacant d-orbitals
coordinate to the N2 molecule via p-p back donation. The charge
density difference plots generated after the adsorption of dinitro-
gen in all three systems displays the hybridisation of metal d-

orbitals with the p⁄-p⁄orbital of N2 to form a stable M-SAC-
grap-N2 complex. Similarly, a metal-nitrogen d-p hybridized High-
est Occupied Molecular Orbital (HOMO) can be observed when the
Frontier Molecular Orbitals (FMO) of non-periodic models of V-
BNring-grap-N2, W-CBN-grap-N2 and Re-CBN-grap-N2 systems on
the C� 42zz and C� 54zz nanoflakes are plotted in Supplementary
Information Figure S5. This hybridization of metal-nitrogen d-p
orbitals verifies our analogy to correlate activity with descriptors
and not as charge controlled hard-hard interaction.[85] The PDOS
and FMO analysis further solidifies the prevalence of metal d-
orbitals and its reactivity in directing the catalytic activity of V,
W and Re SACs supported on graphene towards dinitrogen activa-
tion. As we observed consistent results in periodic and non-

Fig. 5. Percentage increment in N-N bond lengths when N2 is adsorbed on the M-SAC-grap systems. The gradient plot is set with a value of 1.16Å and 4.6% bond length
increment observed in Ni-SAC-pris-grap as white; the intensity of the colour codes for respective metals increases as the N-N bond length increases. For each metal, the
largest value of N-N bond in periodic and non-periodic models are provided along with the least value of N-N bond as observed from our calculations.
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periodic calculations on V, W and Re SACs described with specific
metal basis sets, the NRR process on V-BNring-grap, W-CBN-grap
and Re-CBN-grap systems have been subsequently investigated
on their respective periodic and non-periodic models with DZVP-
GGA basis set for V and LANL2DZ basis set for W and Re.

3.4. NRR mechanism on V-BNring-grap, W-CBN-grap and Re-CBN-
grap systems

Reduction of dinitrogen to ammonia on V-BNring-grap, W-CBN-
grap and Re-CBN-grap systems has been evaluated on their corre-
sponding periodic and non-periodic models. Periodic calculations
on the above systems has been continued with metal PBEpv and
PBE pseudopotentials to account for the larger N-N bond activation
in-spite of similar energetics. Non-periodic calculations with
DZVP-GGA basis set for V and LANL2DZ basis set for W and Re met-
als, has been carried out on the C� 42zz and C� 54zz nanoflakes.
The NRR process, for N2 adsorbed in parallel mode on these M-
SAC-grap systems, follow the enzymatic route where atomic
hydrogen atoms attack the N-atoms in an alternating fashion.
The structures of NxHy intermediates and the change in Gibbs free
energy for each hydrogenation step on periodic and non-periodic
models of V-BNring-grap system are as shown in Fig. 7, while those
of W-CBN-grap and Re-CBN-grap systems are provided in Supple-
mentary Information, Figures S6 and S7. It can be observed from
the free energy diagram of V-BNring-grap system that the energies
of intermediate reaction steps are more negative (i.e. exergonic) in
non-periodic calculations as compared to periodic calculations. The
orbital descriptions are more pronounced in non-periodic calcula-
tions with basis sets, thereby the electronic energy of the system
becomes more negative leading to the lowering of free energy.
Other than this overall lowering of free energy in non-periodic cal-
culations, the energetics of each step is seen to follow the same
pattern as in periodic calculations; for instance the energy uphill
steps, ⁄N2?�N2H, ⁄NH2-⁄NH?�NH2-⁄NH2 and ⁄NH2?�NH3 are
endergonic in both periodic and non-periodic calculations on V-

BNring-grap. This pattern of free energy lowering along with sim-
ilar energetics can be observed in the free energy diagram of W-
CBN-grap and Re-CBN-grap systems provided in Supplementary
Information. While the energy uphill steps in W-CBN-grap system
is similar to that observed in V-BNring-grap system, Re-CBN-grap
shows an exception with an exergonic (or energy downhill)
⁄N2?�N2H step but an endergonic ⁄N2H ! ⁄NH-⁄NH step.

Table 1 summarizes the crucial intermediate steps involved in
NRR process on the above mentioned SAC/graphene systems. These
include N2 adsorption, first hydrogenation step (⁄N2?�N2H),
fourth hydrogenation step (⁄NH2-⁄NH?�NH2-⁄NH2) that gener-
ates a highly strained intermediate, final hydrogenation step
(⁄NH2?�NH3) and the last NH3 desorption step. The Gibbs free
energy of N2 adsorption on non-periodic systems is seen to be
more exoergic, i.e. more negative than the periodic counterparts
for all three SAC/graphene systems. The Potential-Determining
Step (PDS) in V-BNring-grap and W-CBN-grap systems is seen to
change from the fourth hydrogenation step (⁄NH2-⁄NH?�NH2-⁄

Fig. 6. Projected Density of States of graphene supported SACs compared before and after N2 adsorption on (a) Cn-V-BNring-grap, (b) Cn-W-CBN-grap and (c) Cn-Re-CBN-
grap; the charge density difference plots of M-grap-N2 systems, made using Vesta 3.4 [84], are as included in inset.

Fig. 7. Enzymatic reaction mechanism of NRR on periodic and non-periodic V-
BNring-grap models.
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NH2) in periodic calculations to the final hydrogenation step
(⁄NH2?�NH3) in non-periodic calculations. It is notable that these
two steps are the most energy uphill reaction steps (DG > 1.0 eV),
thereby both the steps limit the feasibility of N2 reduction to NH3.
The limiting potential, DGmax in periodic V-BNring-grap systems is
found to be 1.22 eV to 1.24 eV, while the non-periodic counterparts
show a limiting potential of 1.06 eV and 1.12 eV in C� 42zz and
C� 54zz graphene nanoflakes, respectively. For W-CBN-grap sys-
tems, the limiting potential is found to be 1.45 eV in periodic sys-
tems, 1.13 eV in C� 42zz and 1.64 eV in C� 54zz graphene
nanoflakes respectively. However, for periodic and non-periodic
Re-CBN-grap systems, the PDS is the fourth hydrogenation step
(⁄NH2-⁄NH?�NH2-⁄NH2) which involves formation of a torsion-
ally bulk intermediate and the limiting potential ranges from
1.51 eV in periodic system to 1.46 eV in C� 42zz-Re-CBN-grap
and 1.53 eV in C� 54zz-Re-CBN-grap system. From this investiga-
tion on N2 reduction to NH3 in SAC/graphene systems, it can be
noted that the free energy of intermediate hydrogenation steps
are more pronounced in non-periodic calculations as electronic
descriptions are more accurate when basis sets are implemented.
While all three metal-graphene systems can be seen to reduce
dinitrogen to ammonia effectively, a lower energy barrier in
observed on V-BNring-grap where 1.06 eV < DGmax > 1.24 eV.
Although the DGmax of V-BNring-grap is higher than previously
reported V-SAC catalyst [86], the interesting aspect of our SAC/-
graphene system is the NH3 desorption step. Most SAC/2D-
support reported with lower DGmax would require the assistance
of solution, heating, electropotential or etching to desorb NH3 from
the catalyst.[86–88] The recyclability/reclaimabilty of the catalyst
is another looming question that needs to be answered beyond
an effective NRR process. From this computational study, we
observed that NH3 desorption can be easily carried out by N2 as
the ⁄NH3?�N2 step is exergonic and feasible by � �0.66 eV in
Cn-V-BNring-grap, �0.72 eV in C� 42zz-V-BNring-grap and �0.76
eV in C� 54zz-V-BNring-grap systems. Thereby, this reclaimable
V-BNring-grap catalyst with a low-cost metal has an advantage
over several other 2D catalysts.

4. Conclusions

In summary, a comprehensive periodic and non-periodic DFT
calculation has been carried out on six transition metal SACs
anchored on pristine and BN-pair doped 2D graphene models with
an objective to tailor a pragmatic heterocatalyst for NRR. This con-
solidated study highlight the susceptibility of metal reactivity with
respect to the change in DFT methodology, size of the model, coor-
dination of B and N dopants with the metal and most importantly,
the orbital description provided by several basis sets and pseu-
dopotentials. Dual and Multiphilic descriptors are found to bridge
the inherent local activity and innate electronic nature of SACs.
These descriptors yield consistently similar trends to the
chemisorption efficacy and activation of N2 and can be employed

as leads to design efficient SAC/support couple for dinitrogen
reduction. The mechanistic studies on the enzymatic mode of N2

reduction to NH3 on three select SAC/ graphene system highlights
similar free energy diagram in periodic as well as non-periodic cal-
culations. This exhaustive analysis emphasizes that a qualitative
idea of energetics and NRR limiting potential can be achieved from
computational studies made on a less complex non-periodic
model. Additionally, this study focuses on most convenient way
to desorb NH3 with N2 and reclaimabilty of the catalyst which is
usually ignored in most studies. Our computational investigation
proposes V-BNring-grap catalyst as a low cost, highly active, stable
and reclaimable catalyst for NRR that can be developed with the
currently available synthesis technology, thereby enabling efficient
large scale and eco-friendly NH3 production in future.
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A B S T R A C T   

Density Functional Theory (DFT) investigation on the most earth-abundant Al-based catalysts, has been conducted detailing its electronic properties and catalytic 
efficacy for nitrogen reduction at ambient condition. The Al-based catalysts have been modulated to perform as par a highly performing, but rare, Ru-single atom 
catalytic center by varying number of Al atoms, shape, and size. The coalesce of band-center, work function and electronic properties in metal atom catalysts along 
with N-N bond activation has been demonstrated to be responsible for an efficient nitrogen reduction reaction (NRR) with ΔGmax of 0.78 eV in Al5 supported on N- 
doped double vacancy graphene (Al5@N4-DVG) catalyst. Electron localization function analysis has shown a weak physisorption of N2 in the Al-based catalysts. 
Projected Density of States (PDOS) illustrates the enhancement of aluminium electron density in Al5@N4-DVG led to enhanced orbital densities overlap of Alp and Np 
electrons. The Bader charge analysis and electronic analysis of the intermediates show efficient electron gain on the N atoms, leading to formation of NH3 from the 
NxHy intermediates in Al5@N4-DVG catalyst.   

1. Introduction: 

With increasing demands for fuel and deteriorating fossil fuel re-
serves, the primary concern over the last five decades have been 
exploring sustainable fuels and revamping energy efficient technologies. 
However, the research to achieve ambient temperature reduction of 
nitrogen to ammonia is far from perceivable. The N2 molecule being 
non-polarizable, highly inert and a strong triple bond, its dissociation 
energy of 940 kJ/mol is attainable only under high temperature and 
pressure [1]. This also lays forth the constant reliance on the highly 
energy intensive Haber-Bosch process of ammonia synthesis. Therefore, 
a scalable and viable synthetic route of N2 reduction at ambient condi-
tions is an absolute necessity. The electrocatalytic nitrogen reduction 
reaction (eNRR) is one green approach to replace Haber–Bosch process, 
as this process can be actuated from renewable sources of energy and 
ammonia synthesis can be regulated at ambient conditions [2]. How-
ever, electrochemical N2 reduction is laced with two major challenges: a 
large NRR overpotential and low NH3 faradaic efficiency (FE) caused by 
its competing hydrogen evolution reaction (HER) [3,4]. 

An extensive research in the recent years have been made to improve 
the Faradaic efficiency of NRR by implementing noble-earth metal 

electrocatalysts (Pd, Au, Ru, etc.), transition metal electrocatalysts (Mo, 
Fe, Co, V, etc.), and metal-free electrocatalysts (B-doped graphene, black 
phosphorus, etc.) [5–12]. Efficient NRR performance at lower over-
potentials have been reported mostly on metal based electrocatalysts; in 
particular, NRR with FE > 20% till date has been reported on Ru single 
atom catalysts anchored on N-doped porous carbon (21% FE) and active 
Mo/MoO2 species anchored on carbon cloth (FE = 22.3% FE) [13,14]. A 
major advantage of such metal centers@porous carbon electrocatalyst is 
the synergistic utilization of buffer electrons from the two-dimensional 
(2D) substrates and the catalytic metal center. These metal centers 
route the delocalised electrons from the 2D surfaces into the antibonding 
orbitals of N2 molecule leading to an activation of the N-N bond, which 
in turn is an essential determinant to the reduction of N2. Consequently, 
this has prompted computationally driven studies on several noble and 
earth abundant transition metal centers@2D electrocatalysts for nitro-
gen reduction [15,16]. 

In this respect, the main group metals owing to their electronic 
arrangement show only specific oxidation number and restricted orbital 
states fail to exhibit purported N2 reduction, except for Li and Al clus-
ters. Li has been reported to be used directly as a catalyst for NRR or via a 
lithium-mediated route as metallic Li forms the only stable nitride, Li3N 
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in ambient conditions. The Li-mediated NRR electrocatalysts are known 
to exhibit high NRR FE closely approaching 100% in a high- 
concentration imide-based lithium salt interface [17]. However, the 
implementation of Li for NRR becomes unsustainable due to its limited 
presence in the earth’s crust which correspond to only 0.002–0.006 wt 
%. On the other hand, Al being the most abundant metal in earth’s crust, 
has been less explored for ambient nitrogen reduction. Notable reports 
have been made on Al-based electrocatalyst for ammonia fixation 
include Li-aided Al doped graphene, aluminium (III) coordination 
complex, Al-Co3O4/NF, MoAlB single crystals, and Al-N2 battery with an 
Al - ionic liquid electrolyte. Huang et al implemented Al metal as a 
dopant on graphene as a ligating center to the NxHy intermediates 
generated by Li + ion aided reduction of N2 to ammonia at ambient 
conditions [18]. A substantial advancement in NRR performance of Al- 
electrocatalysts had been realized by Berben and co-workers when an 
aluminium (III) complex with 0.3 M Bu4NPF6 THF and DMAPH +
electrolyte exhibited ammonia production at − 1.16 V (vs. SCE) with 
21% FE in ambient condition [19]. However, Al as a catalytic metal 
center for nitrogen fixation has been reported in urchin like Al-doped 
Co2O3 nanospheres (Al-Co3O4/NF) with a FE of 6.25% at − 0.2 V vs 
RHE by Yuan et. al, and in a multicomponent boride, MoAlB wherein the 
layered electrocatalyst reported by Ma and co-workers showed 
ammonia production with a FE of 30.1% at − 0.05 V vs RHE [20,21]. The 
highest FE of 51.2% at − 0.1 V for Al-based electrocatalyst in ammonia 
production has been reported by Zhi and co-workers in a rechargeable 
Al-N2 battery composed of a graphene-supported Pd (graphene/Pd) 
cathode and Al anode with an ionic liquid electrolyte (AlCl/1-butyl-3- 
methylimidazolium chloride) [22]. The study reveals a higher feasibility 
of AlN (ΔG = -287 kJ/mol) formation as compared to Li3N (ΔG = -154 
kJ/mol), thereby revealing a more spontaneous nitriding reaction in Al 
over Li. However, AlN is extremely susceptible to air unlike its lithium 
counterpart, and it gets easily oxidised, thereby the catalytic activity of 
Al gets thwarted. 

Fundamentally, Al being an element of boron family possess similar 
electronic distribution and certain similarities in electronic properties 
can be expected. Boron has been reported in several metal-free elec-
trocatalyst as a dopant or catalytic center that can hold N2 and influence 
ammonia production via an electron “donor-acceptor” mechanism 
[23,24]. While the “donor-acceptor” mechanism is unlikely to occur in 
Al atom catalyst due to a lower electronegativity of Al (1.61) as 
compared to B (2.01), Al clusters have been reported to chemisorb N2 
and activate the N-N bond effectively. Aguado et al. reported the 
chemisorption of N2 and N-N bond activation upto 1.65 Å on Al44 
nanoclusters with an energy barrier of 3.4 eV [25]. The N-N bond 
activation barrier becomes as low as 0.65 eV in smaller Al-clusters, in 
particular, Al5 cluster on BN-graphene, as observed by Kumar and co- 
workers [26]. Henceforth, it is important to probe into these smaller 
Al clusters and explore the plausibility of implementing them as NRR 
electrocatalyst. Furthermore, the experimental realization of Al-based 
catalysts on graphene is not far-fetched research as synthesis of pris-
tine Al-clusters with pulsed laser vaporization can be dated back to 2007 
by Neal et. al. [27] With experimental improvements brought about by 
electron-beam irradiation, single atom substitution on graphene has 
been reported by Zagler and co-workers [28]. However, the evidence of 
graphene-Al clusters/nanoparticle composites is as well-known as other 
graphene-metal composites and the synthesis route follows the con-
ventional chemical exfoliation or powder metallurgy technique 
[29–31]. In this work, we make a radical comparison of the electronic 
properties of NRR active Ru and Mo single atom to Al atom and Al- 
clusters (Aln) supported on N-doped double vacancy graphene (N4- 
DVG). The study focuses on modulating the electronic and catalytic 
properties of atomic Al catalysts by inducing changes in their shape and 
size. 

2. Computational details: 

All metal atoms and clusters supported N-doped double vacancy 
graphene (M@N4-DVG) systems, as shown in Fig. 1 are optimized using 
Density Functional Theory (DFT) calculations with Vienna ab − initio 
Simulation Package (VASP.5.4.4) [32]. The ionic-electronic interactions 
on all systems are sampled with a 2 × 2 × 1 Monkhorst- Pack kpoint grid 
and 520 eV energy cut-off with a generalized gradient approximation 
Perdew-Burke-Ernzerhof (PBE) functional [33]. All M@N4-DVG systems 
have been relaxed with DFT-D3 corrections to incorporate long range 
forces till the atomic forces and energies converge to 0.005 eV/Å and 
10− 5 eV/atom, respectively [34]. Electronic property analysis has been 
carried out to evaluate the density of states and Bader charges of the 
M@N4-DVG systems by considering a higher kpoint grid of (9 × 9 × 1) 
Monkhorst-Pack grid [35]. The thermal stability of the M@N4-DVG 
systems analysed through Ab initio molecular dynamics (AIMD) simu-
lations carried out in an NVT ensemble at 298 K described with a 
Nose–Hoover thermostat at 3 ps time step for 10 ps [36]. Furthermore, 
the feasibility of achieving chemically stable M@N4-DVG systems is 
realized via the binding energies (Eb) of atomic metal catalysts and 
clusters on the N4-DVG system computed using the equation, 

Eb = (EM@N4 − DVG) − (EN4 − DVG) − EM (1) 

where, EM@N4 -DVG is the total electronic energy of Ru, Mo, Al metal 
atom catalysts or Aln (n = 2–7) clusters supported N4-DVG systems, 
EN4 -DVG is the total electronic energy of N4-DVG systems and EM is the 
electronic energy of Ru, Mo, Al single atom catalysts or Aln clusters. 
Following this, the N2 chemisorption efficacy on the M@N4-DVG cata-
lysts is investigated via the end-on and side-on modes of N2 adsorption; 
and the adsorption energy, Eads is computed using the equation, 

Eads = (EM@N4 − DVG− N2 ) − (EM@N4 − DVG) − EN2 (2) 

where, EM@N4 − DVG− N2 is the total electronic energy of M@N4-DVG 
system after N2 adsorption, EM@N4 − DVG and EN2 are the total electronic 
energy of M@N4-DVG systems and free N2 molecule, respectively. 

The free energy of the NxHy intermediates involved in the Nitrogen 
Reduction Reaction (NRR) is represented by the Gibbs free energy 
change, ΔG and the computational Standard Hydrogen Electrode model 
of Nørskov et al. has been implemented to calculate ΔG using the 
following equation [37].  

ΔG = ΔE + ΔZPE − T ΔS(3)                                                                

where, ΔE and ΔZPE is the change in electronic energy and zero- 
point energy respectively, ΔS is the change in entropy at room tem-
perature, T is room temperature (298.15 K). The zero-point energy and 
entropy corrections are computed from the non-negative vibrational 
frequencies of the gas phase species in each intermediate. The potential 
rate-determining step (PDS) for the reaction is intermediate step with 
the highest free energy change (ΔGmax) and the limiting potential, UL is 
equal to –(ΔGmax)/e. For an electrocatalyst under applied potential, the 
free energy is calculated as, ΔGNRR = ΔE + ΔZPE − TΔS + neU + ΔGpH, 
where n is the number of electrons, U is the applied electrode potential 
equivalent to the limiting potential, UL and ΔGpH is the free energy 
correction to pH of the solvent. The pH correction to free energy is 
represented by ΔGpH = 2.303 × kBT × pH, where kB is the Boltzmann 
constant. The pH value is assumed to be zero as the overpotential of NRR 
is unaffected by the change in pH.[38–39]. 

3. Results and Discussions: 

The electronic stability of the M@N4-DVG systems as evaluated from 
the binding energy calculations show the metal single atoms (Ru, Mo 
and Al) to be positioned in the N tetra-coordinated vacancy in the gra-
phene plane, while the Aln clusters are anchored with one Al atom 
occupying the double vacant site in graphene plane (i.e., in-plane) and 
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the remaining Al atoms bound to the in-plane Al-atom. Mo single atom 
(Mo@N4-DVG) has been found to possess the highest binding energy of 
− 9.78 eV followed by Ru@N4-DVG with − 8.19 eV and Al@N4-DVG with 
− 7.81 eV. The Aln clusters supported N4-DVG systems show a gradual 
decrease in their binding energies as the size of the clusters increase. The 
Aln clusters with a planar geometry and higher coordination with the in- 
plane Al are more stable with binding energies ranging from − 7.1 to 
− 7.5 eV as provided in Supporting Information, Table S1. On the other 
hand, Al7@N4-DVG system with a nearly spherical structure and two 
coordinated Al atoms to the in-plane Al atom show the least binding 
energy of − 5.82 eV. Larger clusters are thus, not considered in this study 
as they tend to form spherical and symmetric structures. For ambient 
nitrogen fixation, the thermal stability of all M@N4-DVG systems are 
further analysed through AIMD simulations at 298 K and small struc-
tural distortions are observed in Al4@N4-DVG, Al5@N4-DVG and 
Al7@N4-DVG while both Al6 clusters showed large distortions after 10 
ps, see Supporting Information Figure S1. Henceforth, all the M@N4- 
DVG systems, except Al6a@N4-DVG and Al6b@N4-DVG are eligible 
candidates to be implemented as stable catalysts at room temperature 
and further electrocatalytic studies will be carried out on the stable 

catalysts. 
The catalytic activity of a system, being an inflection of electronic 

properties and charge distribution or transfer efficiency, can be primi-
tively assessed from its work function(Φ) and p-band center. While 
catalysts with a lower work-function will require a smaller energy to 
activate the N2 molecule, a more positive p-band center will ascertain 
the p-orbitals of the active centers are closer to the Fermi level and 
possess higher carrier density. A comparative plot of work function and 
p-band centers of Ru, Mo, Al metal atoms and Aln clusters in Fig. 2(a) 
shows the Ru single atom with most positive p-band center of − 5.25 eV 
and work function of 4.29 eV. The p-band centers of Ru and Mo has been 
computed in place of d-band center to have a consistent comparison 
with Al which possess only p-orbitals. Ru, being the best performing 
metal single atom catalyst on N-doped graphene, is used as a reference 
for another active transition metal, Mo and our metal atom of interest Al 
and its clusters, Aln. Al@N4-DVG system with Al single atom shows a 
much lower (i.e., negative) work function than the Ru or Mo counter-
parts, however its p-band center is relatively more negative (-5.74 eV) 
thereby inferring a lower charge carrier density. Although the work 
function gradually increases with the increase in size of Aln clusters and 

Fig. 1. Top and side views of Ru and Mo single atom supported on N-doped double vacancy graphene considered as reference to Al atom and Al-clusters (Aln) 
supported N-doped double vacancy graphene (M@N4-DVG). 
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a decrease in catalytic activity is expected, the p-band centers show an 
interesting trend with the Al5@N4-DVG system has its p-band center at 
− 5.69 eV and more positive than Al@N4-DVG. This primitive screening 
of catalytic activity is ratified through the N2 adsorption strengths of the 
M@N4-DVG catalysts. While the presence of d-orbitals in Ru and Mo 
single atom catalyst allow both parallel and perpendicular modes of N2 
adsorption on Ru@N4-DVG and Mo@N4-DVG, the most optimal 
adsorption mode and site of N2 on the Aln@N4-DVG catalysts are found 
to vary with the change in shape and size of the Al cluster. The most 
exothermic adsorption of N2 in perpendicular and parallel mode has 
been considered as N2 adsorption sites on Aln@N4-DVG catalysts and are 
shown in Table S2 of Supporting Information. From Fig. 2(b), it is 
evident that lower (or positive) p-band center in Ru@N4-DVG influences 
the exothermic adsorption of N2, while a lower work function is 
responsible for the same in Mo@N4-DVG. The higher activity and 
exothermic adsorption of N2 on Al5 cluster can also be ratified due to the 
shape and orientation of the Al atoms that are available for interaction 
with the incoming N2 molecule. As the Aln cluster size increases, one Al 

atom lies in-plane to the N-doped graphene sheet while the remaining Al 
atoms orient themselves with 3 or 4 as its coordination number. While 
most Aln clusters prefer to form 3-coordination leading to triangular 
facets, the stable Al5@N4-DVG catalyst prefer to form a rectangular facet 
with four Al-atoms exposed as catalytic sites from the ELF plots as shown 
in Table S3 of Supporting Information. Furthermore, the Bader charge 
analysis provided in Table S3 ensues these exposed Al atoms to be 
electron rich while the Al-atom ingrained to the graphene plane is 
positively charged or electron deficient. This further corroborates to the 
lower N-N activation of Al single atom as compared to electron rich Al- 
atoms lying above the graphene plane which can easily render electrons 
to N2 molecule. 

The N2 adsorption energies on Al single atom and its clusters are 
relatively lower than the transition metal counterparts; however, a 
similar trend of work-function influencing adsorption can be observed in 
Al@N4-DVG, Al2@N4-DVG and Al3@N4-DVG while the p-band center 
becomes accountable for Al5@N4-DVG. More interestingly, Al5@N4- 
DVG is the only Aln based catalyst that shows exothermic side-on N2 

Fig. 2. (a) Comparative plot of work function and p-band center of all M@N4-DVG systems, red and blue histograms represent the work function and p-band center 
respectively. (b) N2 adsorption energies and N-N bond elongation on the M@N4-DVG systems, the histograms represent N2 adsorption energy while the points 
represent N-N bond length in Å. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Projected density of states (PDOS) with Charge density difference (CDD) and Electron location function (ELF) plots of side-on N2 adsorbed on Al5@N4-DVG. 
The CDD and ELF plots were made using VESTA software.[40]. 
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adsorption (-0.34 eV) and N-N bond activation (1.37 Å) brought about 
with the nitrogen atoms attached to different Al centers. Fig. 3 shows the 
overlap of Al p-orbitals (Al5@N4-DVG) and N p-orbitals (N2) in the Fermi 
region of PDOS and electron localization function (ELF) plot with 
localized electrons on the N2. Besides Al5@N4-DVG, the systems of in-
terest that show exothermic N2 adsorption and N-N bond activation are 
Ru@N4-DVG, Mo@N4-DVG, Al@N4-DVG, Al2@N4-DVG and Al3@N4- 
DVG. The electron localization functions of adsorbed N2 on the above- 
mentioned M@N4-DVG catalysts are provided in Supporting Informa-
tion, Figure S2. ELF plots with higher electron density concentration on 
the atoms will correspond to ionic bonding while contribution from 
covalent bonding can be accounted when the electron density is 
concentrated on the respective bond between two atoms. A prominent 
electron localization on N2 can be observed in Ru@N4-DVG and 

Mo@N4-DVG systems inferring an ionic bonding or stronger binding 
which can be interpreted as chemisorption led by electron transfer, 
whereas a more covalent bonding between Al atoms and N2 molecule 
can be observed in the Al-based catalysts inferring towards phys-
isorption of N2. The presence of higher electron density in Aln clusters as 
compared to Al single atom can be a major contributor in enhancing the 
catalytic activity of Al metal for NRR. This is supported by the PDOS plot 
of N2 adsorbed Al@N4-DVG catalyst in Figure S3, Supporting Informa-
tion shows minimal contribution from the Al p-orbitals. However, in 
aluminium cluster catalysts the contribution of Al p-orbitals is found to 
increase gradually along with a shift towards the Fermi level due to the 
conducting nature of Al. The distribution of electron density as seen 
from ELF plots and smaller orbital overlap between Al and N2 can be 
inferred as N2 physisorption on the Al-based catalysts and the N2 

Fig. 4. (a) Possible mechanistic routes of nitrogen reduction reaction; distal and alternating route for N2 adsorbed in end-on mode, while enzymatic and consecutive 
route is observed in side-on adsorbed N2. (b) ΔGmax (in eV) with potential rate determining step on all active M@N4-DVG catalysts. (c) Consecutive route of nitrogen 
reduction on Al5@N4-DVG catalyst computed under applied voltage of 0 V (dark-violet line) and − 0.78 V (black line) respectively, the Gibbs free is calculated 
following the computational hydrogen electrode model of Nørskov.[37]. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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adsorption energies corroborate to this finding. 
Following this screening of N2 activation, the mechanisms of nitro-

gen reduction reaction (NRR) on all possible routes, Fig. 4(a), are 
explored on the select M@N4-DVG catalysts that show exothermic N2 
adsorption. Nitrogen reduction on Ru@N4-DVG and Mo@N4-DVG cat-
alysts with Ru and Mo single atom center have been investigated via the 
distal, alternating and enzymatic route. The consecutive route has been 
found unfeasible as the *N-*NH2 intermediate could not be realized on 
the single atoms. Computational calculations on Al@N4-DVG, Al2@N4- 
DVG and Al3@N4-DVG catalysts that show end-on N2 adsorption have 
been restricted only for the distal and alternating route. Finally, Al5@N4- 
DVG catalyst which showed exothermic side-on N2 adsorption have 
been investigated for enzymatic and consecutive route of NRR, with 
multiple Al atoms being involved in N2 adsorption, the consecutive route 
becomes feasible in this catalyst. The free energy diagrams of the above- 
mentioned routes of NRR reaction coordinates on stable M@N4-DVG 
catalysts are provided in Supporting Information, Figure S4-S9. The 
reduction of N2 to NH3 is a multistep reaction with six elementary 
protonation steps and release of two NH3 molecules, the usual uphill 
reaction steps are the first (*N2→*N2H) and last protonation 
(*NH2→*NH3) steps in all routes along with the fourth protonation 
(*N2H3→*N2H4) step in alternating route. The uphill elementary step 
with the highest energy barrier becomes the potential rate determining 
step (PDS) of NRR and a summary of all possible routes and the PDS with 
ΔGmax values on all M@N4-DVG catalysts as shown in Fig. 4(b). The 
ΔGmax value on Ru single atom, reported as the best catalyst, has been 
found to be 0.53 eV in the first protonation step. However, Mo single 
atom which has been reported as an active NRR catalyst shows a rela-
tively high energy barrier of 1.43 eV in the last protonation step. The 
ΔGmax values on the Al-based catalysts are 0.84 eV (*N2→*N2H), 1.35 
eV (*NH2→*NH3) and 1.08 eV (*NH2→*NH3) in Al@N4-DVG, Al2@N4- 
DVG and Al3@N4-DVG respectively. While Al single atom and smaller 
Al-clusters show a relatively higher NRR performance than Mo single 
atom, the NRR performance improves to 0.78 eV in Al5@N4-DVG cata-
lyst that showed exothermic side-on N2 adsorption. Furthermore, upon 
application of an external potential 0.78 eV as shown in Fig. 4(c), the 
elementary (*NH2→*NH3) protonation steps become exothermic, 
thereby inferring this catalyst can also be implemented as an 
electrocatalyst. 

A detailed electronic analysis of the Bader charges as shown in Fig. 5 
(a) of Ru@N4-DVG shows a correlation between the charge transfer from 
Ru to the N atoms. Most importantly, the PDS fourth protonation step, 
*NH–*NH2 → *NH2–*NH2 step has been found to show a large differ-
ence between Ru charge and N charges, thus signifying that the elec-
tronic barrier essential to bring about ammonia production. Al@N4-DVG 
catalyst that show a preference of the alternating route with better 
stabilized *NxHy intermediates exhibit contrastingly higher Bader 
charge difference in the last protonation step although the PDS is the 
first protonation step, *N2→ *N-NH. This is in concordance to an uphill 
step of 0.81 eV observed in⋅NH3 formation as shown in the Supporting 
Information, Figure S6. Furthermore, in the ELF plot shown in Fig. 5(b) 
inset for⋅NH3 intermediate, a relatively higher electron density can be 
observed in the N atoms from the Al single atom along with Al-N co-
valent bond further stabilising the system. This possess a major chal-
lenge in the functionality and applicability of Al@N4-DVG catalyst, as 
the active Al metal site gets deactivated due to strong adsorption efficacy 
of NH3, which is − 0.90 eV exergonic from N2 adsorption. Interestingly, 
Al5@N4-DVG catalyst behaves similar to Ru@N4-DVG catalyst and 
shows a large variation in Bader charge of Al and N only in its PDS step, i. 
e., *NH2→⋅NH3 step, Fig. 5(c). Additionally, the dissemination of elec-
tron density in the constituting Al atoms in Al5 center leads to efficient 
electron transfer to N atoms, leading to formation of NH3 without the 
manifestation of any covalent bond between Al center and N atoms of 
NxHy intermediates. The corresponding NH3 adsorption on Al5@N4-DVG 
is exoergic by − 0.41 eV as compared to N2 adsorption and the possibility 
of catalytic center deactivation or poisoning can be reduced as 5-Al 

metal centers are involved. Another similarity of the Al5@N4-DVG 
catalyst to the Ru@N4-DVG catalyst is an exclusive NRR selectivity over 
the competing hydrogen evolution reaction (HER), Fig. 5(d). An inter-
esting outlook can be accounted on the NRR performance of Al5@N4- 
DVG catalyst in the presence of water solvent, details of implementing 
solvent model and calculations are discussed in Supplementary Infor-
mation. N2 molecule being non-polar, its adsorption energy in water 
should be endothermic as compared to its value in vacuum; while the 
protonated NxHy intermediates possess dipoles and water as a solvent 
enhances the formation of NxHy intermediates. Thereby, a lower 
adsorption energy of N2 and higher free energies of NxHy intermediates 
on Al5@N4-DVG system can be expected with solvent effects and the 
same has been compared with the energetics in vacuum for the 
consecutive route of NRR on Al5@N4-DVG, as seen in Fig. 5(e). In the 
presence of water, the adsorption energy of N2 on Al5@N4-DVG system 
reduces from − 0.06 eV to − 0.05 eV in perpendicular mode and − 0.37 
eV to − 0.27 eV in parallel mode. As anticipated, the following proton-
ation steps leading to formation of NxHy intermediates are energetically 
favourable with more negative ΔG values when compared to vacuum 
state (Figure S10). The corresponding ΔGmax reduces from 0.78 eV to 
0.70 eV for the consecutive route and PDS shift from the last protonation 
step, *NH2→⋅NH3 in vacuum to fourth protonation step, *N →*NH in 
water solvent. This can be attributed to the solvation of the *N inter-
mediate with open coordination sites and the water pockets hindering 
the transport of H+ to form the *NH intermediate. Contrastingly, the 
protonation of *NH2 intermediate to⋅NH3 intermediate which was less 
feasible in vacuum becomes more facile as water can enhance the 
transport of protons and formation of⋅NH3. This also substantiates that 
Al5@N4-DVG catalyst can be rendered for lab-scale experimentations in 
aqueous conditions. 

A comparison of the NRR performance on the Al-based catalysts has 
been highlighted in Table S4 of Supplementary Information. The ΔGmax 
of NRR on Al5@N4-DVG catalyst has been observed to be higher than 
several homoatomic or heteroatomic bimetallic transition metal cata-
lysts, however in several cases of homoatomic catalysts, i.e., Ru2 @PC6, 
Cu2@NG, Ni4@Gr catalysts the NRR performance is on-par and higher in 
some cases. It can also be noted that Al5 cluster anchored on BN-doped 
graphene showed the lowest barrier for N-N bond activation in the study 
carried out by Kumar et al. and our studies concur to their findings.[26] 
Aluminium clusters on N-doped double vacancy graphene, despite a less 
attractive NRR performance than transition metal single atoms, perform 
as par the Ru single atom catalyst with a high selectivity for NRR and a 
trade-off can be achieved when researchers aim for scalable and sus-
tainable catalyst for ammonia production. 

4. Conclusions 

In this study, DFT investigation has been made to conform an earth- 
abundant metal Al to conform and exhibit similar catalytic properties to 
another rare earth transition metal, Ru for nitrogen reduction. Al-based 
catalysts have been modulated into a Ru-single atom like catalytic center 
by varying number of Al centers. A detailed study on the electronic and 
thermal stability of the model catalysts have been made via AIMD 
studies and the catalytic properties are primitively scoured through their 
inherent electronic properties. An analysis of the electron localization 
function and projected density of states plots shows a strong chemi-
sorption in the transition metal, while a weak physisorption is observed 
in the Al-based catalysts. The change in shape and size of the atomic Al 
clusters reflects to a change in their corresponding catalytic properties, 
and Al5 supported on N-doped double vacancy graphene (N4-DVG) 
conform to Ru-single atom like catalyst. Bader charge analysis of the 
NRR reaction intermediates show a similarity in the large charge 
transfer to N atoms from Ru single atom and Al5 center, with respective 
ΔGmax of 0.53 eV and 0.78 eV in Ru@N4-DVG and Al5@N4-DVG cata-
lysts. Despite a higher free energy change in the potential rate deter-
mining step, the high NRR selectivity of Al5@N4-DVG catalyst makes it a 
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Fig. 5. Bader charge analysis on the metal centers and N atoms of the NxHy intermediates of enzymatic, alternating and consecutive NRR routes on (a) Ru@N4-DVG, 
(b) Al@N4-DVG, (c) Al5@N4-DVG, respectively (d) NRR vs HER selectivity plot of the active M@N4-DVG catalysts, Ru@N4-DVG and Al5@N4-DVG show exclusive 
NRR selectivity as compared to the rest of the Al-based catalysts; (e) Free energy diagram of consecutive NRR on Al5@N4-DVG without and with water solvent, and 
the corresponding ΔGmax reduces from 0.78 eV to 0.70 eV. 
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highly attractive catalyst for electrocatalytic ammonia production. The 
understanding from this work can be used to further the research on 
developing Al-based catalysts for nitrogen fixation and feasible ambient 
ammonia production with the most abundant metal, aluminium. 
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Electrocatalytic nitrogen reduction directed
through the p-band center of boron on
BSAC@Mo2C†

Ashakiran Maibam, ab Sailaja Krishnamurty *ab and Manzoor Ahmad Dar *c

Greener modes of ammonia synthesis via the electrocatalytic route have been investigated on pristine

and defective Mo2C based monolayers anchored with metal-free boron atom catalysts. Boron single

atom catalysts (SACs) on the defective Mo2C monolayer has been found to activate N2 strongly with an

adsorption energy of �1.92 eV and reduce it to NH3 efficiently with a significantly low overpotential of

0.41 eV. The exothermic adsorption of N2 and low overpotential for the nitrogen reduction reduction

(NRR) appertain to the p-band center of the boron atom catalyst and charge transfer between the

adsorbed N2 and the catalyst, respectively. This work brings forth the correlation between electron

occupancy on the boron center and NRR catalytic efficiency on a metal-free SACs@Mo2C monolayer

couple, thereby serving as a lead in designing metal free electrocatalysts for the NRR.

1 Introduction

With the rise in global temperature and greenhouse gas emis-
sions, most industrial processes aim to achieve carbon neu-
trality. However, one process with an extremely high carbon
footprint accounting for 6% of global CO2 emissions and the
consumption of approximately 1–2% of global energy1 is the
Haber–Bosch2 ammonia synthesis process. With ammonia
being an irreplaceable precursor in agriculture, various indus-
tries and energy applications,3,4 there is an urgent need to
develop greener techniques for NH3 synthesis through photo-
catalytic, electrocatalytic or photo-electrocatalytic routes to
meet the current demands.5,6 The optimal goal towards achiev-
ing ammonia economy is to develop a catalyst that reduces N2

to NH3 under ambient conditions like the nitrogenase enzyme.
The electrocatalytic route of nitrogen fixation is an attractive
alternative owing to its efficiency and environment-friendly
nature.7,8 However, with N2 being a highly stable molecule with
a N–N triple bond energy of 940 kJ mol�1, the kinetics asso-
ciated with the electrocatalytic nitrogen reduction reaction
(NRR) are sluggish and the faradaic efficiency is low.7 As a

result, the competing hydrogen evolution reaction (HER) is
usually preferred over the sluggish NRR. Therefore, it is essen-
tial to design new and smart materials with high electrical
conductivity that have the capability to subjugate the HER and
enhance the NRR. Several scarce metals such as Ru,9,10 Au11,12

and Pd13,14 have been reported as highly efficient electrocata-
lysts for the NRR with faradaic efficiencies of up to 36.6%,13

their cost and availability are issues that cannot be overcome.
Hence, identifying cost effective electrocatalysts based on earth
abundant metals such as Mo, Fe, and Co, etc. as potential
alternatives for the NRR is the need of the hour.15

Notably, Mo metal is present as an active centre in nitro-
genase enzymes, and possesses the requisite electronic struc-
ture to capture N2 molecules and has been extensively studied
for the NRR.16 Several other Mo-based two-dimensional (2D)
materials, nanoparticles and nanoclusters, single atom cata-
lysts (SACs) and organometallic complexes have been reported
as efficient catalysts for the NRR.17–26 While Mo-containing
organic and inorganic complexes efficiently adsorb and form
stable dinitrogen complexes, their application as electrocata-
lysts or electrodes are not warranted.18 Mo clusters and SACs,
on the other hand, require a conducting/semi-conducting sup-
port for further usage as electrocatalysts.19,20,22,27 In this
regard, Mo-based 2D materials such as MoS2,24,28–31 MXenes
(Mo2C)32–34 and MBenes (Mo2B2)35,36 are appealing electroca-
talysts owing to their high electrical conductivity and the
presence of active Mo metal centres. These 2D materials not
only show high hydrophilicity, stability and conductivity but are
interesting from the catalytic aspect of nitrogen reduction as
the Mo metal is accessible to the nitrogen molecule. Compared
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to MBenes, MXenes have been extensively investigated experi-
mentally for the electrocatalytic NRR.32,37–39

While computational studies on the electrochemical appli-
cations of Mo2C based 2D materials have been extensively
carried out, they have rarely been explored for the electrocata-
lytic NRR. One notable study on the electrocatalytic application
of Mo2C for the NRR was made recently by Zhang et al. wherein
Mo2C monolayers were investigated for the NRR through
density functional theory (DFT) calculations.34 It would be
imperative to recollect that effective strategies to fine tune
and improve the N2 binding efficacy on a 2D monolayer are
structural modifications and incorporating active atomic cen-
ters on it.40 Thereby, pristine and defective Mo2C monolayers
coupled with a metal free single atom catalyst, in particular
boron, are expected to enhance the N2 adsorption and inher-
ently improve the NRR process. Several experimental and
computational studies have reported boron based metal free
catalysts on 2D materials to remarkably augment the electro-
catalytic NRR by promoting N2 adsorption and inhibiting the
HER.41–43 The boron center behaves as a Lewis acid with empty
p-orbitals, thereby resulting in a strong p–p* interaction with
N2 and less energy demanding subsequent protonation steps
for the NRR.44,45

The correlation between charge transfer from the catalytic
center and nitrogen reduction efficacy is one aspect of para-
mount importance that has not been explored to date. Thus, in
the present work, we conducted a comprehensive investigation
to provide a complete picture concerning the fundamental
understanding of nitrogen activation and reduction on active
boron atoms anchored on a pristine Mo2C monolayer. Specifi-
cally, the coupling effect of boron single atom catalysts with
defects on the Mo2C monolayer and its influence on nitrogen
activation and reduction was thoroughly investigated. The
p-band center and electronic structure of 2D Mo2C monolayers
upon the anchoring of non-metallic boron atoms directly
influences their NRR catalytic efficiency. Based on our results,
we found that a single boron atom catalyst anchored on a
defective Mo2C monolayer can effectively produce NH3 with a
record low overpotential of 0.41 eV.

2 Computational details

All DFT calculations were carried out with the Vienna ab initio
Simulation Package (VASP).46 The generalized gradient approxi-
mation (GGA) and the Perdew–Burke–Ernzerhof (PBE)47 func-
tional has been employed with an energy cutoff of 532 eV to
describe all electron core–interactions. A DFT-D3 correction
method has been incorporated to account for the long-range
van der Waals (vdW) interactions.48 All the catalyst systems
sampled with a (5 � 5 � 1) Monkhorst–Pack k-point grid and a
vacuum space of 20 Å along the Z-direction are relaxed until the
atomic energy and forces converge to 10�5 eV per atom and
0.005 eV Å�1, respectively. For the density of states and electro-
nic structure calculations, a higher (11 � 11 � 1) Monkhorst–
Pack k-point grid has been employed.

The stability of atomic boron catalysts on Mo2C and its
analogues is evaluated in terms of binding energy, Eb which is
calculated by using the equation,

Eb = (EBcat@Mo2C) � (EMo2C) � (EBcat
) (1)

where, EBcat@Mo2C and EMo2C are the total electronic energies of
the 2D Mo2C monolayer with and without atomic boron cata-
lysts and EBcat is the electronic energy of atomic boron. The
adsorption of N2 on the 2D Mo2C monolayer has been com-
puted for the parallel and perpendicular modes and the effi-
ciency of these materials to chemisorp N2 molecule has been
calculated in terms of the N2 adsorption energy, (Eads) as
given below,

Eads = (EBcat@Mo2C–N2
) � (EBcat@Mo2C) � (EN2

) (2)

where, EBcatMo2C–N2, EBcat@Mo2C and EN2
are the total electronic

energies of N2 adsorbed systems, Bcat@Mo2C and free N2

molecules, respectively.
The Gibbs free energy change, DG in every protonation step

of the NRR has been calculated by employing the computa-
tional SHE (standard hydrogen electrode) model proposed by
Nørskov et al.49 using the equation,

DG = DE + DZPE � TDS (3)

where, DE is the change in electronic energy, DZPE is the
change in zero-point energy, T is the room temperature
(298.15 K) and DS is the change in entropy. The zero-point
energies and entropy contributions are calculated by consider-
ing the vibrational frequencies of the adsorbed gas phase
species. Furthermore, the overpotential for the electrocatalytic
NRR on the Mo2C monolayer and its analogues has been
calculated as Z = USHE � UPDS, where USHE = �0.16 eV, is the
standard reduction potential of N2 to NH3 and UPDS = DGmax/e
for the NRR pathway.

3 Results and discussion
3.1 N2 adsorption on BcatMo2C

The stability of atomic boron catalysts on Mo2C is one of the
fundamental prerequisites for their implementation as electro-
catalysts for the NRR. Boron has been anchored on conven-
tional pristine 1T-Mo2C as a single atom catalyst (SAC) or a
diatom catalyst (DAC), respectively referred to as BSAC@Mo2C
and BDAC@Mo2C from now onwards. The geometric structures
of the BSAC@Mo2C and BDAC@Mo2C catalysts are presented in
Fig. S2 (see the ESI†). Anchoring BDAC on Mo2C was found to be
more feasible with a binding energy of �7.07 eV as compared to
BSAC (�6.90 eV). The 2D Mo2C monolayer was then subjected to
two major surface modifications: a Mo-vacancy and defective
Mo2C with non-metal dopants as shown in Fig. 1. Mo2C with a
vacant Mo-site is referred to as Mo2C–Movac and defective Mo2C
obtained by replacing one Mo atom from the surface with
metal-free dopants is designated as Mo2C–Xdef, where X = B,
C, N, P and S. On these Mo-vacant and defective analogues of
Mo2C, we next adsorbed B single atoms to create a metal-free
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catalyst couple for nitrogen activation and reduction. The
binding energy of BSAC ranges from �5.35 eV on the Mo2C–
Movac catalyst to �6.25 eV, �5.37 eV, �7.92 eV, �5.81 eV and
�4.77 eV respectively, on the Mo2C–Bdef, Mo2C–Cdef, Mo2C–
Ndef, Mo2C–Pdef and Mo2C–Sdef catalysts. The exothermic bind-
ing energies of the boron atom catalysts on all Mo2C analogues
illustrates the stability of the boron SAC integrated on the
defective Mo2C monolayers.

We next investigated the N2 adsorption efficacy and electro-
nic properties of the Bcat@Mo2C catalysts through the d-band
centre of Mo, the p-band centre of B and the projected density
of states (PDOS) with reference to pristine 1T-Mo2C. Fig. 2
highlights the N2 adsorption energies of the Bcat@Mo2C cata-
lysts with reference to 1T-Mo2C and the correlation between N2

adsorption with the d-band center of Mo and the p-band center
of B. BSAC@Mo2C and BDAC@Mo2C exhibit a lower exothermic

end-on mode of dinitrogen adsorption with Eads values of
�0.64 eV and �0.55 eV, respectively with respect to �1.10 eV
on 1T-Mo2C. It can also be noted that there are no significant
changes in the Mo d-band center when BSAC and BDAC are
anchored on Mo2C, however the B p-center on BSAC@Mo2C is
more positive than that of BDAC@Mo2C. A more positive B
p-band center infers that the B p-orbitals are closer to the
Fermi level (EF = 0 eV), which in turn leads to the feasible
adsorption of N2. Generating a Mo-vacancy on the Mo2C
monolayer leads to a less positive Mo d-band center, but in
contrast, the B p-band becomes more positive, which in turns
leads to higher chemisorption (�1.92 eV) of N2 on BSAC@Mo2C–
Movac. Moreover, on analysing the Bader charges on the Bcat

centers, all the Bcat centers are found to be negatively charged,
thereby implying that there is a charge transfer from the Mo2C
monolayer to B. The only exception being the BSAC@Mo2C–Ndef

and BSAC@Mo2C–Sdef systems with positively charged or nearly
neutral Bcat centers, respectively. Interestingly, these two sys-
tems possess a more negative B p-band center as compared to
the rest of the systems, and thereby show lower exothermic N2

adsorption. It is also important to note that a higher exother-
mic N2 adsorption is not only influenced by the B p-band center
but also by a more pronounced overlap between the p orbitals
of the B and N atoms. The parallel/side-on mode of N2 adsorp-
tion involves two B–N bonds, and results in two peaks in the
PDOS plot (inset) with a greater electron density overlap (see
Fig. 3(a)) compared to a single B–N bond for the perpendicular/
end-on mode of N2 adsorption (Fig. 3(b)) on BSAC@Mo2C–
Movac. The BSAC@Mo2C–Xdef catalysts follow a similar pattern
of N2 adsorption. For instance, BSAC@Mo2C–Cdef with a more
positive B p-band center exhibits better chemisorption of N2

when compared to BSAC@Mo2C–Ndef with a highly negative
p-band center of B. It can be established that the adsorption
and activation of N2 is influenced by the p-band center of Bcat

on the B-anchored Mo2C catalysts. Interestingly, it was noticed
that the N2 chemisorption efficacy of BSAC with a Mo-vacancy is
on a par with that of BSAC with C-defective Mo2C, while the rest
of the non-metals, i.e. B, P, S and N show moderate to minimal
adsorption of N2. Apart from the B p-band center, the N2

adsorption trends could also be rationalized in terms of elec-
tronic properties such as charge difference density (CDD) and
the PDOS plots provided in Fig. S3 of the ESI.† The PDOS plots
also show the very interesting phenomenon of a synergistic
effect between the C from the Mo2C and Bcat centers. The
systems that show a higher exothermic N2 adsorption, in turn
show a more pronounced overlap between the C p-orbitals and
B p-orbitals, thus the synergistic effect of C and B enhances the
N2 adsorption efficiency in the Bcat@Mo2C catalysts.

3.2 N2 reduction on Bcat@Mo2C catalysts

Finally we explored the thermodynamics for the reduction of N2

to NH3 on the Bcat@Mo2C catalysts that showed strong exother-
mic N2 chemisorption. Also the NRR pathways on BSAC@Mo2C
and BDAC@Mo2C were analysed to deduce whether the role of a
second B atom enhances or inhibits the reduction process.
Among the defective monolayers with surface modification,

Fig. 1 The model 2D 1T-Mo2C monolayer with surface modifications
considered in this study.

Fig. 2 N2 adsorption energies in different modes, and the Mo d-band
center and B p-band center on different Bcat@Mo2C catalysts.
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BSAC@Mo2C–Movac and BSAC@Mo2C–Cdef were considered as
both showed highly exothermic chemisorption of dinitrogen in
both the parallel as well as the perpendicular mode. Previous
studies have revealed that the reduction of N2 can proceed via
three pathways, viz. distal or alternating and enzymatic, respec-
tively, for N2 adsorbed in the perpendicular and parallel modes.
On the BSAC@Mo2C and BDAC@Mo2C catalysts with N2

adsorbed preferentially in an end-on mode, the NRR pathway
was explored through the distal and alternating routes as
shown in Fig. S4 and S5 of the ESI.† The last protonation step,
i.e. *NH2 - *NH3 has been found to be the potential determin-
ing step (PDS) for nitrogen reduction on BSAC@Mo2C and
BDAC@Mo2C for both the distal and alternating route with a
DGmax of 1.10 eV and 0.90 eV, respectively. The corresponding

overpotentials, Z for reducing nitrogen to ammonia on the two
catalysts are therefore, 0.94 eV and 0.74 eV, respectively. It
would be interesting to note that BSAC@Mo2C, which is more
exergonic towards N2 (�0.15 eV) as compared to BSAC@Mo2C
(�0.05 eV) follows a more uphill first protonation step (0.21 eV)
and a complementary more uphill PDS. For the BSAC@Mo2C–
Movac monolayer with one Mo-atom vacancy that shows
exothermic N2 adsorption in the side-on as well as end-on
modes, the NRR mechanisms for all three possible routes were
computed and are are presented in Fig. 4. Although, the parallel
mode of N2 adsorption is more exergonic than the the
perpendicular mode, and we expect the enzymatic route to be
favoured over the distal or alternating route, the limiting
potential for the NRR on the BSAC@Mo2C–Movac catalyst was

Fig. 3 PDOS of N2 adsorbed on BSAC@Mo2C–Movac with the insets showing hybridisation of the N p-orbitals and B p-orbitals and the CDD plot
generated isosurface density set to 0.003 e Å�3. (a) PDOS and CDD plots of N2 adsorbed on BSAC@Mo2C–Movac via the parallel/side-on mode. (b) PDOS
and CDD plots of N2 adsorbed on BSAC@Mo2C–Movac via the perpendicular/end-on mode.

Fig. 4 Free energy profile of the nitrogen reduction reaction via the distal, alternating and enzymatic routes on the BSAC@Mo2C–Movac catalyst.
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found to be 0.57 eV (*NH2 - *NH3) for the distal, 1.05 eV
(*N–NH - *NH–NH) for the alternating and 1.83 eV (*NH2–
*NH2 - *NH2) for the enzymatic route. The distal route, which
involves the protonation of only one nitrogen atom to form the
first ammonia molecule, can be seen to show downhill reaction
steps until the fourth protonation step. The preference for the
distal mode could be accounted for by less steric hindrance
caused by subsequent protonation on the nitrogen atoms. It is
interesting to note that the BSAC@Mo2C–Movac catalyst shows a
high affinity for capturing the *NH2 moiety as it can be found
from the enzymatic route. The *NH2–*NH2 intermediate shows
a highly exergonic adsorption with dissociation of the N–N
bond and the adsorption of one *NH2 on the Mo atom of the
monolayer. Dissociating the N–N bond would be the ultimate
goal of the NRR, however, if the catalyst holds onto the
ammonia molecule strongly, the effectiveness and applicability
of the catalyst is restricted. As a result, the enzymatic route
would be a highly unlikely and unfavoured route for reducing
N2 molecules. A similar case of the high exergonic adsorption of
the *NH2–*NH2 intermediate can be seen for the BSAC@Mo2C–
Cdef catalyst (Fig. S6, ESI†), wherein the limiting potentials for
nitrogen reduction were found to be 1.42 eV for the distal and
alternating routes (*NH2 - *NH3) and 2.26 eV for the enzy-
matic route (*NH2–*NH2 - *NH2). The limiting potentials and
the corresponding potential determining steps on the above
mentioned Bcat@Mo2C catalysts are summarised in Table 1.

While an exergonic adsorption of N2 is essential for the
feasible capture of N2, it is not the only deciding factor for
successful nitrogen reduction. There have been no accounts
correlating dinitrogen adsorption to the efficacy of nitrogen
reduction and the corresponding limiting potential. The exer-
gonic free energy of N2 follows the order BSAC@Mo2C–Movac 4
BSAC@Mo2C–Cdef 4 BSAC@Mo2C 4 BDAC@Mo2C, however the
limiting potential of nitrogen reduction follows the order
BSAC@Mo2C–Cdef 4 BSAC@Mo2C 4 BDAC@Mo2C 4 BSAC@
Mo2C–Movac. In order to correlate the N2 adsorption and the
limiting potential, we probe into the electronic properties of the
adsorbed N2 and NxHy species via the Bader charges on the B
atom and N atoms for all the Bcat@Mo2C catalysts as shown in
Fig. 5. The N-atoms are seen to be negatively charged on all the
NxHy intermediates and tend to be more electron rich for
subsequent reaction steps thereby making the protonation
facile. While the differences in Bader charge on the N-atoms

are minute for different catalysts, the charges on the B-atoms
are prominent with less positive B-atoms on the BDAC@Mo2C,
BSAC@Mo2C–Movac and BSAC@Mo2C catalysts, followed by the
BSAC@Mo2C–Cdef catalyst. A highly positive B-atom on the
corresponding NxHy intermediates would deplete the negative
charge on the N-atom, thereby restricting the protonation steps
as seen in the case of BSAC@Mo2C–Cdef. Therefore, the BSAC@
Mo2C–Movac catalyst with strong N2 chemisorption captures the
dinitrogen molecule effectively and the electron deficient B-
atom aids the protonation steps in the NRR, thus making it an
attractive electrocatalyst with a limiting potential of 0.57 eV and
an overpotential of 0.41 eV. In contrast, the relatively high
limiting potential of 1.10 eV for BSAC@Mo2C in spite of the
similar charges on the B-atoms can be accounted for by a less
exergonic N2 adsorption as compared to BSAC@Mo2C–Movac.
Additionally, BDAC@Mo2C with electron rich B-atoms shows a
relatively higher limiting potential of 0.90 eV owing to its less
exergonic N2 adsorption. We further correlate our analogy to
the first protonation step of the NRR, which is usually con-
sidered a crucial step in the NRR. It has been reported that a

Table 1 Gibbs free energies, DG (eV) of N2 adsorption, first protonation and rate determining step (DGmax) and overpotential, Z for all routes of the NRR
on the Bcat@Mo2C catalysts

Bcat@Mo2C catalysts NRR route DG*N2
(eV) DG*N2

- DG*N2H (eV) Rate determining step DGmax (eV) Z (eV)

BSAC@Mo2C Distal �0.15 0.21 *NH2 - *NH3 1.10 0.94
Alternating �0.15 0.21 *NH2 - *NH3 1.10 0.94

BDAC@Mo2C Distal �0.05 0.02 *NH2 - *NH3 0.90 0.74
Alternating �0.05 0.02 *NH2 - *NH3 0.90 0.74

BSAC@Mo2C–Movac Distal �0.72 �0.34 *NH2 - *NH3 0.57 0.41
Alternating �0.72 �0.34 *N–NH - *NH–NH 1.05 0.89
Enzymatic �1.38 �0.42 *NH2–*NH2 - *NH2 1.83 1.67

BSAC@Mo2C–Cdef Distal �0.88 0.30 *NH2 - *NH3 1.42 1.26
Alternating �0.88 0.30 *NH2 - *NH3 1.42 1.26
Enzymatic �1.23 �0.07 *NH2–*NH2 - *NH2 2.26 2.10

Fig. 5 Bader charges on N and B atom catalysts for NxHy intermediates
involved in the free energy diagram for the NRR on all the Bcat@Mo2C
catalysts.
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less endergonic or exergonic *N2 - *N2H step leads to a lower
limiting potential for nitrogen reduction. Upon comparison of
the free energies of the first protonation steps, the Bcat@Mo2C
catalysts with less endergonic free energies, i.e., BSAC@Mo2C–
Movac (�0.34 eV) and BDAC@Mo2C (0.02 eV) exhibit lower
limiting potentials as compared to BSAC@Mo2C and BSAC@
Mo2C–Cdef. This analogy holds true only for the distal and
alternating routes wherein N2 has been adsorbed in the end-on
mode. Our previous argument correlating N2 adsorption free
energies and Bader charges is in agreement with the analogy of
first protonation energies, and therefore can give insightful
information on the mutual correlation between the free ener-
gies of the adsorption and electronic properties that directly
govern the limiting potentials of the NRR on Bcat@Mo2C
catalysts. Furthermore, the BSAC@Mo2C–Movac catalyst with
one Mo-vacancy is found to efficiently capture and accentuate
the catalytic activity of the boron SAC with a very low over-
potential of 0.41 eV for the NRR. This study provides an in-
depth analysis of the electronic factors crucial for efficient N2

adsorption and reduction, and proposes the BSAC@Mo2C–Movac

catalyst as a potential candidate for the NRR.

4 Conclusions

In summary, a detailed and systematic DFT investigation has
been carried out to analyse the efficacy of N2 adsorption and
reduction on Bcat@Mo2C monolayers. Our study identifies a
metal-free boron anchored defective Mo2C monolayer with
superior electrocatalytic activity for the NRR at 0.41 eV on
account of a more positive p-band center and the negative
charge of boron SACs that implicitly stabilizes the intermedi-
ates along the energy profile of the NRR. The insights gained
from this work can be implemented for further research
towards the design of efficient B-atom based electrocatalysts
for the nitrogen reduction reaction.
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S. Zhao, E. Stavitski, J. Luo, R. R. Adzic and H. L. Xin, Angew.
Chem., Int. Ed., 2019, 58, 2321–2325.

21 Q. Li, S. Qiu, C. Liu, M. Liu, L. He, X. Zhang and C. Sun,
J. Phys. Chem. C, 2019, 123, 2347–2352.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

1 
2:

21
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00953b


© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

22 A. Maibam, T. Govindaraja, K. Selvaraj and S. Krishnamurty,
J. Phys. Chem. C, 2019, 123, 27492–27500.

23 L. R. Johnson, S. Sridhar, L. Zhang, K. D. Fredrickson,
A. S. Raman, J. Jang, C. Leach, A. Padmanabhan, C. C. Price,
N. C. Frey, A. Raizada, V. Rajaraman, S. A. Saiprasad, X. Tang
and A. Vojvodic, ACS Catal., 2020, 10, 253–264.

24 B. H. R. Suryanto, D. Wang, L. M. Azofra, M. Harb,
L. Cavallo, R. Jalili, D. R. G. Mitchell, M. Chatti and
D. R. MacFarlane, ACS Energy Lett., 2019, 4, 430–435.

25 B. Zhang, J. Zhou, S. R. Elliott and Z. Sun, J. Mater. Chem. A,
2020, 8, 23947–23954.

26 Q. Li, L. He, C. Sun and X. Zhang, J. Phys. Chem. C, 2017,
121, 27563–27568.

27 P. Ou, X. Zhou, F. Meng, C. Chen, Y. Chen and J. Song,
Nanoscale, 2019, 11, 13600–13611.

28 T. Yang, T. T. Song, J. Zhou, S. Wang, D. Chi, L. Shen,
M. Yang and Y. P. Feng, Nano Energy, 2020, 68, 104304.

29 L. Zhang, X. Ji, X. Ren, Y. Ma, X. Shi, Z. Tian, A. M. Asiri,
L. Chen, B. Tang and X. Sun, Adv. Mater., 2018, 30, 1800191.

30 X. Zhai, L. Li, X. Liu, Y. Li, J. Yang, D. Yang, J. Zhang, H. Yan
and G. Ge, Nanoscale, 2020, 12, 10035–10043.

31 C. Ma, X. Yan, H. He, B. Liu and S. Yan, Sustainable Energy
Fuels, 2021, 5, 2415–2418.

32 K. Ba, G. Wang, T. Ye, X. Wang, Y. Sun, H. Liu, A. Hu, Z. Li
and Z. Sun, ACS Catal., 2020, 10, 7864–7870.

33 K. P. Ramaiyan, S. Ozden, S. Maurya, D. Kelly, S. K. Babu,
A. Benavidez, F. G. Garzon, Y. S. Kim, C. R. Kreller and
R. Mukundan, J. Electrochem. Soc., 2020, 167, 044506.

34 B. Zhang, J. Zhou, S. R. Elliott and Z. Sun, J. Mater. Chem. A,
2020, 8, 23947–23954.

35 S. Qi, Y. Fan, L. Zhao, W. Li and M. Zhao, Appl. Surf. Sci.,
2021, 536, 147742.

36 X. Yang, C. Shang, S. Zhou and J. Zhao, Nanoscale Horiz.,
2020, 5, 1106–1115.

37 Y. Liu, L. Gu, X. Zhu, Q. Zhang, T. Tang, Y. Zhang, Y. Li,
J. Bao, Z. Dai and J.-S. Hu, J. Mater. Chem. A, 2020, 8,
8920–8926.

38 X. Ren, J. Zhao, Q. Wei, Y. Ma, H. Guo, Q. Liu, Y. Wang,
G. Cui, A. M. Asiri, B. Li, B. Tang and X. Sun, ACS Cent. Sci.,
2019, 5, 116–121.

39 Y. Ma, T. Yang, H. Zou, W. Zang, Z. Kou, L. Mao, Y. Feng,
L. Shen, S. J. Pennycook, L. Duan, X. Li and J. Wang, Adv.
Mater., 2020, 32, 2002177.

40 A. Maibam and S. Krishnamurty, J. Colloid Interface Sci.,
2021, 600, 480–491.

41 X. Liu, X. Jiao, Y. Zheng and S.-Z. Qiao, ACS Catal., 2020, 10,
1847–1854.

42 C. Liu, Q. Li, C. Wu, J. Zhang, Y. Jin, D. R. MacFarlane and
C. Sun, J. Am. Chem. Soc., 2019, 141, 2884–2888.

43 S. Xiao, F. Luo, H. Hua and Z. Yang, Chem. Commun., 2020,
56, 446–449.

44 L. Shi, Q. Li, C. Ling, Y. Zhang, Y. Ouyang, X. Baia and
J. Wang, J. Mater. Chem. A, 2019, 7, 4865–4871.

45 C. Ling, X. Niu, Q. Li, A. Du and J. Wang, J. Am. Chem. Soc.,
2018, 140, 14161–14168.

46 G. Kresse and J. Furthmuller, Comput. Mater. Sci., 1996, 6,
15–50.

47 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.

48 S. Grimmea, J. Antony, S. Ehrlich and H. Krieg, J. Chem.
Phys., 2010, 132, 154104.

49 J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist,
J. R. Kitchin, T. Bligaard and H. Jónsson, J. Phys. Chem. B,
2004, 108, 17886–17892.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

1 
2:

21
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00953b


Applied Surface Science 602 (2022) 154401

Available online 29 July 2022
0169-4332/© 2022 Elsevier B.V. All rights reserved.

Full Length Article 

Doped 2D VX2 (X = S, Se, Te) monolayers as electrocatalysts for ammonia 
production: A DFT based study 

Ashakiran Maibam a,b,c, Ravichandar Babarao b,d,*, Sailaja Krishnamurty a,c,* 

a Physical and Materials Division, CSIR-National Chemical Laboratory, Pune 411 008, India 
b School of Science, RMIT University, Melbourne 3001, Victoria, Australia 
c Academy of Scientific and Innovative Research, CSIR-Human Resource Development Centre (CSIR-HRDC) Campus, Postal Staff College area, Ghaziabad 201 002, 
Uttar Pradesh, India 
d CSIRO, Normanby Road, Clayton 3168, Victoria, Australia   

A R T I C L E  I N F O   
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A B S T R A C T   

Electrocatalytic nitrogen fixation under ambient conditions on vanadium dichalcogenides (VX2) with non-metal 
dopants has been explored herein. Understanding the interface chemistry, inherent electronic and acute syner-
gistic nature of non-metal dopants on two unique phases of VX2 has been meticulously explored through a 
scrutiny of several non-metal atoms as catalytic centers. The efficacity of N2 chemisorption and N–N bond 
activation has been implemented as crucial parameters to realize boron and carbon doped VX2 monolayers to be 
electrocatalytically active for nitrogen reduction reaction (NRR). Detailed investigation on the NRR mechanism 
brings out the pivotal role of thermodynamic favourability for product formation obtained from Gibbs free 
energy differences. The charge transfer on N and π-π* orbital hybridization and electron “donor–acceptor” 
mechanism between the non-metal and N2 has been found to modulate the electrocatalytic barrier for NRR on 
VX2 monolayers. This study proposes boron doped VS2 as an efficient chemically feasible, earth abundant sus-
tainable electrocatalyst for NRR with an overpotential as low as 0.06 eV.   

1. Introduction 

With the average CO2 concentration in the air hitting a maximum of 
419 ppm in 2021, global warming and climate change are looming over 
the earth. To meet the 2030 sustainable goals, there is a need to halt the 
release of greenhouse gases in the atmosphere and curb processes that 
have a high carbon footprint.[1] One industrial process associated with 
6 % of global CO2 emissions is artificial nitrogen fixation via the Haber- 
Bosch process.[2,3] Ammonia is one of the most influential chemicals 
driving the economy of several countries and its latent energy density, 
when tapped properly will open up avenues for new generation fuels. 
Consequently, there is a need to develop carbon free technologies for 
artificial nitrogen fixation through electrocatalytic, photocatalytic, or 
photoelectrocatalytic routes to cater to the ever-increasing demand for 
ammonia.[4] The crux of achieving ammonia economy via an electro-
catalytic route for artificial nitrogen fixation is one of the most sought 
after green modes of ammonia synthesis and several materials have been 
explored for efficient nitrogen fixation.[5,6] However, the major 
setback in the advancement of electrocatalytic nitrogen reduction 

reaction (eNRR) is the slothful kinetics of N–N triple bond dissociation 
in addition to a low yield and Faradaic efficiency.[7] Henceforth, it is 
imperative to develop state-of-the-art highly conducting smart chemi-
cally affordable materials for prospective applications in eNRR. 

A remarkably inexpensive material of high electrical conductivity 
and prospects for application as electrocatalysts is transition metal 
dichalcogenides (TMDs).[8,9] These two- dimensional (2D) materials 
possess exceptional properties as compared to their bulk counterparts 
and have piqued the interest of several researchers since the last decade. 
[10,11] Interestingly, TMDs have been reported to exhibit metallic or 
semiconducting properties upon varying the combination of chalcogens 
(S, Se, Te) with different transition metals. Most intriguingly, the change 
in crystal phases can also influence the electronic as well as magnetic 
properties. This ambidexterity in the electronic and magnetic properties 
of TMDs further makes them attractive candidates for novel applica-
tions. Notably, vanadium dichalcogenides, VX2 (X = S, Se, Te) which 
shows intrinsic ferromagnetism is one such TMD with versatile attri-
butes that exhibits different electronic and magnetic properties in 
different phases, i.e., 1 T and 2H phases or with different dichalcogens. 
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[12–14] Recent studies on vanadium dichalcogenides have prompted 
the 1 T phase of VX2 to be metallic, while the 2H phase is semimetallic in 
VS2 and VSe2 and metallic in VTe2 monolayers. Several experimental 
and computational studies have also reported the 2H phase to show 
higher stability and magnetic moment than the 1 T phase for VS2 
monolayers, while most studies of VSe2 and VTe2 monolayers are 
focused on the metallic 1 T-phase.[15–20] Besides showing conformable 
properties, the presence of vanadium metal in nitrogenase enzyme, its 
high catalytic activity for nitrogen reduction along with natural abun-
dance and durability is an added advantage of these vanadium based 
materials for application in eNRR.[21,22] Furthermore, the electronic, 
magnetic, and optical properties of the VX2 monolayers can be altered 
either by inducing physical constraints like mechanical strain, modu-
lating temperature, tuning the material width and thickness, or chemical 
influence such as metal or non-metal doping and charge doping. 
[23–28]. 

In this aspect, it would be imperative to look into introducing dop-
ants on vanadium dichalcogenides as this approach has been pursued 
widely on several 2D materials as a non– destructive, chemically feasible 
method to activate the dormant basal planes and calibrate the electro-
catalytic activity of VX2 monolayers. The debate would then be to crit-
ically choose the dopants that will enhance the electrocatalytic 
properties of these monolayers for nitrogen fixation. While metal atom 
dopants and non-metals have been explored simultaneously, it is 
important that research on developing efficient electrocatalysts for ni-
trogen fixation also accounts for the sustainability of developing these 
novel materials and the dopants to be employed. Non-metal dopants 
offer an advantage of non-toxicity and abundance when compared to 
metals, and one such non-metal dopant that has been extensively 
employed as a dopant on several 2D materials for promoting nitrogen 
fixation is boron.[29–32]. 

In this work, we have investigated the role of several non-metals 
dopants for activating the electrocatalytic activity of vanadium dichal-
cogenides. It would be essential to probe for a non-metal dopant that 
would lead to synergistic activation of the different phases of vanadium 
dichalcogenide monolayers. This work delves into the criticality of 
considering the N–N bond elongation as another parameter to be 
considered alongside the Gibbs Free energy of N2 adsorption and the 
first protonation step as we have discussed in our previous work.[33] 
Furthermore, we believe a linear relationship between Gibbs Free en-
ergy differences of the intermediate steps in NRR plays an integral role 
in determining the limiting potential of nitrogen reduction. From our 
results, we found boron and carbon atoms when doped on 2H and 1 T 
phases, respectively, of VS2 monolayers to synergistically enhance their 
electrocatalytic properties and produce ammonia at limiting potentials 
as low as 0.22 eV and 0.42 eV, respectively. 

2. Computational details 

Spin-polarized DFT calculations to optimize all vanadium dichalco-
genide monolayers were carried out with Vienna ab − initio Simulation 
Package (VASP.5.4).[34] An energy cut-off of 400 eV has been employed 
to describe all electron interactions in the framework of a generalized 
gradient approximation Perdew-Burke-Ernzerhof (PBE) functional.[35] 
The long- range van der Waals (vdW) interactions between TMD 
monolayers have been incorporated in the electronic calculations with a 
DFT-D3 correction.[36] All the VX2 monolayer has been sampled with a 
vacuum space of 20 Å along the Z-direction and a (5 × 5 × 1) Mon-
khorst- Pack kpoint grid. The vanadium dichalcogenide monolayer 
systems are allowed to relax till the atomic energy and forces reach a cut- 
off of 10− 6 eV/atom and 0.001 eV/Å respectively. The electronic 
property analysis has been carried out by considering a higher kpoint 
grid of (11 × 11 × 1) Monkhorst-Pack grid. Ab initio molecular dy-
namics simulations (AIMD) simulations have been performed with a 
Nosé–Hoover thermostat of 298 K in an NVT ensemble for 10 ps, with a 
time step of 3 fs to evaluate the thermodynamic stability of VX2 systems. 

[37–39] The feasibility of formation of 1 T and 2H monolayer phases of 
pristine and non-metal doped vanadium dichalcogenides has been 
computed in terms of formation energy per atom, Eform by using the 
equation, 

Eform =
1
n
(EVX2@Ycat − NVEV − NXEX − NYEYcat ) (1)  

where, n is the number of atoms in a TMD monolayer, EVX2@Ycat is the 
total electronic energy of the pristine or non-metal doped vanadium 
dichalcogenide monolayer, Na and Ea are the number of atoms and 
corresponding electronic energies of each isolated atom respectively, X 
is the chalcogen (S, Se or Te) and Y is the non-metal dopant. 

N2 adsorption on the basal plane of pristine and non-metal doped 
VX2 monolayers could proceed either through the end-on or side mode 
modes. The end-on or perpendicular mode of N2 adsorption has been 
observed to be more prominent over the side-on or parallel mode on all 
VX2 systems, thereby only the end-on mode of nitrogen adsorption will 
be presented in this study. The N2 chemisorption efficacy of all pristine 
and doped VX2 monolayers is. 

calculated as adsorption energy, Eads with the equation below, 

Eads = EVX2@Ycat − N2 − EVX2@Ycat − EN2 (2)  

where, EVX2@Ycat − N2, EV X2@Ycat and EN2 are the total electronic 
energies of N2 adsorbed VX2 systems, pristine and doped VX2@Ycat and 
free N2 molecule, respectively. 

The energetics of each intermediate protonation step in the Nitrogen 
Reduction Reaction is represented by the Gibbs free energy change, ΔG. 
The computational Standard Hydrogen Electrode model of Nørskov et al. 
[40] has been implemented to calculate ΔG using the following 
equation, 

ΔG = ΔE+ΔZPE − TΔS (3)  

where, ΔE and ΔZPE are the change in electronic energy and zero-point 
energy respectively, 

ΔS is the change in entropy at room temperature, T is room tem-
perature (298.15 K). All zero-point energy and entropy corrections are 
computed from the non-negative vibrational frequencies of the gas 
phase species in each intermediate. Finally, the overpotential for elec-
trocatalytic NRR has been calculated as η = USHE - UPDS, where USHE =

-0.16 eV, is the standard reduction potential of N2 to NH3 and UPDS =

ΔGmax/e for the NRR pathway. 

3. Results and discussions 

3.1. Formation of VX2@Ycat monolayers and N2 chemisorption 

The formation energies of pristine and non-metal doped vanadium 
dichalcogenide monolayers, VX2@Ycat have been computed to be 
approximately − 4.9 eV/atom, − 4.4 eV/atom and − 3.8 eV/atom 
respectively for the sulphides, selenides and tellurides systems. The 
highly negative formation energies confirm the experimental feasibility 
of synthesizing the vanadium dichalcogenide monolayers, and the va-
nadium disulphides to be more stable than the other dichalcogenides. 
Two different phases of vanadium dichalcogenides have been consid-
ered owing to earlier reports that 2H-VS2 phase shows higher stability 
and magnetic moment over its 1 T phase. The 2H phase of pristine VS2 
shows a slightly higher formation energy (-4.94 eV/atom) and magnetic 
moment of 0.98 µB as compared to 0.47 µB of 1 T-VS2. Contrastingly, 
pristine VSe2 showed higher formation energies (-4.44 eV/atom) in its 
metallic 1 T-phase with a higher magnetic moment of 0.90 µB in the 
semimetallic 2H-phase. VTe2, on the other hand, demonstrated higher 
stability with a formation energy of − 3.81 eV/atom and a magnetic 
moment of 0.15 µB in its 1 T-phase exclusively. 

The VX2@Ycat systems are further modeled with a chalcogen vacancy 
(VX2@Xvac) and substitutional doping of non-metals on the chalcogen 
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vacancy to generate VX2@Ycat (Fig. 1). The formation energies of 
VX2@Ycat systems are found to be higher than their corresponding 
pristine counterparts with a few exceptions in VS2 and VSe2 when the 
non-metal dopant is heavier than the parent chalcogen, e.g., VS2@Se, 
VS2@Te and VSe2@Te. The magnetic properties, on the other hand, 
show a gradual decrease as non-metal dopants are introduced in the 
VX2@Ycat systems except for 2H-VTe2@B and 2H-VTe2@C systems. The 
highly exothermic formation energies of VX2@Ycat systems demonstrate 
the stability of both 1 T and 2H phase of vanadium dichalcogenides and 
their magnetic moments further exemplifies the incidence of ferro-
magnetic nature of these systems. The corresponding values of forma-
tion energy, d-band centers and magnetic moments of all VX2@Ycat 
systems are provided in Supplementary Table S1. 

The N2 chemisorption efficacy and the extent of N–N bond activa-
tion on 1 T and 2H phases of all VX2@Ycat systems are then investigated 
to determine the synergistically favourable non-metal dopant for a 
family of VX2. The adsorption energies and N–N bond lengths of the 
dinitrogen molecule adsorbed in end-on or perpendicular mode on all 
VX2@Ycat systems are shown in Fig. 2(a). It can be observed that pristine 
VX2 systems show minimal to moderately exothermic N2 adsorption 
without activating or elongating the N–N bond. Such systems would 
imperatively require a large potential when employed for nitrogen fix-
ation as the nitrogen atoms remain strongly bonded. VX2@Xvac systems 
except 1 T-VS2 and 1 T-VTe2, boron and carbon doped VX2@B and 
VX2@C systems show favourable N2 adsorption as well as N–N bond 
activation up to 1.16 Å. Interestingly, for boron and carbon doped VS2 
and VSe2 systems, the non-metals play a major role in tuning the cata-
lytic property of the monolayer. Although both boron and carbon dopant 
showed higher N2 adsorption on 1 T phases of VS2 and VSe2; boron in-
duces a higher N–N bond activation on 2H phase while carbon doping 
leads to a more pronounced N–N bond elongation on 1 T phase. 
However, on VTe2 systems, the impact of B or C doping is not very 
prominent as N2 adsorption and N–N bond activation remain nearly 
similar in both 1 T and 2H phases. Eventually, it can be deduced that 
boron and carbon dopants synergistically enhance the catalytic 

properties of 2H and 1 T phases respectively, of VS2 and VSe2; whilst 
VTe2 monolayers prefer both boron and carbon dopants. The VX2@N 
systems show a unique aspect of high N–N bond activation under 
endothermic conditions, thereby excess energy is needed to ensure N2 
adsorption and this condition is the most unfavourable scenario for 
electrocatalysis. It would be imperative to recapitulate that the N2 
adsorption energies and activated N–N bond lengths of VX2@B and 
VX2@C systems are comparable to earlier reports made by Wu et. al on 
W-doped BP monolayer and Mo-doped Fe3P monolayer. [41,42] It can 
also be noted that the N2 adsorption energies of VX2@Si systems range 
from − 0.02 eV to − 0.14 eV and is comparable to those observed by 
Gholizadeh et. al on Si-doped graphene systems.[43] The rest of non- 
metal dopants: Si, P, S, Se and Te show weak N2 chemisorption as 
well as bond elongation, thereby employing these heavier non-metal 
dopants will be unfavourable. A Bader charge[44] analysis of adsor-
bed N2 molecule highlights an extensive charge gain mostly on the 
VX2@B and VX2@C systems followed by VX2@Xvac and 1 T-phases of 
VX2@N. These systems with higher charge transfer on N2 correspond to 
the systems showing N–N bond activation or elongation, thereby 
justifying our reasoning behind consideration of N–N bond length 
elongation as a crucial parameter. The plot of average Bader charge on 
N-atoms upon adsorption on VX2@Ycat monolayers with respect to the d- 
band centers of the corresponding monolayers in Fig. 2(b) shows the 
charge transfer on the VX2@Xvac, VX2@B and VX2@C systems are 
facilitated by a more positive d-band center, which in turn corroborates 
to higher exothermicity of N2 adsorption. In particular, VTe2@B and 
VTe2@C systems with a more positive d-band center has been found to 
show higher charge transfer and N2 chemisorption as compared to its 
VS2 or VSe2 counterparts. Taking the efficacy of N2 chemisorption, N–N 
bond elongation, Bader charge on N-atoms and d-band center of the 
monolayers into account; the non-metal doped VX2 systems of interest 
which show exothermic N2 adsorption, N–N bond elongation and 
charge gain on N2 are the VX2@B and VX2@C systems in both phases 
along with 1 T-VS2@N, 2H-phases of VX2@Xvac and 1 T-VSe2@Sevac. 
Moving forward, we will focus on the energy profile and NRR 

Fig. 1. Top and side views of 1 T and 2H phases of pristine vanadium dichalcogenides, top views of VX2 monolayer with chalcogen vacancy (VX2@Xvac) and non- 
metal dopant (VX2@Y). 
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mechanism of these active VX2@Ycat monolayers to determine the 
limiting potential for NRR and decipher the critical factors that affect the 
limiting potential. 

3.2. N2 reduction on VX2@Ycat monolayers 

Following the chemisorption of N2 and electronic analysis on cata-
lytically active VX2@Ycat, VX2@B and VX2@C monolayers, we investi-
gated the thermodynamics of ammonia synthesis from dinitrogen via the 
associative pathway. Taking into account that only the perpendicular or 
end-on mode of N2 adsorption is more prominent, the two possible 
routes of associative NRR pathway are the distal and alternating routes. 
[45] The distal route involves protonation of end N to release NH3, 
followed by subsequent protonation of the next N; whereas the alter-
nating route shows alternate protonation of N atoms to form ammonia. 

The free energy profile of ammonia synthesis on all VX2@Ycat systems is 
provided in Supplementary Information, Figures S2-S7. The most 
probable route of N2 reduction has been deliberated by accounting the 
lowest energy barrier on the free energy profiles of each VX2@Ycat 
system and plotted in Fig. 3(a). 

The chemically modified vanadium disulphide, VS2 monolayers are 
found to show equivalent preference of distal and alternating route with 
the first protonation step, *N2 → *N-NH as the potential rate deter-
mining step (PDS), except on 1 T-VS2@C system with PDS in its last 
protonation step, i.e., *NH2 →⋅NH3. Intriguingly, the lowest NRR 
limiting potential on the two different phases of VS2 has been found be 
0.42 eV and 0.22 eV on 1 T-VS2@C and 2H-VS2@B, respectively. It 
would be important to recollect that the synergistic doping of carbon 
and boron on 1 T-VS2 and 2H-VS2 also led to strong chemisorption of N2 
and N–N bond activation. Coming to VSe2@Ycat monolayers, 

Fig. 2. (a) N2 adsorption energies on all VX2@Ycat systems with the corresponding N–N bond lengths (Å), cyan line corresponds to 0 eV of N2 adsorption and N–N 
bond length in free dinitrogen molecule (1.112 Å). (b) Average Bader charge on N-atoms of N2 upon adsorption on VX2@Ycat monolayers plotted w.r.t the d-band 
centers of the corresponding monolayers. 

Fig. 3. (a) NRR limiting potentials (ΔGmax), captions indicate the potential rate determining step and preference of distal or alternating route, (b) Gibbs free energy 
difference plot between two crucial protonation steps and N2 adsorption. 
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VSe2@Sevac systems are found to show a preference for the distal route 
on both 1 T and 2H-phases, while 1 T-VSe2@C and 2H-VSe2@B systems 
advance through the alternating route with an equal prevalence of distal 
and alternating route of NRR on 1 T-VSe2@B and 2H-VSe2@C systems. 
Nonetheless, a lower barrier for nitrogen reduction on VSe2 has been 
observed on 1 T-VSe2@C, 2H-VSe2@B and 2H-VSe2@C with limiting 
potentials of 0.51 eV, 0.50 eV and 0.49 eV, respectively. In both phases 
of VTe2 monolayers, the boron-doped systems show an identical affinity 
for distal or alternating route, while the remaining show a prevalence of 
the distal route over the alternating path with a lower energy barrier on 
1 T-VTe2@C and 2H-VTe2@C. In retrospect, the lowest energy barrier 
for 1 T as well as 2H phases of VTe2, which has been reported to be 
metallic, is observed on the carbon doped systems. Similarly, the prev-
alence of carbon doping can be found to lower the NRR limiting po-
tential on the metallic 1 T phases of VS2 and VSe2, while boron doping 
does the same on the semi-metallic 2H phases. The energetics of the 
active VX2@Ycat monolayers are further investigated to elucidate the 
critical aspects of each intermediate step in factors that affect the 
limiting potential of NRR. Two crucial intermediate steps of NRR are the 
first (*N2 → *N-NH) and last (*NH2 →⋅NH3) protonation steps, with both 
processes being endergonic. As such, these two steps are the most 
prominent rate limiting steps in all of the systems we have considered, 
except for 1 T-VSe2@Sevac and 2H-VTe2@Tevac where the *NH → *NH2 
is the energy uphill step. Also, conceptually for a multistep reaction, the 
*NH2 and⋅NH3 intermediates can be considered as systems belonging to 
the product side wherein the reactant is the *N2 intermediate, and the 
feasibility of such a reaction increases as the exoergicity between the 
product and reactant increases. This analogy can be implemented as a 
rationale for achieving a lower energy barrier in the NRR process by 
mapping a Gibbs Free energy difference plot. In Fig. 3 (b), a nearly linear 
relationship can be observed between the Gibbs free energy differences 
of products to reactant, i.e.,⋅NH3–*N2 w.r.t. *NH2–*N2. The 2H-VS2@B 
system with the lowest limiting potential of 0.22 eV is found to show a 
larger energy difference (~2.0 eV) between *NH2 to *N2 and⋅NH3 to 
*N2, thereby emphasizing that systems with a higher potential to form 
the products, i.e., NH3 or alike intermediates are prone to show a lower 
limiting potential for NRR.[46,47] The remaining VX2@B and VX2@C 
systems with energy barriers 0.49 eV to 0.58 eV show Gibbs free energy 
differences of 1.2 to 1.4 eV and a lower tenacity of product formation as 
compared to 2H-VS2@B. Except for VSe2@Sevac systems which show a 
lower limiting NRR potential, the VS2@Svac and VTe2@Tevac systems 
show a much lower energy difference or lower exoergicity of⋅NH3 in-
termediate and the energy differences are found to be around 0.5 eV to 
1.0 eV. Amongst all the active VX2@Ycat monolayers, the systems of 
significance will be systems with a lower NRR limiting potential wherein 
a lower electrode potential would be needed for implementing them as 
electrocatalysts for NRR. Therefore, 2H-VS2@B and 1 T-VS2@C systems 
with ΔGmax of 0.22 eV and 0.42 eV, respectively are of interest and their 
electronic properties are investigated further for their application as 
electrocatalysts for NRR. 

3.3. NRR mechanism on 2H-VS2@B and 1 T-VS2@C 

A detailed electronic analysis through Projected Density of States 
(PDOS) and charge density plots of these systems reveal that the p-or-
bitals of non-metal dopants to hybridize with the empty π * orbitals of 
N2, this orbital overlap coupled with charge transfer inherently leads to 
electron occupation in the antibonding π orbitals of N2 leading to acti-
vation of the N–N bond. The PDOS, charge density difference plots and 
Electron Localization Function (ELF) contour plots of 1 T-VS2@C and 
2H-VS2@B monolayers, as shown in Supplementary Figure S8, demon-
strate the overlap of carbon and nitrogen p-orbitals to hybridize with the 
π * orbitals on N2, respectively and the localization of electron density 
around the N2 molecule, thereby affirming the electron transfer on the 
adsorbed N2. The electronic properties of each intermediate nitrogen 
reduction step on 2H-VS2@B systems has been further investigated to 

root out the essential parameter behind the energy barrier for NRR. The 
segmented p-states of B and N alone for the *NxHy intermediates 
observed via the distal route of NRR has been plotted in Fig. 4. The 
chemisorption of N2 on 2H-VS2@B has been found to be associated with 
a π-π* hybridization between the B p-states and N p-states. These elec-
tronic orbitals hybridization or overlap gets more enhanced as the 
adsorbed N2 gets reduced and the N p-states turn into electron rich 
states. Prior to the first ammonia desorption in the *N-NH2 intermediate, 
a charge back-transfer from the filled N p-states to the empty p-states of 
B can be observed. The σ-back donation augments the activity of the 
boron center and assists in following protonation steps to form the 
second NH3 molecule. Such electron back-donation could not be 
observed on our next best system, 1 T-VS2@C and we believe the ther-
modynamic favourability of NH3 formation from N2 along with the 
electron “donor–acceptor” mechanism between boron and nitrogen is 
responsible for high NRR performance. 

In terms of electrocatalytic application for NRR, the distal and 
alternating routes of dinitrogen reduction on 1 T-VS2@C and 2H-VS2@B 
has been investigated at applied potentials of 0.42 V and 0.22 V 
respectively and is shown in Fig. 5. The Gibbs free energies of each in-
termediate protonation steps are computed through the computational 
hydrogen electrode (CHE) model proposed by Nørskov et al. [40], 

ΔGeNRR = ΔE+ΔZPE − TΔS − neU,

where ΔG is the free energy change of each intermediate step (as 
calculated in equation (3)), n is the number of electrons and U is the 
applied potential. 

The endergonic intermediate steps in both systems are the first (*N2 
→ *N2H) and last (*NH2 → *NH3) protonation steps with the PDS being 
either of the two steps. The initially energy uphill step of *N2H forma-
tion in 1 T-VS2@C becomes exoergic under the application of an applied 
potential of 0.42 V. Similarly, the endoergic sixth protonation step to 
form 1 T-VS2@C-NH3 intermediate is also found to flip into an exergonic 
process as shown in Fig. 5(a). The analogous endoergic intermediate 
steps of 2H-VS2@B are also found to revert into energy downhill pro-
cesses in Fig. 5(b) upon application of 0.22 V. It can be observed that 
with the application of an external potential equivalent to their 
respective limiting potentials in 1 T-VS2@C and 2H-VS2@B, all the in-
termediate protonation steps of NRR become feasible and thereby 
employed for electrocatalytic nitrogen reduction. Furthermore, our 
analogy of synergic non-metal doping on vanadium dichalcogenides has 
shown that 1 T-VS2@C and 2H-VS2@B are the best electrocatalysts so far 
with NRR limiting potentials of 0.42 eV and 0.22 eV, respectively. The 
corresponding overpotentials, η of 0.26 eV and 0.06 eV respectively on 
boron or carbon doped VX2 systems are the lowest reported so far on 
vanadium dichalcogenides.[48,49]. 

Consequently, the NRR selectivity of 1 T-VS2@C and 2H-VS2@B 
systems have also been investigated and it has been found that both 
systems can selectively suppress the competing hydrogen evolution re-
action (HER). Although the adsorption of H is usually more negative 
than N2 adsorption, former involves proton and electron transfer, 
thereby it is easily influenced by electrode potential. N2 adsorption, on 
the other hand, does not involve proton transfer and the more appro-
priate step to be considered is the first protonation step of NRR, i.e., 
*N2H adsorption. Therefore, the selectivity of NRR over HER can be 
evaluated from the free energy difference of *H and *N2H adsorption, 
ΔG(*H) – ΔG(*N2H). Fig. 6(a) shows the ΔG(*H) – ΔG(*N2H) vs NRR 
limiting potential plot of all active VX2@Ycat systems and it can be seen 
that 2H-VS2@B shows a relatively higher selectivity as well as activity 
for NRR. With the exception of 1 T-VS2@B and1T-VS2@N, all the 
catalytically active VX2@Ycat systems possess enhance NH3 production 
as supported as exothermic⋅NH3 formation on all VX2@Ycat systems in 
Figures S2-S7. Finally, for the best catalyst 2H-VS2@B, besides the 
chemical stability, the thermal stability has been investigated at room 
temperature, 298 K. It can be seen from Fig. 6(b) that the structure of 
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2H-VS2@B is retained and there are no structural distortions after 10 ps, 
this is also supported by the total electronic energy of the systems which 
remains nearly constant throughout the simulation. This elucidates the 
possibility of experimental realization of B-doped vanadium disulphide 
in 2H-phase as a thermally stable, highly active and selective electro-
catalyst for NRR at room temperature. This study presents a detailed 
analysis of synergistically introducing a non-metal dopant on vanadium 
dichalcogenides monolayer for developing efficient electrocatalysts for 
NRR and delves into energy difference and electronic factors as crucial 
parameters for N2 adsorption, activation and reduction. We propose 
vanadium dichalcogenide monolayers with substitutionally doped 
boron as potential electrocatalyst for NRR. 

4. Conclusions 

In summary, a detailed study has been made on the synergistic 
doping of several non-metal dopants on vanadium dichalcogenide 
monolayers to enhance its electrocatalytic activity. An analysis of the 
electronic properties on VX2@Ycat catalysts with high N2 chemisorption 
efficacy demonstrates an overlap between the p-orbitals of non-metal 
dopants with the empty antibonding π* orbitals of N2. This π-π* 
orbital hybridization coupled with high charge transfer on N2 inherently 
leads to N–N activation and reduction of dinitrogen to ammonia. 
Further investigation on the energetics of the intermediate steps of NRR 
brings forth a correlation between the limiting potential and thermo-
dynamic favourability of NH3 (i.e., product) formation from N2 (i.e., 

Fig. 4. Segmented Projected Density of States of B p-states (green line) and N p-states of all the NxHy intermediates from the distal route of NRR on 2H- 
VS2@B monolayer. 

Fig. 5. Gibbs free energy diagrams of distal and alternating NRR at zero and applied potentials equivalent to their respective limiting potentials on (a) 1 T-VS2@C (0 
V and 0.42 V), (b) 2H-VS2@B (0 V and 0.22 V). 
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reactant) along with the electron “donor–acceptor” mechanism between 
boron and nitrogen. Our findings propose 1 T-VS2@C and 2H-VS2@B as 
efficient electrocatalysts with high NRR performance at overpotentials 
of 0.26 eV and 0.06 eV, respectively. The understanding from this work 
can be implemented for further research on introducing earth abundant, 
non-toxic non-metal doped transition metal dichalcogenides electro-
catalysts for nitrogen reduction reaction. 
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