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Synopsis

As the average CO; concentration in the air is currently at 417 ppm and rising, the
commercial Bosch-Haber’s process of NHs production being a major contributor of
COz 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 z* 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 NHs 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 N> activation with the N-N
bond elongation being triggered by the transfer of electrons from metal d-orbitals to
N2 z* 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 wuse 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, AGnrr required for NRR can be reduced
to 0.78 eV in Als-cluster as compared to 1.24 eV in vanadium-SAC by modulating
the chemical coordination around the metal centers (Chapter 5).



We have also studied the catalytic efficiency of two electrically conductive 2D
materials — Mo2C and vanadium dichalcogenides (VXz). 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, AGnrr 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 VS shows a
further reduction in AGnrr t0 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 AGnrr 0f 0.35 eV (Chapter 8).

Besides exploration on different 2D materials for N2 reduction to NHz, 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
AGNRR, 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 N>
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 (N.) 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.! 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 CO> for every tonne of NHsz produced.? In spite
of high energy consumption and CO> 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%.% 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.”
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.*

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.>® 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.’
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 N, has been formed by sp® 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 72px, 12py and 62p; 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 N." 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 N.. 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 N>

molecule.
N N, N
o'2pz
A O
s 2px n'2py-,
¢ poy
2 W, O2pZ Y 2
? P M| P
g
i n2px mw2py
628 ™
2s 2s
G2s

Atomic Molecular Atomic
orbitals orbitals orbitals

Figure 1.2: Molecular orbital diagram of N2 molecule.®

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 N> 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 N>
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 N, adsorption.

N NH NH, NH;§ Distal NRR
N N N N N NH

ok b b e b e

I ‘ Alternating NRR l
N, NH NH, NH, NH, " H,
+ NH NH NH, NH, 2

masas | e by ke Y ...

l Enzymatic NRR

NN N=NH NH-NH NH-NH NH,-NH, NHz.-.NH;

o — KON 7

Figure 1.3: Possible mechanistic routes of nitrogen reduction reaction (NRR): distal and
alternating route for N, adsorbed in end-on mode, while enzymatic route is observed in

side-on adsorbed No.

Traditional catalysts for nitrogen activation are derived from the FezOs catalyst
(Haber-Bosch process) or Fe-Mo complex of the nitrogenase enzyme. Several transition
metal-N> 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.®** Another transition metal
catalyst reported for N2 activation is the Mo—Ti-S cluster with a Ti center as the active
site.}? These traditional catalysts act as catalysts by donating d-electrons to the
antibonding *-orbitals of N2 while accepting the lone pair of electrons from Ny, thereby
the m- 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.*'® 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
(9-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 NHs. 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.62* 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
N adsorption and subsequent N=N bond dissociation.??>* However, in the absence of
empty orbitals for - backdonation, the activation of N2 in heteroatom-doped or defective
graphene is not efficient enough to lead to NH3 production.?® 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.?® Precious metal SACs, Ru and
Au, anchored on N-doped graphene have proved promising for catalysing the activation
and reduction of N2.2"2® 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.?® 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.?® 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.*

Tian and co-workers reported Mo-SAC with trivalent coordination of N (MoNz) 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.3! FeNs-graphene catalyst
with Fe SACs has been reported by Li and co-workers as a highly active catalyst for N>
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 N. adsorption, respectively thereby
indicating inert N=N bond is activated.®? The N-doped graphene scaffold (Ns-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-Ns/SV-graphene catalysts so formed showed high

activity and selectivity for N2 reduction.
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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-Na graphene.3*

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.>* 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.®*® Mo-SAC with Nai-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).*® 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.®” These divalent vacancy
graphene with porphyrin-like Ns-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.?%% The high efficiency towards N activation and reduction has been influenced
by the strong electron donation from metal d-orbitals to N> ©* orbital and back-bonding
from occupied N> 7 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.*° 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 *NH> intermediates

which could not be seen in other metal SACs.*°

Other heteroatom dopants on graphene that have been reported for N> 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 NHs,
thus facilitating ammonia production.**  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.*? 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).*3

ch :
Hydrothermal

<
Zn( N03) i + Melm growth \ Carbonization

Acid leaching

Fe-ZIF precursor

15A%-Fe/NC

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.*®

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 NHs yield and Faradaic efficiency (FE) of 50.0 + 5.3
nghtmgcat ! and 14.6 + 1.6%, respectively at 0.3 V vs. RHE.* 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 NHsz yield of 62.9 +£2.7
ngh*mgcat! at an onset potential of -0.4 V vs RHE and FE of 18.6 + 0.8% in aqueous
solutions.”® Likewise, Cu-SAC on N-doped carbon electrocatalyst synthesized by
Pennycook’s group for NRR with NH3 yield of 53.3 + 1.86 ugh *mgcat ! 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 N, molecule.*® In particular, modulating the coordination of
the metal-SAC in N-doped porous carbon from Mn-N4 to Mn-OsN1 has proven to show
high NRR activity at ambient conditions. The single atom catalyst site, Mn-OsNz show a
synergistic adsorption of N2 and stabilization of *N2H intermediate, thereby enhancing
NH3 production with a high yield of 66.41 ugh *mgcat. ! and FE of 8.91% at —0.35 V in
0.1 M HClI solution.*’

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.*® 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.*
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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.>%! 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
M:M.@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.®? 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.>

Ori. Ocw ©6C ON H

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.>*

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 NHj yield 69.2+2.5 pgh™mgca: ™t and a higher FE of 24.8+0.8
% than its single metal Pd-SAC counterpart.>* 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 ugh™* mg™ at —0.4 V, the selectivity
and FE of 41.7% at —0.2 V is higher than previously mention PdCu/NC catalyst.*®

(dge sites

Graphene
based
catalysts for / : i :

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, Fez and Fes with Fe-SAC and Fe-DAC on N-doped graphene exhibited
a higher NRR activity. The synergistic enhancement in charge transfer between N2 and
Fes cluster along with an aided stabilization of the reactant species are crucial factors that
could not be observed or pronounced in SAC and DACSs.>® Similar characteristics have
been observed in trimetallic clusters of earth abundant transition metals on N-doped
graphene- Mns@NG, Fes@NG, Cos@NG, and Mos@NG with the SSCs inducing N2
activation via a m-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.>” 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 TisC: is obtained when Al, held by weak interaction
forces with MX layer, is etched from its MAX precursor, TisAlC2. 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.>®°

(a) MXene (b) MBene

Metal exposed surface

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

MXene and MBene with varying stoichiometric composition.*®
1.4.1 MXenes for NRR

The most primarily known MXenes are 2D metal carbide nanosheets, M.C or MsC>
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. M3C> 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-NH> intermediates. In particular, 2D monolayers of V3C:
and NbzC> exhibited remarkable N reduction potential with overpotentials of 0.64 and
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0.90 V vs. SHE, respectively.®® Similar results are obtained when M,C 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 Mn,C and Fe,C MXenes while the experimentally reported Mo.C MXene
show a free-energy barrier of 0.46 eV. As such, the electron arrangement of Mn and Fe
with half-filled d® and d® 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.51%2 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 My+:Cn leading to formation of
Mn+1CnTx (Tx = O2) MXene nanosheets leading to poor NRR performance and selectivity.

TisCoTx (T = F, OH) nanosheet reported by Zhao’s group for electrocatalytic
nitrogen fixation gave an NHs yield of 20.4 pgh™*mg cat with 9.3% Faraday efficiency.%
However, upon introducing a metal center or dopant, an improved performance in NRR
activity can be observed. Fe-SAC inserted on TizC2Tx 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
NHj3 yield of 21.9 pgh™mg? cat and a FE of 25.44%.%* A relatively higher NRR vyield
and performance of 27.56 ugh *mg™ and Fe (23.3 %) can be seen when Ru-SAC is
anchored on Ti3C,0 substrate. The Ru-SAC binds to the MXene layer and four terminal
oxygen atoms to act as the catalytic center for NRR.®® Wang et. al reported eight
prospective metal SACs - Y, Zr, Nb, Hf, Ta, W, Re, and Os on M0o.CTx-MXene for NRR
with Mo2CTx-Ysac as the optimal candidate with a low free-energy barrier of 0.08 eV
for NRR.%® 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 Mo,CO: the free-energy barrier of NRR on Ti@Mo2CO; is reported to be 0.64 eV
Several transition metal SACs when anchored on Ti3C20: has been reported to show high
NRR activity by Gao and coworkers, the target transition metal being earth abundant Fe

and Co.%8

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 M02CO. and W>CO. 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
*N,H species.®® The electron deficient nature of B in B@V3C20a2x, a vanadium carbide
MXene is predicted to be responsible for the adsorption of N2 and high electrocatalytic
NRR performance.’® 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@Nb2CO;, C@M02CO,, and C@W.CO,."*
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.’>"
Various other forms of MXenes have been effectively utilized as electrocatalysts for
NRR, i.e., V3C> and NbsC; reported with overpotentials of 0.64 eV and 0.90 eV,
respectively.” 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.”
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Figure 1.9: Summarization of the timeline on the MXenes reported as electrocatalysts

for NRR at ambient conditions.”

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 MoN> can be
proposed as a promising electrocatalyst for NRR.”® 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.”" This detailed computational investigation on 2D
M2NO, 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@M2NO, MXene
besides their high conductivity and HER inhibition. The only known experimental report
on 2D layered metal nitride is W>N3 MXene with N-atom vacancies and the NHz yield
reported by Jin et. al is 11.66 mg h™* mgcat™ and a very low FE of 11.67%."®

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
M