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Abstract: In this review we explore the recent progress in catalytic materials for ammonia synthesis
that are based on metal nitrides and other catalytic surfaces. It comprises a detailed overlook of
various techniques used in ammonia synthesis research and the state-of-the-art modeling
techniques employed to investigate new reaction mechanisms and more efficient processes for
sustainable ammonia synthesis production. The review is discussed in the context of reaction
mechanisms developed and recent progress that has been made with respect to thermal,
electrochemical and photocatalytic ammonia synthesis.
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1. Introduction

Industrial ammonia synthesis accounts for about 1.8% of our global energy requirement and as
a result produces 500 million tonnes of carbon dioxide, therefore any process that reduces the amount
of energy required for this reaction will have a huge impact on global sustainability of the process [1]
About 80% of the Haber-Bosch produced ammonia is used in fertilisers, that use a potassium oxide
promoted iron catalyst and this catalyst has been used for more than 100 years mainly for its low cost
[2,3]. There are other catalysts that have been studied since then that are more active but perhaps
don’t have the long term stability of the iron catalyst. For the Iron catalyst, ammonia is produced by
a Langmuir-Hinshelwood mechanism that was first described by Ertl and coworkers [4]. Some
smaller industrial units use nowadays a promoted Ru catalyst, which is graphite supported [5,6].
This catalyst is generally more active than the iron catalyst but it is expensive due to the high cost of
Ru. Nerskov and Hu in two separate studies have modelled the mechanism of ammonia synthesis
on Ru surfaces [5,6] This catalyst also undergoes the Langmuir-Hinshelwood mechanism for
ammonia synthesis. Therefore it would be interesting to see whether other catalysts that can undergo
different mechanisms such as Eley-Rideal, Mars - van Krevelen and combinations of them have
higher activity. The most recent review on methods of ammonia synthesis was 4 years ago so this
review will cover the gap of the last 4 years [7]. We place special emphasis on reaction mechanism in
this review, which has been suggested as an approach to improve the efficiency of the ammonia
synthesis catalyst [8].

In this review, we will present nitride catalysts and their associated mechanisms for ammonia
synthesis. We will further explore new methods such as electrochemical and photochemical ammonia
synthesis that have been suggested to reduce the cost of ammonia production. This will provide
insight to fellow researchers throughout the world of what catalyst formations and suggest processes
that they should be investigating in the near future.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Results and Discussion

2.1. Transition Metal Nitrides as Catalysts for Ammonia Synthesis

Transition metal nitrides have gained considerable attention in ammonia synthesis research due
to their unique catalytic properties and the fact that they can utilise nitrogen vacancies on their
surface as catalytic centers for activating dinitrogen [9]. These materials can facilitate nitrogen
reduction, which is a crucial step in ammonia synthesis. The following sections provide an in-depth
look at specific transition metal nitrides, their catalytic mechanisms, and their performance in
ammonia synthesis.

Figure 1. Is the (1 1 1) surface of cobalt molybdenum nitride (CosMosN) showing with red circle the
nitrogen vacancy side. Nitrogen is represented in blue, molybdenum is represented in yellow, and
cobalt is represented in green.

Cobalt molybdenum nitride (CosMosN), whose structure is shown in Figure 1, along with similar
tertiary nitrides (MxM'yN, where M is a group VIB metal and M’ is a group VIII metal) synthesized
according to Topsee’s patented method, are known for their activity in ammonia synthesis at 400°C
and high pressures using a 3:1 hydrogen to nitrogen mixture [10]. The structure of cobalt
molybdenum nitride is like a hexagonal array of Cos clusters embedded into a molybdenum nitride
framework. This makes the catalyst bifunctional where both metal and metal support interactions are
present. This type of catalyst is very versatile due to the unusual structure these metal nitrides have.
CosMosN has been identified as a highly active catalyst for ammonia synthesis by various
experimental studies [11,12].

The study by Zeinalipour-Yazdi et al. explores the mechanisms of ammonia synthesis on
CosMosN surfaces, emphasizing the role of surface defects such as nitrogen vacancies and intrinsic
surface cavities. Using dispersion-corrected DFT calculations, the research compares the Langmuir—
Hinshelwood (dissociative) and Eley-Rideal/Mars—van Krevelen (associative) mechanisms. The
findings highlight that, apart from the conventional dissociative mechanism, an associative
mechanism involving hydrazine and diazane intermediates also exists, where hydrogen reacts
directly with surface-activated nitrogen to form ammonia under milder conditions. This associative
mechanism exhibits lower activation barriers for the hydrogenation steps compared to the
dissociative mechanism, making it kinetically favorable. The study underscores that through surface
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defects, ammonia synthesis activity on CosMosN can be significantly enhanced at lower
temperatures, providing insights into optimizing this catalyst for more efficient ammonia production
[13].

Further, the study by Zeinalipour-Yazdi and Catlow employs DFT to investigate the associative
mechanisms for ammonia and hydrazine synthesis on CosMosN surfaces. The research identifies that
the nitrogen intermediate, NNH2, can form readily on CosMosN surfaces through Eley—Rideal
chemisorption of Hz on pre-adsorbed N2 at nitrogen vacancies. This mechanism is energetically
favorable, with the highest relative barrier being 213 kJ/mol, indicating a low-energy process for
hydrazine synthesis via heterogeneous catalysis. The study presents a potential energy diagram
showing that the associative mechanism involves two high-barrier hydrogenation steps in the gas
phase, contrasting with a significantly lower barrier for the formation of hydrazine on CosMosN. The
research emphasizes the efficient activation of N2 at surface nitrogen vacancies, making CosMosN a
promising catalyst for synthesizing hydrazine under mild conditions. The findings highlight that the
Eley-Rideal mechanism could facilitate the production of hydrazine and ammonia, enhancing
catalytic activity through surface defects [14].

This catalyst can operate via two primary mechanisms: the Eley-Rideal/Mars—van Krevelen
mechanism and the Langmuir-Hinshelwood mechanism, which have been described by DFT in
VASP. In this mechanism, which is shown in Figure 2, the active site is a nitrogen vacancy on the
molybdenum nitride framework. Molecular nitrogen chemisorbs at the N-vacancies in an end-on
configuration, followed by the dissociative chemisorption of molecular hydrogen. This leads to the
formation of diazene and hydrazine intermediates, eventually producing ammonia. This hydrazine
intermediate has a low barrier for decomposition into ammonia which is the first stoichiometric
ammonia molecule produced through this mechanism. The second stoichiometric ammonia molecule
is produced in higher activated steps as it involves the hydrogenation of surface nitrogen that is now
strongly absorbed to the surface of the metal nitride. So one disadvantage of this catalyst could be
that that the ammonia is produced on its surface by it is strongly bound to the surface. The energy
profile for this mechanism indicates that the hydrogenation steps have lower barriers compared to
the Langmuir-Hinshelwood mechanism, making it kinetically faster for ammonia synthesis on
CosMosN [15].
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Figure 2. Simplified schematic showing the associative Eley-Rideal/Mars van Krevelen mechanism of
ammonia synthesis on cobalt molybdenum nitride.

In Figure 3, we illustrate a simplified schematic of the dissociative Langmuir-Hinshelwood
mechanism of ammonia synthesis on a catalytic surface. The process begins with nitrogen molecules
(N2) adsorbing onto the catalyst surface.
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Figure 3. The figure illustrates the dissociative mechanism of ammonia synthesis on a catalytic
surface.

Subsequently, hydrogen molecules (H,) also adsorb onto the surface, dissociating into
individual hydrogen atoms. The nitrogen atoms then react with the hydrogen atoms in a stepwise
manner, forming intermediates such as NH, NH,, and eventually NH; (ammonia), which desorbs
from the surface. The cycle repeats as new nitrogen and hydrogen molecules continue to adsorb and
react on the catalyst surface. The nitrogen and hydrogen atoms are shown interacting through a series
of intermediate steps leading to the formation of ammonia.

The Langmuir-Hinshelwood mechanism for ammonia synthesis involves a series of well-
defined steps starting with the adsorption of molecular nitrogen (N) onto the surface of the catalyst.
In this mechanism, nitrogen molecules are adsorbed in a side-on configuration at the active sites of
the catalyst. This adsorption mode allows the nitrogen molecule to interact simultaneously with
multiple active sites, leading to a significant activation of the N=N triple bond.

Once adsorbed, the nitrogen molecule undergoes dissociation into two nitrogen atoms, each of
which is further adsorbed onto the catalyst surface in a bridged configuration. These bridged nitrogen
species are highly reactive intermediates that play a crucial role in the subsequent steps of the
reaction. The dissociation of the nitrogen molecule is facilitated by the strong interaction with the
catalyst surface, which lowers the activation energy required to break the N=N bond.

Following the dissociation, hydrogen molecules (H) adsorb onto the catalyst surface and
dissociate into individual hydrogen atoms. These hydrogen atoms then migrate across the surface
and react with the bridged nitrogen species in a stepwise manner. This stepwise hydrogenation leads
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to the formation of various nitrogen-hydrogen intermediates such as NH, NH,, and ultimately NH;
(ammonia).

The final product, ammonia, desorbs from the catalyst surface, freeing up active sites for new
nitrogen and hydrogen molecules to be adsorbed, thereby continuing the catalytic cycle. The
efficiency of this mechanism depends on the ability of the catalyst to facilitate the adsorption,
activation, and dissociation of nitrogen and hydrogen molecules, as well as the subsequent
hydrogenation steps.

These species then undergo hydrogenation steps to form ammonia. The relative energy diagram
shows that the hydrogenation steps in this mechanism have higher barriers compared to the
associative distal Eley—Rideal/Mars—van Krevelen mechanism, making it less favorable kinetically
[15].

Building on the understanding of nitrogen activation mechanisms, the study by Zeinalipour-
Yazdi et al. presents a dispersion-corrected density functional theory (DFT-D3) investigation into the
adsorption and activation of molecular nitrogen (N;) and hydrogen (H;) on CosMosN surfaces. The
research identifies two primary activation sites for N», a Mos triangular cluster at 3f nitrogen
vacancies and a surface cavity where N, is activated by Cos clusters. The study reveals that H, can
adsorb both molecularly on the MosN framework and dissociatively on Cos or Mos clusters exposed
due to N-vacancies. N, adsorption occurs in three configurations: side-on, end-on, and an unusual
tilt end-on (155°), with the latter being particularly efficient for activation. The findings suggest that
the CosMosN surface with high nitrogen vacancy density (~10'® cm™) is highly effective in activating
N, by weakening the triple bond, facilitating the Mars-van Krevelen mechanism for ammonia
synthesis. This study highlights the potential of CosMosN as a highly active catalyst for ammonia
synthesis, with the unique tilt end-on configuration playing a crucial role in the activation process
[16]

Following the previous findings regarding the role of crystallographic orientation in catalytic
activity, the study by Gudmundsson et al. investigated the nitrogen reduction reaction (NRR) on the
(110) facets of transition metal nitrides (TMNs) using DFT. The study compared the (110) facets with
the previously examined (100) facets and finds that the (110) facets generally exhibit higher
overpotentials (OPs) and lower catalytic activity. Specifically, vanadium nitride (VN) shows the most
promise among the tested TMNs, with a relatively low OP of -0.67 V and a favorable single vacancy
mechanism for ammonia formation. The research highlights that while the (110) facets of VN
demonstrate some catalytic efficiency, they are still less active and selective compared to the (100)
facets. Additionally, the study emphasizes the importance of careful surface engineering to ensure
the presence of optimal surface orientations, as polycrystalline samples with mixed facets could
negatively impact overall catalytic performance. This investigation underscores the critical need for
precise control over the crystallographic orientation in developing effective TMN catalysts for
ammonia synthesis [17].

A study by Al Sobhi et al. investigates the impact of substituting molybdenum (Mo) with
tungsten (W) in CosMosN and Ni;MosN on ammonia synthesis activity and lattice nitrogen reactivity.
The research found that tungsten substitution decreases the catalytic performance of both CosMosN
and Ni,Mo;N, with CosMosN exhibiting a transformation to CosMosN, indicating significant lattice
nitrogen loss, while Ni,MosN retained its lattice nitrogen, showing limited reactivity. Computational
calculations revealed that tungsten has minimal impact on the formation energy of surface nitrogen
vacancies and the adsorption and activation of nitrogen molecules. Despite lower ammonia synthesis
activity in tungsten-doped variants, both materials maintained stable performance over extended
periods. The findings suggest that while CosMosN is a more promising candidate due to its higher
lattice nitrogen reactivity, further modifications are needed to enhance its catalytic efficiency for
industrial applications [18].

Expanding on the examination of lattice nitrogen reactivity in transition metal nitrides, the study
by Daisley et al. focuses on the ternary molybdenum nitrides Co,MosN and FesMosN, comparing
them with CosMosN. The research investigates these materials under a 3:1 H,/Ar mixture at
temperatures up to 900°C. The n-carbide structured CosMosN demonstrated high reactivity, with


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

significant nitrogen loss and transformation into CosMogN, consistent with the Mars-van Krevelen
mechanism. In contrast, the filled p-Mn structured Co.MosN showed stability up to 800°C,
decomposing only at 900°C, suggesting a lower reactivity of its lattice nitrogen. FesMosN exhibited
minimal nitrogen loss up to 800°C but decomposed at 900°C, forming iron nitride and molybdenum
metal. The study highlights that both metal composition and phase significantly influence the bulk
lattice nitrogen reactivity in these ternary nitrides, with CosMosN showing the highest reactivity due
to its optimal nitrogen binding energy and favorable structural properties for nitrogen activation [19].

The study by Higham et al. investigates the catalytic ammonia synthesis mechanisms in
FesMosN, comparing it with the previously studied CosMosN. Using plane-wave DFT, the research
examines surface nitrogen vacancy formation and two distinct ammonia synthesis mechanisms: the
associative Mars-van Krevelen (ER-MvK) and the dissociative Langmuir-Hinshelwood (LH)
mechanisms. The findings reveal that nitrogen vacancy formation on FesMosN is thermodynamically
more demanding than on CosMosN, yet still feasible, suggesting that surface lattice nitrogen
vacancies in FesMozN can facilitate ammonia synthesis. The calculations show that nitrogen
activation is enhanced on FesMosN compared to CosMosN, with adsorption at and adjacent to the
vacancy being more favorable. The associative ER-MvK mechanism provides a less energy-
demanding pathway for ammonia synthesis, particularly for the initial hydrogenation processes.
However, the LH mechanism shows high activation barriers for subsequent hydrogenation steps,
indicating that while both mechanisms are viable, the ER-MvK pathway is more kinetically
accessible. Additionally, FesMosN shares the same associative distal mechanism for ammonia
synthesis as the CosMosN catalyst but is somewhat less active overall. These insights highlight the
potential of FesMosN as a catalyst for ammonia synthesis, particularly in the context of optimizing
the Cos—Fe.MosN system to enhance catalytic activity under milder conditions [20].

Extending the exploration of anti-perovskite nitrides for ammonia synthesis, a study by Daisley
et al. investigated the catalytic activities of CosCuN, NizCuN, and CosMoN. Experimental and
theoretical analyses reveal that CosCuN demonstrates a higher conversion of lattice nitrogen to
ammonia compared to NizCuN, exhibiting activity at lower temperatures. The loss of lattice nitrogen
in CosCuN was topotactic, resulting in the formation of CosCu, whereas NizCuN showed minimal
activity at lower temperatures and required higher temperatures for significant nitrogen loss. The
study suggests that the metal composition influences the stability and activity of these nitrides, with
computational modeling showing differences in nitrogen vacancy formation energies and the density
of states at the Fermi level. CosMoN, unlike CosCuN and NizCuN, maintained steady-state catalytic
activity at 400°C with a rate of 92 + 15 mmol h! g, highlighting the impact of metal composition on
catalytic performance. These findings underscore the potential of anti-perovskite nitrides in ammonia
synthesis through chemical looping, though regeneration using N, remains challenging, indicating a
need for further optimization [21].

Ammonia synthesis on manganese nitride (MneNs) begins with nitrogen vacancies on the
catalyst's surface, serving as active sites for the reaction. Molecular nitrogen (N2) adsorbs at these
vacancies in an end-on configuration, allowing one nitrogen atom to interact directly with the
nitrogen vacancies [22]. This interaction significantly weakens the N=N triple bond. Concurrently,
molecular hydrogen (Hz) adsorbs directly from the gas phase onto the end-on adsorbed nitrogens
forming >NNH?: species. Two such >NNH?: species react with a hydrogen coming from the gas phase
forming two >NNHs species. These >NNH3 species dissociate forming ammonia and leaving behind
surface nitrogen, which is adsorbed at the nitrogen vacancy. These nitrogen species become
hydrogenated forming NH2 and then NHs that desorbs from the surface. The NHs desorbs from the
surface, freeing up active sites for new nitrogen molecules and perpetuating the catalytic cycle. This
mechanism underscores the essential role of nitrogen vacancies and the stepwise hydrogenation
process on MnesNs, highlighting the importance of tailoring the surface properties and active sites in
order to achieve efficient ammonia synthesis [23].

Building on previous research, the study by Zeinalipour-Yazdi et al. employs dispersion-
corrected density functional theory (DFT-D3) to investigate the chemisorption of H, and N; on cobalt-
promoted TasNs surfaces, focusing on the (100), (010), and (001) facets. The study reveals that nitrogen
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adsorbs mostly molecularly in side-on, end-on, and tilt configurations, with the formation of azide
functional groups at bridging nitrogen sites, exhibiting a formation energy of 205 k]J/mol. Hydrogen
was found to chemisorb molecularly with adsorption energies ranging from -81 to -91 kJ/mol, but at
bridging nitrogen sites, it dissociates to form 4NH groups with an exothermic formation energy of -
175 kJ/mol per H; molecule. The presence of cobalt promoters significantly enhances the dissociation
of molecular hydrogen on the TasNs surface, primarily at nitrogen-rich sites, with adsorption energies
between -200 and -400 kJ/mol. This enhancement in dissociation suggests that cobalt promoters play
a critical role in facilitating the hydrogenation steps of ammonia synthesis on TasNs by lowering the
formation energy of nitrogen vacancies, thus increasing the catalyst's overall reactivity and efficiency
[24].

Iron molybdenum nitride (FesMosN) follows a similar mechanism to CosMosN for ammonia
synthesis but exhibits lower reactivity. The Eley-Rideal/Mars—van Krevelen mechanism on FesMosN
involves nitrogen vacancies and the subsequent hydrogenation of nitrogen species. Despite following
a similar pathway as CosMosN, FesMosN has higher activation barriers for the hydrogenation steps.
The desorption of ammonia from the catalyst surface requires less energy compared to the
hydrogenation steps, but overall, FesMosN is less reactive than CosMosN and MngN5s [15].

Recent studies have emphasized the significance of nitrogen vacancies in the catalytic activity of
metal nitrides. Nitrogen vacancies act as active sites for the adsorption and activation of N, molecules.
For example, in CosMosN, the presence of nitrogen vacancies facilitates the associative Eley—Rideal
mechanism, which has been shown to have lower activation barriers compared to the Langmuir—
Hinshelwood mechanism [25]. This suggests that designing catalysts with a high concentration of
nitrogen vacancies could enhance ammonia synthesis rates. In the Eley-Rideal/Mars—van Krevelen
Mechanism nitrogen vacancies on the CosMosN surface adsorb N, molecules end-on, which then
react with dissociated hydrogen to form ammonia. This mechanism is favored due to its lower
activation barriers

We observe that for the mechanism suggested for the iron and ruthenium catalyst, which is the
Langmuir-Hinshelwood mechanism. That this involves the side-on adsorption of N, and its
subsequent dissociation and hydrogenation on the catalyst surface. This mechanism has barriers that
are higher for the hydrogenation steps than the associative distal Eley-Rideal/ Mars-van Krevelen
mechanism. Clearly suggesting that the kinetically faster mechanism on Co3Mo3N and Fe3Mo3N is
a different mechanism that what has been suggested for iron and ruthenium.

The manuscript by Hargreaves and Daisley provides an insightful overview of recent
advancements in the development of nitrides, hydrides, and carbides as alternative heterogeneous
catalysts for ammonia synthesis [26]. The paper emphasizes the potential of these materials to
facilitate sustainable ammonia production through mechanisms that are more akin to enzymatic
nitrogen activation, thus potentially allowing for milder reaction conditions compared to the
traditional Haber-Bosch process. The authors highlight that metal nitrides, such as CosMosN, can
operate via a Mars-van Krevelen mechanism, involving the direct hydrogenation of lattice nitrogen,
which then leads to nitrogen vacancies that can be replenished during the reaction cycle. This process
can be enhanced by incorporating elements like cobalt, which helps balance nitrogen adsorption
strengths, thereby improving catalytic efficiency. The study also explores the synergistic effects of
combining nitrides with other materials, such as hydrides, to overcome scaling limitations through
dual-site mechanisms. For instance, nickel/lanthanum nitride catalysts exhibit high activity and
stability by leveraging nitrogen vacancies for nitrogen activation and using nickel for hydrogen
dissociation. The authors note that the integration of alkali metal doping and hydrogen activation
remains a relatively underexplored yet promising area for catalyst development. Overall, this work
underscores the exciting potential and ongoing challenges in designing novel catalysts for localized,
sustainable ammonia synthesis, capable of operating under lower temperatures and pressures while
maintaining high efficiency and durability [26].

Integration of experimental and computational approaches has been crucial in understanding
the role of nitrogen vacancies and optimizing catalytic performance. Studies involving isotopic
nitrogen exchange and computational modeling have shown that nitrogen vacancies are effective
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sites for N, activation and that the presence of surface defects can significantly influence catalytic
activity [25]. Isotopic nitrogen exchange have been recently performed to better understand the role
on nitrogen adsorbed to the surface of the catalyst on the kinetics of the reaction. Experiments have
demonstrated the participation of lattice nitrogen in the ammonia synthesis reaction, indicating that
nitrogen vacancies are replenished during the reaction cycle.

Computational Modelling DFT calculations have supported experimental observations,
showing that nitrogen vacancies have lower formation energies and are effective for N, activation at
synthesis temperatures but the exact role of the removal of lattice nitrogen is not clearly understood.
Further computational studies are necessary that can identify the exact role of the surface versus
lattice nitrogen removal and its participation in the mechanism of ammonia synthesis [25].

The addition of promoters to metal nitrides can further enhance their catalytic activity. For
instance, doping TasNs with cobalt has been shown to increase ammonia synthesis rates by
facilitating hydrogen dissociation and nitrogen activation [24]. Similarly, lithium-doped MngN5 has
exhibited improved activity and stability, highlighting the potential of dopants to modify surface
chemistry and catalytic performance [27]. However the role of dopants in the mechanism for
ammonia synthesis on metal nitrides is currently not well understood on an atomistic basis and
further computational studies in this direction are necessary to find the exact formulation of metal
nitride/promoter system that will have greater stability and activity for ammonia synthesis.

Chemical looping is an emerging approach in ammonia synthesis that leverages the Mars-van
Krevelen mechanism. In this process, the lattice nitrogen in metal nitrides acts as an active species,
which can be replenished in a separate regeneration step. Recent studies have explored various metal
nitrides, such as manganese nitride and cerium nitride, for their potential in chemical looping
systems [28].

Manganese nitride has been identified as a promising candidate for chemical looping due to its
ability to form and utilize nitrogen vacancies. Doping with lithium has been shown to enhance the
reactivity of lattice nitrogen, thereby improving ammonia formation rates [28].

Cerium nitride (CeN), especially when supported on nickel (Ni/CeN), exhibits favorable
formation of nitrogen vacancies, which play a crucial role in enhancing its catalytic activity for
ammonia synthesis. The ammonia synthesis process on CeN involves both dissociative and
associative pathways. In the dissociative pathway, nitrogen molecules adsorb at the nitrogen
vacancies and dissociate into atomic nitrogen, which subsequently reacts with hydrogen to form
ammonia. In the associative pathway, nitrogen molecules are hydrogenated stepwise without prior
dissociation, forming intermediates such as NH and NH, before finally producing NHs [29] This
dual-pathway mechanism enhances the overall performance of the catalyst by allowing it to utilize
multiple reaction routes.

The chemical looping process further contributes to the high activity of CeN in ammonia
synthesis. This process involves the continuous cycling of nitrogen between the catalyst and the
reaction environment, facilitated by the Mars-van Krevelen mechanism. In this mechanism, lattice
nitrogen in CeN is involved in the reaction cycle, participating in the formation of ammonia and
subsequently being replenished by nitrogen from the gas phase. This ensures a steady supply of
active sites and maintains high catalytic efficiency over extended periods.

Chorkendorff and co-workers have investigated the spin-mediated promotion of a cobalt
catalyst for ammonia synthesis [30]. They find that suppressing the magnetism in the catayst may be
the key for lower temeprature operation of the catalyst. They show that one can use lanthanum to
quench the magnetic moment of cobalt atoms on the surface of the catalyst. This results in a lower
activation barrier for nitrogen cleavage compared to the barrier found on the iron catalyst.

Recent research has further expanded the understanding of molybdenum-based metal nitrides,
specifically focusing on the lattice nitrogen-mediated ammonia production. This research employs a
multistage design strategy to correlate the intrinsic activity of these catalysts with their electronic
structures, utilizing DFT calculations as a critical tool. The study conducted by Qian ef al. uses DFT
to investigate the electronic properties and catalytic behavior of molybdenum-based nitrides, such as
Mo:N and MoN. These nitrides are analyzed to understand their ability to activate nitrogen
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molecules and facilitate the ammonia synthesis process. The findings reveal that the lattice nitrogen
in these materials plays a crucial role in the reaction mechanism, participating directly in the
formation of ammonia through both associative and dissociative pathways. The associative
mechanism involves the stepwise hydrogenation of adsorbed nitrogen species, forming
intermediates like NH and NH>, while the dissociative mechanism involves the breaking of the N=N
bond to form atomic nitrogen, which then reacts with hydrogen to produce ammonia. The study's
computational approach provides detailed insights into the energy profiles and transition states of
these reactions, highlighting the importance of electronic structure in determining the catalytic
efficiency of molybdenum-based nitrides. The research underscores the potential of these materials
in sustainable ammonia production, offering a pathway to optimize catalysts for industrial
applications [31].

Molybdenum-based nitrides, including CosMosN, FesMosN, NisMosN, and Mo:N, were
employed as model catalysts. These materials were chosen to decouple the effects of electronic
properties and geometrical features on catalytic activity.

It is obvious that still alot can be discovered in the thermal ammonia synthesis that utilises
nitrogen vacancies. In the following sections we shall explore further the electrochemical synthesis
of ammonia and the photocatalytic synthesis.

The study by Hanifpour et al. investigates the electrochemical nitrogen reduction reaction (NRR)
on transition metal nitride (ITMN) thin films, specifically VN, CrN, NbN, and ZrN, using a micro-
reactor flow-cell setup under ambient conditions. Employing chronoamperometry for ammonia
production analysis, the research reveals that ZrN shows promising catalytic behavior, producing
ammonia with higher reaction rates and current efficiencies in the presence of N, compared to Ar.
Conversely, VN and NbN initially produce ammonia through the reaction of surface nitrides but
become inactive afterward, and CrN does not produce any detectable ammonia. The study utilizes
electrochemical impedance spectroscopy (EIS), X-ray reflectivity (XRR), and X-ray photoelectron
spectroscopy (XPS) to provide detailed insights into the stability and surface characteristics of the
TMNs, emphasizing the critical role of nitrogen vacancies and surface dynamics in catalytic
performance. These findings highlight the importance of precise control and characterization in
developing efficient electrochemical catalysts for ammonia synthesis [32].

The study by Abghoui et al. employs DFT to investigate the electrochemical reduction of
nitrogen to ammonia at ambient conditions on transition metal nitride surfaces, specifically VN, ZrN,
NbN, and CrN. The study identifies these nitrides as promising catalysts for ammonia synthesis due
to their higher activity towards nitrogen reduction compared to the competing hydrogen evolution
reaction (HER). The research highlights that VN, with its rocksalt (100) facet, can effectively reduce
nitrogen to ammonia via a Mars—van Krevelen mechanism with only a -0.5 V overpotential, avoiding
catalyst decomposition. Additionally, the study underscores the stability of these nitrides against
poisoning and their potential to achieve sustainable and energy-efficient ammonia production at low
temperatures and ambient pressures, offering a viable alternative to the traditional Haber-Bosch
process. The comprehensive DFT analysis provides insights into the thermodynamics and kinetics of
the nitrogen reduction reaction on these surfaces, guiding the development of efficient
electrochemical ammonia synthesis catalysts [33].

The study by Lu et al. focuses on the development of chemically durable nickel and cobalt
lanthanum-nitride-based catalysts for ammonia synthesis. The authors address the challenge of high
sensitivity to air and moisture in metal nitride complexes by introducing aluminum into the LaN
lattice, forming LazAIN. This modification creates La-Al metallic bonds that enhance chemical
stability while retaining catalytic functionality. The resulting Ni/LasAIN and Co/LasAIN catalysts
demonstrated significant catalytic activity without degradation after exposure to air and moisture,
achieving reaction rates of 2410 pmolgh™ for Ni/La;AIN and 2735 umolgh for Co/LasAIN at
400°C and 0.1 MPa. The study highlights the dual active site mechanism, where La;AIN facilitates N,
absorption and activation, offering a promising approach to developing stable and efficient catalysts
for ammonia synthesis [34].
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The study by Bin Liu et al. investigates the manipulation of geometric and electronic structures
of manganese nitrides (MnsN and Mn,N) for improved ammonia synthesis. This research highlights
that modifying Mn nitrides with transition metal heteroatoms (Cr, Fe, Co, Ni, Mo) can significantly
influence the binding energies of intermediate hydrogenation products and the overall ammonia
formation process. DFT calculations reveal that while the binding of NH on Mn nitride surfaces
follows a linear relationship with lattice nitrogen, the binding of NH, and NHjs is more sensitive to
changes in geometric and electronic structures. The study also identifies that the rate-determining
step for ammonia synthesis involves the diffusion of lattice nitrogen, which can be facilitated by
introducing single-atom dopants. This comprehensive approach provides insights into optimizing
Mn nitrides as nitrogen carriers for efficient ammonia production, emphasizing the critical role of
electronic structure modifications in enhancing catalytic performance [35].

2.2. Electrochemical Ammonia Synthesis

Electrochemical ammonia synthesis is a promising alternative to traditional thermal methods,
offering the potential for ammonia production at ambient conditions using renewable energy
sources. This approach not only reduces the energy requirements but also provides a more
sustainable pathway by potentially eliminating carbon emissions. The electrochemical nitrogen
reduction reaction (NRR) involves the stepwise reduction of nitrogen (N2) to ammonia (NH;) at the
cathode, with hydrogen (H*) ions being supplied from the electrolyte. The basic reactions can be
summarized as follows:

N2 + 6H* + 6e- — 2NHs

This process competes with the hydrogen evolution reaction (HER), which often occurs
concurrently, thus affecting the selectivity and efficiency of ammonia production. Significant
contributions have been made by various research groups, notably the group led by Skulason and
co-workers. They have developed detailed thermochemical data and computational models to
identify potential catalysts for nitrogen reduction reactions. One notable study provided a
comprehensive analysis of nitrogen-binding-energy descriptors, establishing new insights into the
limiting potentials required for effective electrochemical ammonia synthesis [36]. Mo-based catalysts
have shown promise due to their moderate nitrogen binding energy, which favors the NRR over
HER. Studies indicate that molybdenum can serve as a robust catalyst under appropriate conditions
[36] Iron (Fe) is commonly investigated due to its abundance and catalytic properties. However, Fe
also promotes HER, making it less selective for NRR in aqueous media [36]. Ruthenium (Ru) and
Rhodium (Rh) have shown high activity for NRR but also suffer from significant HER competition,
requiring further optimization for selectivity [36,37].

Recent studies have identified several overlooked catalysts that show potential for selective
NRR. Manganese (Mn) has emerged as a highly reactive and selective catalyst for NRR, particularly
at higher pH levels where HER is less favored [36]. Some post-transition metals such as gallium (Ga)
and indium (In) have shown promise due to their poor HER promotion and strong nitrogen binding,
making them suitable candidates for selective NRR in both aqueous and non-aqueous media [36]
Tantalum oxide (TaO,), rhenium oxide (ReO,), and osmium oxide (OsO,) have been studied in recent
computational studies and it was found that these rutile oxides have a potential for electrochemical
ammonia formation. These oxides were found to have significantly lower potential determining steps
(PDS) than previously reported, indicating their strong candidacy for NRR. TaO,, in particular, was
identified as binding NNH stronger than H, making it a promising candidate for selective ammonia
synthesis [38]. Recent DFT calculations on niobium carbonitride (NbCN) have identified NbCN as a
highly effective catalyst for electrochemical NRR. It exhibits both activity and stability, capable of
self-regeneration and nitrogen-to-ammonia activation with a low potential-determining step energy
of 0.58 eV. NbCN facilitates ammonia formation via a mixed associative Mars-van Krevelen (MvK)
mechanism [39]. Tungsten carbonitride (WCN) has also shown promise for efficient ammonia
synthesis, but it faces challenges related to higher activation energies and potential poisoning by
other species in the electrolyte [39]. FexOy Co-deposited on amorphous MoS,: Recent research has
shown that FexOy co-deposited on amorphous MoS; supported on a gas diffusion layer electrode
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(GDL) significantly enhances NRR activity. The GDL/MoS,-Fe-1 catalyst exhibited an NHj; yield of
7.38 umol h™' cm™ and a Faradaic efficiency of 54.9% at -0.2 V vs. RHE at 25°C. This performance is
attributed to the amorphous structure of MoS, providing abundant active sites, and FexOy enhancing
electron transfer and nitrogen adsorption [40].

Recent DFT calculations have provided insights into the mechanistic pathways of NRR on the
Ru(0001) surface. The study elucidates that the initial activation of N, to form NNH is the rate-
limiting step, with an energy barrier of 0.8 eV at an applied potential of -0.6 V. The protonation steps
involve low barriers of 0.0-0.25 eV, indicating efficient proton-electron transfer processes. The
preferred pathway follows an associative distal mechanism, where the N-N bond is cleaved after the
third proton-electron transfer, resulting in ammonia formation [37]. Homogeneous catalysts,
typically molecular complexes with transition metals as their central atoms, are dissolved in the
electrolyte. These catalysts operate through cyclic mechanisms where the metal centers coordinate
with nitrogen, store charges, and facilitate the reduction process. However, the challenge lies in their
separation and reuse post-reaction, which can hinder commercial applications [41]. The use of
biological catalysts, inspired by the natural nitrogenase enzyme, is an emerging area in
electrochemical NRR. These catalysts mimic the natural process of nitrogen fixation and offer a
potentially sustainable approach to NH; synthesis. However, their practical application requires
overcoming challenges related to stability and efficiency under electrochemical conditions [41].

A recent study demonstrated the effectiveness of nitrogen and phosphorus co-doped porous
carbon (NPC) as an electrocatalyst for NRR. The NPC was prepared by pyrolyzing polyaniline
aerogels in the presence of phytic acid. This co-doping introduced defects and heteroatoms that
enhanced the catalyst's activity by providing more active sites and improving electron transfer [42].
The electrochemical performance of the N, P co-doped carbon mater (NPC) catalyst exhibited a high
NHj; yield of 7.38 umol h™' cm™ and a Faradaic efficiency of 54.9% at -0.2 V vs. RHE in 0.1 M HCl
electrolyte. The high surface area and porosity of NPC, combined with the synergistic effects of N
and P co-doping, contributed to its superior performance [42]. Atomic structure modifications, such
as defect engineering, surface orientation, and amorphization, have shown significant promise in
improving the efficiency of electrochemical NRR. A recent review by Chen et al. summarizes the
progress in these areas, highlighting strategies like heteroatom doping and creating atom vacancies
to introduce extra active sites and enhance the intrinsic activity of catalysts. For example, heteroatom
doping (e.g., metal atoms like Fe and non-metal atoms like B) can increase active sites and reduce the
energy barrier for the rate-determining step of NRR by forming extraordinary coordination
environments and electronic structures [43]. Additionally, surface orientation and amorphization of
catalysts can significantly influence their catalytic performance. Stepped facets and amorphous
structures provide abundant active sites and unique electronic properties that enhance NRR
efficiency [43]. Traditional metal electrodes like platinum and gold are often used, but their tendency
to promote HER limits their effectiveness for NRR. Emerging materials such as metal nitrides and
carbides are being explored for better selectivity and efficiency.

Aqueous electrolytes commonly used due to their availability and ease of handling. However,
the high proton concentration favors HER, necessitating the search for alternative electrolytes. Non-
aqueous electrolytes such as ionic liquids, offer a reduced proton environment, thus favoring NRR
over HER. They are gaining attention for their ability to improve the selectivity of ammonia synthesis
[36]. Optimal reaction conditions are crucial for maximizing the efficiency of electrochemical
ammonia synthesis. Lower temperatures and ambient pressures are typically favorable, aligning with
the principles of electrochemical processes. The applied potential must be carefully controlled to
favor NRR while minimizing HER. Recent research has provided detailed guidelines on the
appropriate potentials for various catalysts [36]. The mechanistic pathways for NRR on different
catalysts can follow either an associative or dissociative mechanism. Associative mechanism,
involves the stepwise addition of protons and electrons to adsorbed N forming NH; via
intermediates such as N.H and NH. Dissociative mechanism, involves the initial cleavage of the N=N
bond, followed by protonation of the resulting nitrogen atoms. This pathway is less favored at
ambient conditions due to the high energy barrier for N, dissociation [36]. Despite the progress,
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several challenges remain, one is the Faradaic efficiency, the efficiency of converting electrical energy
to chemical energy in the form of NH; remains low due to competing HER. Long-term stability of
catalysts in the electrochemical environment is a critical issue, with many catalysts degrading over
time. The cost of developing and scaling up new catalyst materials and processes needs to be
addressed for commercial viability.

The study by Nerskov and Chorkendorff and co-workers emphasises that special care needs to
be taken in studies of electrochemical ammonia synthesis to avoid false positives [44]. In these
experiments the ammonia attributed to electrochemical nitrogen fixation was found to be due to
contamination from ammonia in the air, human breath or ion conducting membranes, or generated
from labile nitrogen-containing compounds (for example, nitrates, amines, nitrites and nitrogen
oxides). They continue to provide a protocol that should prevent false positives in experimental
studies of the reduction of nitrogen to ammonia.

A study by Igbal et al. explored the potential of transition metal carbonitrides (TMCNs) as
electrocatalysts for the nitrogen reduction reaction (NRR) under ambient conditions. Using DFT, the
research examined the (111) facets of TMCNs, including VCN, NbCN, and WCN. The findings
revealed that VCN and NbCN are particularly promising for NRR via the Mars-van Krevelen
mechanism, requiring low onset potentials of -0.52 V and -0.53 V vs. RHE, respectively. This low
energy requirement makes them efficient catalysts for ammonia synthesis at ambient conditions. The
study also highlighted that while WCN showed potential, it was more susceptible to poisoning in
electrochemical environments. The research underscored the importance of selecting materials with
the right balance of activity and stability to enhance ammonia production efficiency. This
comprehensive investigation into TMCNs provides valuable insights for developing sustainable and
efficient electrocatalysts for ammonia synthesis [39].

A paper by Liu ef al. reviews the development of electrocatalysts for the efficient nitrogen
reduction reaction (e-NRR) under ambient conditions, emphasizing the need for novel catalysts to
enhance practical applications. The study highlights the mechanisms of NH3 electrochemical
synthesis and outlines strategies to improve catalytic performance by increasing exposed active sites
or tuning electronic structures. Various novel electrocatalysts, including noble metal-based materials,
single-metal-atom catalysts, non-noble metals, and metal-free materials, are systematically
summarized. The review also discusses the role of surface control, defect engineering, and
hybridization in improving catalytic efficiency. These insights provide valuable guidance for
designing advanced catalytic systems for sustainable and efficient ammonia production through e-
NRR, aiming to achieve higher energy efficiency and support decentralized ammonia production to
reduce transportation costs and environmental impact [45].

A study by Li ef al. investigated the electrochemical promotion of ammonia formation on Fe-
based electrode catalysts using proton-conducting-electrolyte-supported cells with H2—Ar and H>-N2
at temperatures between 550 °C and 600 °C under ambient pressure. The research examines the
ammonia formation rate using two types of cathodes: a porous pure Fe electrode with a shorter triple
phase boundary (TPB) length and a cermet electrode consisting of Fe-BCY (or W-Fe-BCY) with a
longer TPB length. The results demonstrate that the porous pure Fe electrode outperforms the Fe—
BCY cermet electrode, indicating that ammonia formation is primarily accelerated by the
electrochemical promotion of catalysis (EPOC) effect on the Fe surface rather than the charge-transfer
reaction at the TPB. The mechanism is dominated by a dissociative process, where direct N2 bond
dissociation is accelerated with cathodic polarization on the Fe surface, with a minor contribution
from a proton-assisted associative mechanism at the TPB. Despite the relatively short TPB length, the
porous pure Fe cathode achieves a high ammonia formation rate of 1.4 x 108 mol cm? s (450 ug h-!
mg"') under optimal conditions, suggesting that the effective double layer extends widely on the Fe
electrode surface. This study highlights key processes for improving ammonia formation and
underscores the effectiveness of the porous pure Fe electrode for electrochemical ammonia synthesis
[46].

A study by Chen et al. presents a novel approach for enhancing electrochemical nitrogen
reduction reaction (NRR) performance using non-noble metal sulfide catalysts integrated with a


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

13

conductive matrix. The research highlights the self-organized growth of flower-like SnSz and forest-
like ZnS nanoarrays on nickel foam through solvothermal conditions. These innovative structures
exhibit strong nitrogen activation abilities, further enhanced by their formation on 3D porous Ni
foam, which provides a large surface area and facilitates easy electrolyte permeation. Nickel foam is
chosen for its superior electrical conductivity and mechanical robustness, significantly outperforming
carbon-based materials. The resulting SnS:@Ni and ZnS@Ni foams demonstrate high ammonia yields
and faradaic efficiencies, rivaling or surpassing those of noble-metal-based catalysts. This work
underscores the potential of integrating metal sulfides with conductive matrices to develop advanced
hybrid catalysts for efficient and scalable ammonia synthesis [47].

A study by Cui et al. reviewed the progress and challenges in the electrocatalytic reduction of
dinitrogen (N) to ammonia (NH3) under ambient conditions. The paper highlights the urgent need
for sustainable and eco-friendly energy pathways, given the increasing global population and
depletion of fossil fuels. The authors focus on the development of heterogeneous electrocatalysts
capable of facilitating the nitrogen reduction reaction (NRR) at room temperature and atmospheric
pressure. They summarize the prevailing theories and mechanisms for NRR, computational
screening of promising materials, and the design of electrochemical systems to enhance activity,
selectivity, efficiency, and stability. The review emphasized the importance of overcoming challenges
such as high energy consumption and negative environmental impacts associated with traditional
ammonia synthesis methods like the Haber-Bosch process. Promising strategies to improve NRR
electrocatalysts, such as cationic/anionic regulation, heteroatom doping, and defect/strain
engineering, are proposed, along with the rational design of catalyst/electrolyte and
electrode/catalyst interfaces to suppress competing hydrogen evolution reactions. The study
provides a comprehensive overview of recent advancements and offers insights for future research
directions in the field of electrocatalytic ammonia synthesis [48].

2.3. Additional Studies Performing Mechanistic Studies of Ammonia Synthesis

Recent research has further expanded the understanding of molybdenum-based metal nitrides,
specifically focusing on lattice nitrogen-mediated ammonia production. This research employs a
multistage design strategy to correlate the intrinsic activity of these catalysts with their electronic
structures, utilizing DFT calculations as a critical tool. A study conducted by Qian et al. uses DFT to
investigate the electronic properties and catalytic behavior of molybdenum-based nitrides, such as
Mo:N and MoN. These nitrides are analyzed to understand their ability to activate nitrogen
molecules and facilitate the ammonia synthesis process. The findings reveal that the lattice nitrogen
in these materials plays a crucial role in the reaction mechanism, participating directly in the
formation of ammonia through both associative and dissociative pathways. The associative
mechanism involves the stepwise hydrogenation of adsorbed nitrogen species, forming
intermediates like NH and NH>, while the dissociative mechanism involves the breaking of the N=N
bond to form atomic nitrogen, which then reacts with hydrogen to produce ammonia. The study's
computational approach provides detailed insights into the energy profiles and transition states of
these reactions, highlighting the importance of electronic structure in determining the catalytic
efficiency of molybdenum-based nitrides. The research underscores the potential of these materials
in sustainable ammonia production, offering a pathway to optimize catalysts for industrial
applications [31].

The Langmuir-Hinshelwood mechanism for ammonia synthesis involves a series of well-
defined steps starting with the adsorption of molecular nitrogen (N2) onto the surface of the catalyst.
In this mechanism, nitrogen molecules are adsorbed in a side-on configuration at the active sites of
the catalyst. This adsorption mode allows the nitrogen molecule to interact simultaneously with
multiple active sites, leading to significant activation of the N=N triple bond. Once adsorbed, the
nitrogen molecule undergoes dissociation into two nitrogen atoms, each of which is further adsorbed
onto the catalyst surface in a bridged configuration. These bridged nitrogen species are highly
reactive intermediates that play a crucial role in the subsequent steps of the reaction. The dissociation
of the nitrogen molecule is facilitated by the strong interaction with the catalyst surface, which lowers


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

14

the activation energy required to break the N=N bond. Following the dissociation, hydrogen
molecules (Hz) adsorb onto the catalyst surface and dissociate into individual hydrogen atoms. These
hydrogen atoms then migrate across the surface and react with the bridged nitrogen species in a
stepwise manner. This stepwise hydrogenation leads to the formation of various nitrogen-hydrogen
intermediates such as NH, NHz, and ultimately NHs (ammonia). The final product, ammonia,
desorbs from the catalyst surface, freeing up active sites for new nitrogen and hydrogen molecules
to be adsorbed, thereby continuing the catalytic cycle. The efficiency of this mechanism depends on
the ability of the catalyst to facilitate the adsorption, activation, and dissociation of nitrogen and
hydrogen molecules, as well as the subsequent hydrogenation steps.

Continuing the investigation into transition metal catalysts for nitrogen reduction, the study by
Ellingsson et al. focuses on the activity of transition metal carbide (TMC) surfaces in the (100) facets
of the rocksalt (RS) structure as potential catalysts for the nitrogen reduction reaction (NRR). Using
DFT, the research models reaction pathways, estimates stability, assesses kinetic barriers, and
compares adsorbate energies to determine the overall performance of various TMC surfaces. The
study found that pristine TMC surfaces without defects generally did not possess both exergonic
nitrogen adsorption and the capability to selectively protonate nitrogen to form ammonia in an
aqueous solution. However, ZrC showed potential as a catalyst in non-aqueous electrolytes.
Introducing carbon vacancies provided high coordination active sites on the surface, significantly
improving nitrogen adsorption, selectivity towards ammonia, and lowering overpotential (OP) for
NbC and WC. Despite this, NbC displayed an unfeasible kinetic barrier for nitrogen dissociation at
ambient conditions, suggesting its suitability for high temperature/pressure ammonia synthesis. WC
and VC emerged as promising materials for further experimental investigation in aqueous
electrolytes due to their efficient nitrogen adsorption and favorable reaction pathways [49].

Electronic Structure Analysis in a study by Qian et al. reveals that electron transfer between
molybdenum and magnetic metals, along with the spin polarization characteristics of magnetic
metals, are key descriptors of intrinsic catalytic activity. The modulation of these electronic properties
through incorporating magnetic metals significantly enhances lattice nitrogen activity. This
enhancement occurs because electron transfer increases the density of states at the Fermi level,
facilitating nitrogen molecule activation by weakening the N=N bond. Additionally, spin polarization
stabilizes reaction intermediates, lowering the activation energy for nitrogen dissociation and
subsequent hydrogenation steps. These factors collectively improve the catalyst's ability to convert
nitrogen to ammonia efficiently [31].

Expanding on the role of nitrogen vacancies in catalytic activity, the study by Abghoui et al.
investigates the influence of incorporating titanium nitride (TiN) into the structure of chromium,
vanadium, niobium, and zirconium nitrides. Using DFT analyses, the study finds that combining TiN
with vanadium nitride enhances the potential-determining step of the nitrogen reduction reaction
(NRR) by up to 20% compared to pure vanadium nitride, while maintaining a similar number of
proton-electron transfer steps for forming ammonia. For chromium nitride, TiN incorporation
improves the rate-determining step related to nitrogen adsorption and catalyst regeneration by
around 90%. However, the integration negatively impacts niobium and zirconium nitrides,
increasing the potential-determining step for niobium nitride and shifting the reaction pathway of
zirconium nitride towards hydrogen evolution rather than nitrogen reduction. These results suggest
that while TiN can enhance stability and reactivity for certain nitrides, it can detrimentally affect
others, highlighting the need for tailored approaches in catalyst design [50].

A recent mini-review by Gao et al. revisits the potential of group 4-7 transition metals for
heterogeneous catalytic ammonia synthesis, highlighting their ability to activate nitrogen under
milder conditions than the traditional Haber-Bosch process. This review emphasizes that, despite the
tendency of these metals to form nitrides that are difficult to hydrogenate, their high affinity for N2
makes them promising candidates for sustainable ammonia production. The review covers recent
advances in activating these metals through various strategies, including alloying, incorporating non-
transition metal elements, and employing external fields like electricity and light. These approaches
aim to enhance the catalytic activity by weakening strong metal-nitrogen bonds and facilitating
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nitrogen hydrogenation. This renewed focus on group 4-7 transition metals could lead to the
development of more efficient materials for ammonia synthesis, aligning with the goals of
decentralized and flexible production systems [51].

The study conducted by Igbal et al. explores the potential of transition metal carbonitrides
(TMCNs) as electrocatalysts for the nitrogen reduction reaction (NRR) to produce ammonia under
ambient conditions. Using DFT calculations, the researchers examined the thermodynamic feasibility
and activity of various TMCNs with rocksalt (RS) structures, focusing on their (100) facets. The study
identified VCN and NbCN as the most promising candidates for ammonia production via the Mars-
van Krevelen (MvK) mechanism, with low onset potentials of -0.52 V and -0.53 V versus the reversible
hydrogen electrode (RHE). These carbonitrides demonstrated a preference for NRR over the
hydrogen evolution reaction (HER), making them suitable for efficient ammonia synthesis. The
comprehensive analysis included free energy diagrams, adsorption energies, and kinetic barriers,
providing valuable insights into the electrocatalytic behavior and stability of TMCNSs. The results
highlight the potential of VCN and NbCN as effective catalysts for sustainable ammonia production
at ambient conditions, paving the way for further experimental validation and development [52].

The study by Abghoui et al. investigates the catalytic potential of transition metal sulfides (TMSs)
for electrochemical nitrogen reduction reaction (NRR) to ammonia under ambient conditions. Using
DFT calculations, the authors evaluated the performance of 18 different TMSs, including YS, ScS, ZrS,
TiS, VS, CrS, NbS, NiS, FeS, MnS2, CoS2, IrS2, CuS2, OsS2, FeS2, RuS2, RhS2, and NiS2, in various
crystal structures and facets. The study focused on both associative and dissociative mechanisms,
analyzing the adsorption free energies of key intermediates like NNH and H to determine their
selectivity for NRR over hydrogen evolution reaction (HER). RuS2 was identified as the most active
sulfide for the associative mechanism with an overpotential of around 0.3 V, while TiS, VS, NbS, and
CrS showed promise for both mechanisms with overpotentials ranging from 0.7 to 1.1 V. The results
highlight the importance of material selection and the potential of TMSs to provide efficient and
sustainable pathways for ammonia synthesis, potentially mimicking the natural enzymatic process.
The study underscores the need for further experimental validation and optimization of these
materials to enhance their catalytic performance for industrial applications [53].

In a study by Kitano et al., the electrochemical reduction of nitrogen to ammonia at ambient
conditions on mononitrides of Zr, Nb, Cr, and V was investigated using DFT. The study revealed that
ZrN, NbN, CrN, and VN possess significant potential for catalyzing the nitrogen reduction reaction
(NRR) due to their ability to stabilize intermediate species and facilitate the dissociation of nitrogen.
The catalytic activities of these nitrides were evaluated based on their electronic properties, surface
adsorption energies, and reaction pathways. The findings suggested that these materials could lower
the energy barriers for nitrogen activation and subsequent hydrogenation steps, making them
promising candidates for ammonia synthesis under mild conditions. The theoretical insights
provided by this study highlight the potential of transition metal nitrides as efficient and robust
catalysts for electrochemical ammonia production at ambient conditions [54].

A study by Roy et al. demonstrates the efficacy of using dual active sites in bimetallic catalysts
for ammonia synthesis under ambient pressure. The research focused on Fe-based catalysts mixed
with Ru, Co, and Ni, synthesized using a mechanical milling method. Experimental results showed
that Ru/Fe and Co/Fe catalysts significantly enhance ammonia synthesis at temperatures ranging
from 400°C to 550°C, with activation energies of 45.73 k] mol! and 46.38 k] mol~?, respectively. The
kinetic studies revealed that the inclusion of Ru or Co to Fe shifts the rate-determining step to NHx
formation, facilitated by electron donation from Fe to the co-catalysts. This study highlights the
potential of bimetallic catalysts to operate efficiently under mild conditions, providing a promising
approach for energy-efficient ammonia production [55].

The study by Araia et al. investigates the effects of metal loading and support particle size on the
performance of Cs-promoted Ru catalysts supported on cerium oxide (CeO;) for microwave-assisted
ammonia synthesis at ambient pressure. The research demonstrates that smaller CeO, support sizes
(25 nm) result in higher ammonia production rates due to better dispersion and smaller Ru particle
sizes, leading to more active sites. In contrast, larger support sizes (5 um) exhibit lower activity. The
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study also shows that increasing Ru loading enhances ammonia synthesis up to a point, after which
the activity plateaus due to particle agglomeration. The findings highlight the potential of
microwave-assisted synthesis to lower reaction temperatures and pressures, providing a more
energy-efficient alternative to traditional methods [56].

The study by Goto et al. investigates the potential of anti-perovskite nitrides (CosZnN, NisZnN,
CosInN, and Ni;InN) as nitrogen storage materials for chemical looping ammonia production. These
nitrides were synthesized via ammonolysis of their respective precursor oxides and subsequently
evaluated for their ammonia production capabilities under hydrogen. The findings revealed that all
the nitrides produced significant amounts of ammonia, with NizZnN demonstrating the highest
production rate. The study highlighted that Ni-containing nitrides exhibited higher ammonia
production rates compared to Co-containing nitrides, likely due to the formation of intermediate
phases (NisZnNx and NizInNy) during the reaction, which facilitated the release of lattice nitrogen.
This work emphasizes the potential of anti-perovskite nitrides in developing sustainable and efficient
ammonia synthesis processes through chemical looping [57].

2.4. Photocatalytic and Plasma Assisted Methods for Ammonia Synthesis

Photocatalytic and plasma-assisted methods for ammonia synthesis have garnered significant
interest due to their potential to offer more sustainable and efficient alternatives to traditional thermal
processes. These methods leverage unique mechanisms and advanced materials to enhance the
ammonia production process. Photocatalytic ammonia synthesis utilizes light energy to drive the
reduction of nitrogen to ammonia. This method often employs semiconducting materials that can
absorb photons and generate electron-hole pairs, which then participate in the reduction and
oxidation reactions necessary for ammonia formation. In this mechanism, nitrogen molecules adsorb
onto the photocatalyst surface, and the generated electron-hole pairs facilitate the breaking of the
strong N=N bond, allowing for subsequent hydrogenation steps that lead to ammonia production.
Various photocatalytic materials, such as titanium dioxide (TiO,) and modified forms like doped
TiO,, have been studied for their effectiveness in harnessing solar energy to drive these reactions.
Recent research has focused on enhancing the performance of these materials by extending their
absorption range into the visible light spectrum and improving charge separation efficiency [58].

On the other hand, plasma-assisted methods use non-thermal plasma to activate nitrogen and
hydrogen molecules, facilitating their reaction to form ammonia at lower temperatures and pressures
compared to the Haber-Bosch process. Non-thermal plasma provides a high-energy environment
where electrons are energized to much higher temperatures than the gas molecules, allowing
activation of nitrogen and hydrogen through collisions with energetic electrons. In these methods,
nitrogen and hydrogen gases are introduced into a plasma reactor where they are exposed to an
electric field, creating a highly reactive environment. The high-energy electrons in the plasma
dissociate nitrogen molecules into reactive nitrogen atoms, which then react with hydrogen atoms to
form ammonia. Studies have demonstrated that the synergy between plasma and catalysts can
significantly improve reaction rates and reduce energy consumption. For instance, microwave-
assisted ammonia synthesis using a Cs-Ru/CeO2 catalyst at ambient pressure has shown enhanced
activity due to the improved dispersion of Ru particles and increased oxygen vacancies on the cerium
oxide support [54,59].

Case studies and real-world applications of these methods have demonstrated their feasibility
and potential benefits. Perovskite oxynitride-hydrides like BaCeOs-\NyHz have been shown to be
efficient catalysts for ammonia synthesis, operating through unique lattice N*- and H- ion-mediated
mechanisms [60]. Additionally, microwave-assisted ammonia synthesis over Cs-Ru/CeO2 catalysts
has demonstrated significant ammonia production rates, highlighting the potential for these methods
to replace traditional ammonia synthesis processes [59]. Recent studies have also provided insights
into the mechanisms and optimization strategies for these advanced catalytic systems, further
underscoring their promise in achieving sustainable and efficient ammonia synthesis.

Recently there has been interest to make ammonia synthesis more sustainable with the use of
solar energy as the driving force for the synthesis of ammonia [61].
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Photocatalytic and plasma-assisted methods for ammonia synthesis have garnered significant
interest due to their potential to offer more sustainable and efficient alternatives to traditional thermal
processes. These methods leverage unique mechanisms and advanced materials to enhance the
ammonia production process.

Photocatalytic ammonia synthesis utilizes light energy to drive the reduction of nitrogen to
ammonia. This method employs semiconducting materials that can absorb photons and generate
electron-hole pairs, which then participate in the reduction and oxidation reactions necessary for
ammonia formation. The general mechanism involves the absorption of light by the photocatalyst,
leading to the excitation of electrons from the valence band to the conduction band, leaving behind
holes in the valence band. The excited electrons can reduce nitrogen (N) to ammonia (NHs), while
the holes can oxidize water or other sacrificial agents [62].

Key advancements in photocatalytic ammonia synthesis have focused on developing efficient
photocatalysts that can effectively absorb light and generate reactive species. Titanium dioxide (TiO,)
has been extensively studied due to its strong oxidizing power, chemical stability, and low cost.
However, TiO, requires UV light for activation, which limits its practical application under sunlight.
Modifications, such as doping with other elements or coupling with other semiconductors, have been
employed to enhance its activity under visible light. For instance, modifications to traditional
photocatalysts like TiO, and g-CsNs have shown improved performance by extending their
absorption range and enhancing charge separation efficiency [58,63].

Other semiconductor materials such as metal oxynitrides and nitrides have also been explored
for their potential in photocatalytic ammonia synthesis. Perovskite oxynitride-hydrides like
BaCeOs-NyHz have shown promise as efficient catalysts. Kitano et al. reported that these materials
could effectively utilize light to activate nitrogen molecules, leading to efficient ammonia synthesis
under mild conditions. This process involves a Mars-van Krevelen mechanism where lattice N3~ and
H- ions are activated [54].

Photocatalytic processes involve three main steps: light absorption, charge separation, and
surface reactions. The photocatalyst absorbs light, generating excited electrons and holes. Efficient
separation of these charges is essential to prevent recombination. The separated charges then
participate in redox reactions on the catalyst surface, leading to nitrogen reduction and ammonia
formation. Photocatalytic ammonia synthesis generally follows associative or dissociative pathways.
The associative pathway involves stepwise hydrogenation of nitrogen molecules to form
intermediates like hydrazine, which further reduce to ammonia. The dissociative pathway involves
the initial dissociation of nitrogen molecules into nitrogen atoms, which are then hydrogenated to
form ammonia.

Despite the potential, the efficiencies of these photocatalysts are still low due to their low photon
utilization rate and the easy combination of excited electron-hole pairs. Further advancements in
material design and synthesis are essential to improve the photocatalytic efficiency for large-scale
applications [29,33].

Plasma-assisted methods use non-thermal plasma to activate nitrogen and hydrogen molecules,
facilitating their reaction to form ammonia at lower temperatures and pressures compared to the
Haber-Bosch process. Non-thermal plasma provides a high-energy environment where electrons are
energized to much higher temperatures than the gas molecules, allowing activation of nitrogen and
hydrogen through collisions with energetic electrons [54].

In these methods, nitrogen and hydrogen gases are introduced into a plasma reactor where they
are exposed to an electric field, creating a highly reactive environment. The high-energy electrons in
the plasma dissociate nitrogen molecules into reactive nitrogen atoms, which then react with
hydrogen atoms to form ammonia. Studies have demonstrated that the synergy between plasma and
catalysts can significantly improve reaction rates and reduce energy consumption. For instance,
microwave-assisted ammonia synthesis using a Cs-Ru/CeO: catalyst at ambient pressure has shown
enhanced activity due to the improved dispersion of Ru particles and increased oxygen vacancies on
the cerium oxide support [64].
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Microwave-assisted ammonia synthesis over Cs-Ru/CeO: catalysts has demonstrated significant
ammonia production rates, highlighting the potential for these methods to replace traditional
ammonia synthesis processes [59]. Recent studies have also provided insights into the mechanisms
and optimization strategies for these advanced catalytic systems, further underscoring their promise
in achieving sustainable and efficient ammonia synthesis.

2.5. Single-Atom and Cluster Catalysts for Ammonia Synthesis

Single-atom and cluster catalysts have emerged as promising candidates for ammonia synthesis
due to their unique electronic structures and high surface-to-volume ratios. These catalysts offer
distinct advantages, including maximized atom efficiency and tunable electronic properties, which
are crucial for the activation of nitrogen molecules and the subsequent synthesis of ammonia.

Single-atom catalysts (SACs) consist of isolated metal atoms dispersed on a support material.
These catalysts exhibit unique properties that are different from their bulk counterparts. The isolated
metal atoms in SACs provide uniform active sites, which can enhance the selectivity and efficiency
of the catalytic process. Additionally, the strong metal-support interactions in SACs can significantly
modify the electronic properties of the metal atoms, thereby influencing their catalytic activity.

Recent studies have demonstrated the potential of SACs in ammonia synthesis. For example,
single-atom ruthenium (Ru) catalysts supported on carbon or metal oxides have shown remarkable
activity for ammonia synthesis at relatively low temperatures and pressures. The isolated Ru atoms
provide highly active sites for nitrogen activation, while the support material helps in stabilizing the
active sites and facilitating electron transfer processes. This combination of factors results in
improved catalytic performance compared to conventional catalysts [54,58].

Cluster catalysts, which consist of small aggregates of metal atoms, also show significant
promise for ammonia synthesis. These clusters possess unique geometric and electronic structures
that can enhance their catalytic activity. The small size of the clusters provides a high density of active
sites, while the electronic interactions between the metal atoms in the cluster can facilitate the
activation of nitrogen molecules.

One notable example is the use of iron (Fe) and cobalt (Co) clusters for ammonia synthesis. These
metal clusters have been shown to effectively activate nitrogen and hydrogen molecules, leading to
the formation of ammonia. The catalytic activity of these clusters is influenced by their size,
composition, and support material. Studies have shown that optimizing these parameters can lead to
significant improvements in catalytic performance [29,64].

The mechanisms underlying the catalytic activity of single-atom and cluster catalysts for
ammonia synthesis involve several key steps. The first step is the adsorption of nitrogen molecules
onto the active sites of the catalyst. This is followed by the activation and dissociation of the nitrogen
molecules into reactive nitrogen atoms. The dissociated nitrogen atoms then react with hydrogen
atoms to form ammonia. The efficiency of these steps is highly dependent on the electronic structure
of the catalyst, which can be tuned by adjusting the size, composition, and support material of the
catalyst [65].

For single-atom catalysts, the strong metal-support interactions play a crucial role in modulating
the electronic properties of the isolated metal atoms. These interactions can facilitate the transfer of
electrons to the nitrogen molecules, thereby enhancing their activation. For cluster catalysts, the
electronic interactions between the metal atoms in the cluster can create a highly reactive
environment that promotes the dissociation of nitrogen molecules and the subsequent formation of
ammonia [29,54].

Despite the promising results, several challenges need to be addressed to fully realize the
potential of single-atom and cluster catalysts for ammonia synthesis. One major challenge is the
stability of these catalysts under reaction conditions. The isolated metal atoms in SACs and the small
metal clusters can be prone to agglomeration, which can lead to a loss of catalytic activity. Developing
strategies to stabilize these catalysts, such as using strong metal-support interactions or encapsulating
the metal atoms or clusters in a protective matrix, is crucial for enhancing their stability.
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Another challenge is the scalability of these catalysts for industrial applications. While single-
atom and cluster catalysts have shown excellent performance in laboratory-scale studies, scaling up
these catalysts for large-scale ammonia production requires careful consideration of factors such as
catalyst synthesis, reactor design, and process optimization. Future research should focus on
developing new materials and strategies to address these challenges. This includes designing support
materials that can provide strong stabilization for the isolated metal atoms or clusters, optimizing the
size and composition of the clusters to maximize their catalytic activity, and exploring new synthesis
methods to produce these catalysts on a large scale. Additionally, gaining a deeper understanding of
the mechanisms underlying the catalytic activity of these catalysts through advanced characterization
techniques and theoretical studies will be crucial for guiding the design of more efficient catalysts.

Single-atom and cluster catalysts offer a promising approach for ammonia synthesis, with the
potential to achieve high catalytic efficiency and selectivity. By addressing the challenges associated
with stability and scalability, and by continuing to advance our understanding of their catalytic
mechanisms, these catalysts could play a significant role in the development of sustainable and
efficient ammonia synthesis technologies [59].

A study by Liu et al. explores a novel Fes single-cluster catalyst anchored on the 6-A1203(010)
surface for ammonia synthesis. Unlike the traditional Haber-Bosch process that relies on the
dissociative mechanism, this catalyst employs an associative mechanism where adsorbed Nz is first
hydrogenated to form NNH before dissociating. This process significantly reduces the N-N bond
dissociation barrier, enhancing the turnover frequency (TOF) for ammonia production. The large spin
polarization and low oxidation state of the iron cluster play crucial roles in N2 activation. Microkinetic
simulations indicate that the calculated TOF for the Fes/0-Al203(010) catalyst is comparable to that of
the Ru B5 site, known for its high catalytic activity. This innovative approach demonstrates the
potential for ammonia synthesis under milder conditions, bypassing the limitations of the Bronsted—
Evans-Polanyi (BEP) relation, and bridging the gap between heterogeneous and homogeneous
catalysis [66].

Work by Gutsev et al. explores the catalytic formation of ammonia on a 16-atom iron nanocluster
(Feis) using DFT with a generalized gradient approximation and an all-electron basis set. The research
delves into both associative and dissociative pathways for N, attachment to the Fel6 cluster and
examines the subsequent steps leading to ammonia formation. The findings indicate that the reaction

Feis + N, + 2H, — FeisNH + NHj3;

is exothermic by 1.02 eV. The study also identifies two mechanisms for NH; detachment, noting
that spin fluctuations play a significant role in the bond formation and rupture processes on the
catalyst surface. The detailed computational analysis provides valuable insights into the fundamental
processes of nitrogen reduction on iron nanoclusters, which could contribute to the development of
more efficient catalysts for ammonia synthesis [67].

In their study, Fuller et al. explore the potential of discovering significantly improved ammonia
synthesis catalysts through a hierarchical high-throughput approach. This method involves a
combination of machine learning, high-throughput experimentation, and catalyst optimization
techniques. By systematically screening a vast array of catalyst compositions and process conditions,
the researchers aim to identify promising candidates that outperform conventional catalysts. Their
approach led to the discovery of catalysts that exhibited higher activity and stability under milder
conditions, highlighting the importance of integrating advanced computational and experimental
methods in catalyst development [68].

The study conducted by Kamiguchi et al. presents a novel approach for efficient ammonia
synthesis using Angstrom-sized molybdenum (Mo) clusters supported on HY-zeolite. These clusters,
prepared by the impregnation of a molybdenum halide cluster complex with an octahedral Mos metal
core, retain their small size (approximately 7 A) after the removal of halide ligands through hydrogen
activation. This innovative method allows for effective N, activation and continuous ammonia
synthesis at relatively mild conditions of 200 °C and 5.0 MPa. The catalytic activity of these clusters
is attributed to the cooperation of multiple Mo sites, which promotes N=N bond cleavage and
efficient ammonia synthesis. The study highlights the stability of these clusters during the synthesis
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process and the significant reduction in energy barriers for N-H bond formation compared to
conventional catalysts. This research demonstrates the potential of ultra-small Mo clusters in
achieving efficient and sustainable ammonia production [69].

The study by Cao et al. explores ammonia synthesis via an associative mechanism on the alkaline
earth metal sites of CasCrNs;H. The authors demonstrated that the nitride hydride compound
Ca3CrN;z;H exhibits robust ammonia synthesis activity. This compound activates dinitrogen through
active sites where calcium provides the primary coordination environment. DFT calculations
revealed that an associative mechanism is favorable for this catalyst, distinct from the dissociative
mechanism typically found in traditional Ru or Fe catalysts. The study highlights the potential of
alkaline earth metal hydride catalysts and related 1D hydride/electrides for ammonia synthesis,
emphasizing the significant role of calcium in the catalytic process. This research emphasizes the
importance of considering alternative active sites, such as alkaline earth metals, for developing
efficient catalysts for ammonia synthesis, potentially paving the way for more sustainable and
effective catalytic processes [70].

The study by Zhou et al. reports the development of subnanometer Ru clusters (0.8 nm) anchored
on hollow N-doped carbon spheres (Ru-SNCs) as a highly efficient catalyst for ammonia synthesis
under mild conditions via an associative route. The Ru-SNCs catalyst exhibited a superior ammonia
synthesis rate of 11.7 mmol NHs-g cat?h™ at 400°C and 3 MPa, outperforming traditional Ru
nanoparticle catalysts. Characterization techniques, including UV-vis absorption spectroscopy and
in situ DRIFTS, identified N2Hs species as the main intermediates, confirming the associative
mechanism, which bypasses the direct dissociation of N2. This work demonstrates the potential of
Ru-SNCs catalysts in achieving efficient ammonia synthesis at reduced energy consumption and
lower CO2 emissions, aligning with the goals of sustainable and carbon-neutral chemical processes
[71].

In their study, Lu et al. present a significant advancement in the development of lanthanum-
nitride-based catalysts for ammonia synthesis. The research emphasizes the creation of chemically
durable catalysts using nickel and cobalt incorporated into a lanthanum nitride (LaN) matrix. These
catalysts demonstrate remarkable activity and stability under harsh reaction conditions, which are
essential for efficient ammonia production. The study shows that the LaN-supported nickel and
cobalt catalysts exhibit enhanced catalytic performance due to the strong interaction between the
metal atoms and the lanthanum nitride support. This interaction facilitates the activation and
cleavage of nitrogen molecules, which is a critical step in the ammonia synthesis process. The
durability of these catalysts under reaction conditions suggests their potential for long-term
industrial applications, reducing the frequency of catalyst replacement and thereby improving the
overall efficiency and cost-effectiveness of the ammonia synthesis process [72].

The study by Fang et al. presents theoretical insights into the thermal reduction of N2 to NHs
over single metal atoms incorporated into nitrogen-doped graphene. Using DFT calculations, the
study investigates the reaction mechanisms and catalytic activities of different metal atoms in N-
doped graphene. The findings reveal that the catalytic activity is significantly influenced by the type
of metal atom and its coordination environment. Specifically, CoN+ and FeNs-embedded graphene
sheets, where the metal atom is fourfold coordinated, are inactive for N2TR due to the poor stability
of adsorbed H2 and N2 molecules. In contrast, CoNs/G and FeN3/G, where the metal atom is threefold
coordinated, show catalytic activity for N2TR, facilitating ammonia synthesis through an associative
mechanism. The study identifies the formation of an NHNH* intermediate as a crucial step in the
reaction pathway. Further analysis shows that FeNs/G exhibits superior catalytic activity compared
to CoNGs/G, attributed to its preference for a high spin-polarized state during the N2TR process. This
research provides valuable theoretical insights into the design and development of graphene-based
single atom catalysts with high activity for ammonia synthesis through N2 thermal reduction [73].

2.6. In Situ and Operando Methods for Ammonia Synthesis

The use of in situ and operando methods is vital for understanding the dynamic processes and
mechanisms occurring on the surface of catalysts during ammonia synthesis. These advanced
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techniques enable real-time monitoring of structural, electronic, and chemical changes, providing
insights that are critical for the development of more efficient and robust catalysts, insights that are
not accessible through ex situ techniques.

In their study, Laassiri et al. employed a combination of in situ neutron diffraction, isotopic
exchange reactions, and DFT calculations to investigate the role of lithium dopant in enhancing the
reactivity of manganese nitride (MnsNs+x) for ammonia synthesis. The in situ neutron diffraction
studies revealed that lithium doping significantly reduces the nitrogen vacancy formation energy
(NVEFE), which enhances nitrogen mobility and reactivity. Structural modifications facilitated by
lithium doping allowed for the formation of ammonia at lower temperatures (300°C) compared to
undoped manganese nitride, which remained stable and inactive under similar conditions. Isotopic
exchange experiments demonstrated that lithium enhances both nitrogen and hydrogen activation,
resulting in higher reactivity for ammonia synthesis. DFT calculations supported these findings,
indicating that lithium doping increases the number of active sites for nitrogen adsorption and
activation. This comprehensive approach underscores the importance of dopant incorporation in
optimizing the performance of nitride materials for ammonia synthesis, providing valuable insights
for developing more efficient catalysts [74].

Similarly, the study by Hanifpour et al. employed a comprehensive set of in situ and operando
techniques to investigate the electrochemical nitrogen reduction reaction (NRR) on transition metal
nitride (TMN) thin films, specifically VN, CrN, NbN, and ZrN, under ambient conditions. Using a
micro-reactor flow-cell setup, they combined chronoamperometry with flow injection analysis for
ammonia detection, achieving a detection limit as low as 1 ppb. The study demonstrated that ZrN
showed promising catalytic behavior, with higher reaction rates and current efficiencies in the
presence of N, compared to Ar, indicating its potential for NRR. In contrast, VN and NbN produced
ammonia initially by reacting the nitrides of their surface layers but became inactive thereafter. CrN
did not produce any detectable ammonia under the experimental conditions. The integration of
electrochemical impedance spectroscopy (EIS), X-ray reflectivity (XRR), and X-ray photoelectron
spectroscopy (XPS) provided detailed insights into the stability and surface characteristics of the
TMNs, highlighting the critical role of nitrogen vacancies and surface dynamics in catalytic
performance [75].

These studies exemplify how in situ and operando techniques provide a detailed
characterization of catalytic processes and enable the identification of active sites and intermediates.
This approach is essential for developing highly efficient and robust catalysts capable of operating
under mild conditions, advancing the field of ammonia synthesis. By integrating experimental
observations with computational predictions, researchers can gain a comprehensive understanding
of the catalytic processes, thereby paving the way for the design of more effective and durable
catalysts.

2.7. Improving Process Conditions of Ammonia Synthesis

Ammonia production is one of the most energy-intensive chemical processes, consuming
approximately 1-2% of the world’s energy production. The main operating cost influencing the price
of ammonia is the cost of hydrogen, which constitutes about 70% of the total cost according to the
U.S. Department of Energy. Moreover, 3% of global anthropogenic CO, emissions are attributed to
steam methane reforming, a major route for hydrogen production in ammonia synthesis [76].

Several strategies have been proposed to improve ammonia synthesis rates, including operating
reactors under unsteady-state conditions and decreasing the hydrogen partial pressure in the feed.
Studies have shown that higher ammonia synthesis rates can be achieved with lower H;:N, ratios
than the stoichiometric 3:1 ratio. For instance, unsteady-state reactor operation has been suggested
for various types of ammonia synthesis catalysts, with rate improvements observed under cyclic
operation conditions depending on the catalyst type. Additionally, the absorption of synthesized
ammonia on supported absorbents, such as MgCl, on zeolite-Y, has been studied to enhance
ammonia separation, reducing the need for high-pressure condensers [76].
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CosMosN catalysts have shown potential as nitrogen transfer reagents, with significant ammonia
synthesis rates observed at 300-400°C and atmospheric pressure. Kojima and Aika reported an
ammonia synthesis rate expression for CosMosN at 400°C and 31 bar pressure, based on power law
kinetics. This expression reflects the positive dependency of the reaction rate on the reactants and the
poisoning effect of the product [76].

Simulations have been performed to evaluate the effect of lower H>:N; ratios on both investment
and operating costs of the ammonia synthesis process. An ammonia synthesis loop consisting of a
packed bed reactor, a flash column, a compressor, and auxiliary units was devised and operated
isothermally at 673 K and 100 bar pressure with different H»:N2 ratios (3:1 and 1:1). The simulations
indicated that operating with a lower H, ratio could reduce the reactor volume, compressor duties,
and capacities while maintaining constant ammonia production [76].

Improving the process conditions for ammonia synthesis is critical to enhancing the efficiency
and sustainability of this essential industrial process. The study by Daisley et al. presents an empirical
screening of various supported catalysts for ammonia synthesis, highlighting the impact of different
process conditions on catalytic performance. The research explores the performance of catalysts such
as Ru/ALO; Os3(CO)12/Si0,;, CoRe/MgO, and NixMosN/S5iO, under varying temperatures and
pressures. Among these, Ru/AlO; exhibited the highest activity, particularly when promoted with
potassium (K*), which enhances electron density on the Ru surface, thereby improving catalytic
activity. The study emphasizes the role of alkali metal promoters in enhancing the performance of
Ru-based catalysts.

Operating conditions such as temperature and pressure significantly influence the activity of
ammonia synthesis catalysts. The study found that increasing the reaction temperature from 400°C
to 500°C generally increased the activity of most catalysts, although the thermodynamic favorability
of ammonia synthesis decreases with rising temperature. For example, the ammonia synthesis
activity of supported Os-based materials was prominent at 500°C, with the supported Os3(CO)1.
catalysts demonstrating significant activity, comparable to Ru-based systems.

The use of different supports also plays a crucial role in catalyst performance. For instance, CoRe
supported on MgO showed enhanced activity due to the basic nature of the support, which helps
mitigate hydrogen inhibition and stabilize active phases. This highlights the importance of support
selection in optimizing catalyst performance for ammonia synthesis.

Additionally, the study discusses the potential of ternary nitrides such as Ni2Mos;N/SiO,. These
materials offer high catalytic activity due to their unique structural properties and the presence of
multiple active sites, which facilitate nitrogen adsorption and activation. The empirical screening
conducted by Daisley et al. provides valuable insights into the structure-activity relationships of
various catalysts, guiding further development and optimization of ammonia synthesis processes.

In conclusion, the improvement of process conditions for ammonia synthesis involves
optimizing catalyst composition, operating temperature, pressure, and the use of promoters and
supports. These strategies collectively enhance the efficiency and sustainability of ammonia
production, making it more viable for industrial applications [76,77].

Recent research highlights the potential of manganese nitride-based materials as nitrogen
transfer reagents for nitrogen chemical looping in ammonia production. The study by Laassiri et al.
systematically investigates the reactivity of lattice nitrogen in various manganese nitride systems,
such as Fe-Mn-N, Co-Mn-N, K-Mn-N, and Li-Mn-N, for ammonia synthesis. Among these, Li-Mn-N
exhibited the highest reactivity, converting up to 15.8% of the total available lattice nitrogen into
ammonia at 400°C. The enhanced reactivity is attributed to the role of lithium in facilitating nitrogen
mobility and reactivity at lower temperatures. The research also indicates that while Fe, Co, and K
dopants did not significantly improve nitrogen reactivity, the incorporation of lithium drastically
improved performance, making Li-Mn-N a promising candidate for ammonia synthesis under mild
conditions. Additionally, the study underscores the importance of lattice nitrogen mobility and the
potential benefits of using manganese nitride materials in developing more efficient and sustainable
ammonia synthesis processes [78].
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In their study, Laassiri et al. investigated the nitrogen transfer properties of tantalum nitride-
based materials, specifically focusing on the role of doping with transition metals such as Re, Fe, and
Co. The researchers prepared various Ta3-xMxNy (M = Re, Fe, Co; x =0, 0.25, 0.5, 1) materials with
different microstructural features through high-temperature ammonolysis and soft chemistry
synthesis techniques. They found that the nitrogen reactivity of tantalum nitride is predominantly
influenced by the chemical composition and the nature of the transition metal dopant rather than the
microstructural properties. Doping with low levels of Co significantly enhanced the reactivity at
lower temperatures, making it the most effective dopant among those tested. The improved reactivity
is attributed to the increased nitrogen mobility within the tantalum nitride lattice, which operates
through a Mars-van Krevelen mechanism. This study highlights the potential of doping tantalum
nitride with transition metals to develop highly active nitrogen transfer materials for ammonia
synthesis under milder conditions [79].

Work by Qian et al. investigates the dynamic evolution of the Co3Mo3N bimetallic nitride
surface during ammonia synthesis. Using a combination of ab initio thermodynamics and
temperature-programmed experiments, the authors demonstrate that the Co3Mo3N catalyst adjusts
its surface states in response to various reaction conditions. The study reveals that hydrogenated
surfaces and subsurface defects are more thermodynamically stable than clean surfaces under typical
ammonia synthesis conditions. This surface evolution significantly impacts the electronic structure
and reaction performance of the catalyst. The presence of surface hydrogen inhibits nitrogen
dissociation but does not affect lattice nitrogen hydrogenation, while subsurface nitrogen defects
modulate the charge of molybdenum species, influencing the dissociation process. These insights into
the realistic surface states are crucial for understanding reaction mechanisms and designing high-
performance nitride catalysts [80].

The study by Brown ef al. presents the first evidence of ammonia synthesis via bulk diffusion in
cobalt molybdenum (CoMo) particles during a chemical looping ammonia synthesis (CLAS) process.
The research demonstrated that CoMo bimetallics, when subjected to nitridation under pure N, gas,
could produce ammonia without the presence of gaseous H,. This unexpected phenomenon suggests
a dynamic surface interaction involving a shrinking core and counter-diffusion mechanism, where
nitrogen diffuses inward, and oxygen diffuses outward, stabilizing the core and forming HxMoQOs.
The study utilized various characterization techniques, including X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and time on stream (TOS) experiments, to investigate the surface and
bulk chemistry of CoMoO, particles. The findings indicate that ammonia synthesis in this system
follows the Mars-van Krevelen mechanism, involving both surface and bulk nitrogen interactions,
potentially providing new insights into ammonia synthesis and catalyst design [81].

In the study by Wang et al. the effects of support and promoter on ruthenium (Ru) catalyst
activity for microwave-assisted ammonia synthesis were investigated. The research highlighted that
cesium (Cs)-promoted Ru/CeO, catalysts exhibit considerable activity at 533 K and ambient pressure.
The combined theoretical and experimental approaches demonstrated that the strong interaction
between Ru and CeO; leads to the formation of highly dispersed Ru particles, which favor ammonia
synthesis. The higher electron-donating ability of CeO, and the lower electronegativity of the Cs
promoter result in a higher electron density on Ru, reducing the N=N dissociation barrier. This study
underscores the potential of microwave-assisted catalytic processes in activating stable molecules for
ammonia synthesis under mild conditions, providing a promising alternative to the energy-intensive
Haber-Bosch process [82].

In the study by Wang et al. the ternary ruthenium complex hydrides LisRuHs and Ba,RuH; are
presented as efficient catalysts for mild-condition ammonia synthesis from N, and H,. These catalysts
differ significantly from traditional iron or ruthenium-based catalysts in terms of electronic,
compositional, and structural properties, exhibiting remarkable catalytic performance under mild
conditions. The study demonstrates that the dynamic and synergistic involvement of the electron-
rich [RuHg]* anionic centers, along with Li/Ba cations and hydridic hydrogen, facilitates an
associative reaction mechanism with a narrow energy span. This results in superior ammonia
production rates at temperatures below 373 K, outperforming existing conventional heterogeneous


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

24

catalysts. The findings provide valuable insights into catalyst design for mild-condition ammonia
synthesis, bridging the gap between heterogeneous and homogeneous nitrogen fixation at the
molecular level [83].

Investigations by Fuller ef al. explore the impact of alkali promoters on the activity and stability
of ammonia synthesis catalysts. Alkali metals, such as potassium, cesium, and rubidium, were found
to significantly enhance the catalytic performance by increasing the electron density on the active
sites, thereby facilitating the nitrogen activation process. The presence of these promoters alters the
electronic environment of the catalysts, reducing the energy barriers for nitrogen dissociation and
subsequent hydrogenation steps. This modification leads to higher turnover frequencies (TOF) and
improved overall catalytic efficiency. The research highlights that the optimal choice and
concentration of alkali promoters are crucial for maximizing the performance of ammonia synthesis
catalysts, providing valuable insights into the design of more effective catalytic systems for industrial
applications [84].

The study by Wang et al. investigates the use of a cobalt-based catalyst for ammonia synthesis
under mild conditions. The research focuses on a nitrogen-anchored cobalt single-atom catalyst (Co-
N-C) that demonstrates both dynamic and steady-state active sites. The Co-N-C catalyst exhibits a
high ammonia synthesis rate of 116.35 mmolNH3 gCo h!, facilitated by atomically dispersed cobalt
coordinated with pyridine nitrogen, which reacts with surface hydrogen to produce ammonia via a
chemical looping pathway. Pyrrolic nitrogen anchors the single cobalt atoms, forming Col-N3.5,
which aids in nitrogen adsorption and step-by-step hydrogenation of nitrogen to ammonia. The
study emphasizes that the dual active sites in Co-N-C allow for efficient NHs production by
bypassing the N2 dissociation bottleneck, making it feasible under milder conditions compared to
traditional catalysts [85].

Work by Uner and co-workers examines the process economics of ammonia synthesis over
CosMosN by optimizing the hydrogen-to-nitrogen (H,) feed stoichiometry. Through ammonia
synthesis rate measurements at atmospheric pressure and 400°C, it was determined that the synthesis
rate remains independent of the H, ratio for stoichiometries above 0.5:1. However, for ratios below
0.5:1, there is a linear dependency of the synthesis rate on the H, stoichiometry. Static measurements
of hydrogen adsorption isotherms at various temperatures indicated that the CosMosN surface
becomes saturated with strongly bound hydrogen at around 100 Torr, corresponding to a H, ratio of
approximately 0.5:1. These findings confirm the significant role of strongly bound hydrogen in the
ammonia synthesis process. Using this data, the researchers modified an existing kinetic expression
to develop a conceptual design that incorporates a late mixing strategy for the hydrogen stream. The
economic analysis of this design demonstrated that employing low hydrogen stoichiometries could
reduce both investment and operating costs by a factor of 2, highlighting the potential for more cost-
effective ammonia production [76].

2.8. Enhancing Ammonia Synthesis Catalyst Activity

Recent advancements in the field of ammonia synthesis have focused on the catalytic potential
of confined cobalt molybdenum nitride (CoMo-N) nanoparticles. A notable study by Sfeir et al.
reports on the development of highly active CoMo-N catalysts supported on SBA-15, a mesoporous
silica material known for its high surface area and thermal stability. This innovative approach
leverages the dispersion of CoMo-N nanoparticles within SBA-15 to enhance their structural and
textural properties, which are crucial for catalytic performance. The research demonstrated that SBA-
15-supported CoMo-N catalysts exhibited significantly higher catalytic activity compared to
unsupported Co3Mo3N. Specifically, the CoMo-N/SBA-15 catalysts with 10, 20, and 30 wt% metal
loadings achieved ammonia synthesis rates of 1714, 1429, and 810 umol gactive phase-1 h-1,
respectively, far surpassing the rate of 259 pumol gcatalyst-1 h-1 for the bulk CosMosN catalyst. This
improvement is attributed to the increased surface area and enhanced dispersion of the active phase,
which promote better nitrogen activation and hydrogenation. The study underscores the importance
of nanoconfinement and structural optimization in designing efficient catalysts for sustainable
ammonia production [86]. Recent studies have also demonstrated that the catalytic activity of
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molybdenum nitride (Mo-N) catalysts can be significantly influenced by the interaction between the
molybdenum nanoparticles and their support material. Work by Sfeir et al. explored the catalytic
performance of Mo-N catalysts supported on mesoporous silica (SBA-15) and titanium dioxide
(TiO2). The research highlighted that SBA-15-supported Mo-N catalysts exhibited higher catalytic
activity for ammonia synthesis compared to those supported on TiO2. The superior performance of
SBA-15-supported catalysts is attributed to the high dispersion of Mo nanoparticles within the SBA-
15 matrix, which provides a high surface area and thermal stability. Conversely, Mo-N catalysts
supported on TiO2 showed poor catalytic activity and were prone to rapid deactivation due to strong
metal-support interactions (SMSIs) that led to charge transfer from the reducible support to the active
phase. This charge transfer was confirmed by X-ray photoelectron spectroscopy (XPS) and electron
paramagnetic resonance (EPR) analyses, which revealed changes in the oxidation states and
electronic properties of the Mo species. The study concluded that the nature of the support material
plays a crucial role in modulating the catalytic efficiency of Mo-N catalysts, with non-reducible
supports like SBA-15 being more favorable for maintaining high activity and stability in ammonia
synthesis. Switching on/off molybdenum nitride catalytic activity in ammonia synthesis through
modulating metal-support interaction seems as an efficient method to enhance ammonia synthesis
activity [87].

In the studies of Hosono and co-workers in Co-Mo bimetallic nanoparticles prepared via sodium
naphthalenide-reduction it was found that Co-Mo bimetallic nanoparticles (NPs) exhibit activity
levels similar to Ru NPs [88]. These Co-Mo bimetallic NPs with various compositions were prepared
on CeO:2 by sodium naphthalenide driven reduction, which had much higher activity than the
monometallic Co/CeO2 and Mo/CeO:z catalysts. This suggests that the synthesis method of the catalyst
can signifcantly affect the resulting activity for ammonia synthesis in the Co-Mo systems.

In another study by Abghoui et al. explores the potential of mononitrides as catalysts for nitrogen
reduction to ammonia under ambient conditions, using DFT. The research highlights that transition
metal nitrides (TMNSs) such as ZrN, NbN, CrN, and VN show promise due to their ability to adsorb
and activate N, molecules on their surfaces. Among these, ZrN exhibited the most favorable
properties for N, adsorption and activation, with a lower energy barrier for nitrogen reduction,
suggesting a higher catalytic activity for ammonia synthesis. The study provides critical insights into
the electronic and structural properties of these mononitrides, contributing to the understanding of
how these materials can be optimized for efficient ammonia production under mild conditions [89].

The study conducted by Araia and co-workers explores the effects of carbon nanotubes (CNT)
on a Cs—Ru/CeO: catalyst for microwave-assisted ammonia synthesis. The research demonstrates that
mechanical mixing of Cs—Ru/CeO2 with CNT significantly enhances catalytic activity compared to
chemically synthesized catalysts. The study highlights that the mechanically mixed catalyst achieved
an ammonia production rate of 1822 umol NH3/gcat h at 260°C, outperforming the individual
components and chemically synthesized mixtures. This improvement is attributed to the increased
dielectric properties and electrical conductivity provided by the CNT, which enhance microwave
heating and facilitate electron transfer. The synergistic effect between the CNT and Cs—Ru/CeOz2is
also noted to improve interfacial polarization, further boosting catalytic performance. The research
suggests that the combination of Ru-based catalysts and the use of CNT as microwave susceptors can
significantly optimize ammonia synthesis under milder conditions [90].

The study by Zhou et al. focuses on integrating dissociative and associative mechanisms for
efficient ammonia synthesis using a TiCN-promoted Ru-based catalyst. The developed
Ru/3TiCN/ZrH2 catalyst demonstrated a superior ammonia synthesis rate of 25.6 mmol ge! h! at
400°C and 1 MPa. The researchers found that TiCN transfers electrons to the Ru centers and reduces
Ru metal particle aggregation, generating more B5 sites that facilitate N2 dissociation. Additionally,
the formation of nitrogen vacancies on TiCN, assisted by Ru, promotes the associative mechanism
for N2 hydrogenation. This dual mechanism enhances the overall catalytic performance under mild
conditions. The study's findings highlight the synergistic effects of Ru and TiCN in improving N
activation, providing valuable insights for developing advanced catalysts for ammonia synthesis [91].
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In work by Fuller et al. a hierarchical high-throughput catalyst screening (HHTCS) was
employed to enhance the efficiency of ammonia synthesis via the Haber-Bosch process using Fe-
based catalysts. The study specifically focused on the Fe(211) surface, one of the most active iron
catalyst facets, and investigated 49 potential metal dopants to identify those that could significantly
increase the turnover frequency (TOF) for ammonia synthesis. The screening identified cobalt (Co)
as the most promising dopant, leading to a decrease in the overall reaction free-energy barrier by 0.19
eV. Kinetic Monte Carlo simulations predicted that the TOF for the Co-doped surface would increase
by a factor of 2.8 compared to the undoped Fe(211) surface. This enhancement could potentially lower
the operating pressure of the Haber-Bosch process from 200 atm to around 40 atm at 773 K while
maintaining the same TOF, thus improving the catalytic efficiency of ammonia synthesis under
industrial conditions. This study underscores the potential of Co-doped Fe catalysts in achieving
more sustainable and cost-effective ammonia production processes [92].

The paper by Inoue et al. investigates the direct activation of cobalt catalysts by the electride
12Ca0-7Al,0; (C12A7-) for ammonia synthesis. The research highlights that while cobalt is known
for its catalytic potential in ammonia synthesis, its activity is typically low due to insufficient nitrogen
adsorption energy. However, this issue is effectively addressed by utilizing C12A7-, which has a low
work function of 2.4 eV, significantly enhancing the ammonia synthesis activity of cobalt. The study
demonstrates that Co/C12A7- can initiate ammonia synthesis at a remarkably low temperature of
200°C, in contrast to Co/C12A7,~ which requires 400°C. The activation energy of Co/C12A7- is
approximately 50 kJ/mol, comparable to advanced cobalt-based catalysts like CosMosN and LiH-Co.
This significant reduction in activation energy is attributed to the effective electron donation from
C12A7- to the cobalt nanoparticles, facilitating N dissociation. This study provides valuable insights
into improving the efficiency of cobalt catalysts for ammonia synthesis by leveraging the electronic
properties of electride supports [93].

The study by Singh et al. explores the significant potential of innovative materials development
strategies for improving ammonia synthesis under mild conditions, moving away from the
traditional high-energy Haber-Bosch process. The authors highlight various approaches, including
defect engineering, structure manipulation, and the design of single-atom catalysts (SACs), which
have shown promise in enhancing catalytic performance. The review emphasizes the need for
catalysts that can efficiently perform at lower pressures and temperatures, aligning with the goals of
sustainable and eco-friendly ammonia production. Defects and structural manipulation in catalysts,
such as introducing vacancies or doping, can significantly alter electronic structures and enhance
activity. Additionally, the paper outlines some strategies to produce ammonia under mild conditions,
underscoring the role of computational tools like DFT in guiding the design of both electrochemical
and thermochemical catalysts. This comprehensive approach aims to reduce the energy consumption
and environmental impact of ammonia synthesis, making the process more economically viable and
environmentally friendly [94].

A paper by Hosono addresses the significant challenge of synthesizing ammonia efficiently
using carbon-footprint-free hydrogen under mild conditions. The review outlines various methods
of N2 activation for ammonia synthesis, highlighting the chronological progress in heterogeneous
catalysts from the traditional use of iron oxide in the Haber-Bosch process to modern advancements.
The article emphasizes the importance of developing support materials with low work functions to
reduce the activation barrier for N: dissociation. Electride materials, which maintain bulk-like
properties on their surfaces, are identified as promising candidates for this purpose. The key
requirements for effective catalysts include high efficiency at low temperatures, compositions free of
ruthenium, and chemical robustness in ambient conditions. The paper provides a comprehensive
overview of the current state of catalytic N2 activation and the technical challenges that need to be
addressed to achieve green ammonia synthesis [95].

3. Conclusions

Ammonia synthesis research has become a global task with many new results published every
month. In this review article we provide a comprehensive overview of the recent advances in


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

27

ammonia synthesis research with respect to thermal, electrochemical, photocatalytic ammonia
synthesis and ammonia synthesis via electrolysis. We find that these processes require further
optimisation to result in a shift in the industry, which will use more sustainable and efficient methods.
It remains critical to understand via calculations the mechanism happening in these new catalysts.
This will stimulate more careful experiments under new conditions that will eventually lead to new
catalytic systems that are superior of the existing ones. We anticipate that this review will trigger the
interest of scientists globally in this topic and lead to new discoveries that will have an economic
impact on societies.

Author Contributions: Conceptualization, C.D.Z.; methodology, C.D.Z; validation, C.D.Z.; formal analysis,
N.E.; investigation, N.E.; data curation, N.E.; writing—original draft preparation, N.E.; writing—review and
editing, C.D.Z.; visualization, C.D.Z.; supervision, C.D.Z.; project administration, C.D.Z.. All authors have read
and agreed to the published version of the manuscript.

Funding: There was no funding that supported this research.

Acknowledgments: The authors wish to acknowledge the journal Crystals for offering a publication fee waiver
for this manuscript in order to publish it open access.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. "Ammonia: Zero-Carbon Fertiliser, Fuel and Energy Store." the Royal Society, policy briefing (2020): 1-40.

2. Haber, F. "UBer Die Darstellung Des Ammoniaks Aus Stickstoff Und Wasserstoff." Naturwissenschaften
10 (1922): 1041-49.

3.  Haber, F. "Bemerkung Zu Vorstehender Notiz." Naturwissenschaften 11 (1923): 339-40.

4.  Ertl, G; Jennings (Ed.), J. R.; Plenum: New York, 1991, P.109-132, P 109-132., Catalytic Ammonia Synthesis:
Plenum: New York, 1991.

5. Zhang, C.]., M. Lynch, and P. Hu. "A Density Functional Theory Study of Stepwise Addition Reactions in
Ammonia Synthesis on Ru(0001)." Surf. Sci. 496 (2002): 221-30.

6. Logadottir, A ., and J. K. Nerskov. "Ammonia Synthesis over a Ru(0001) Surface Studied by Density
Functional Calculations." J. Catal. 220 (2003): 273-79.

7.  Marakatti, Vijaykumar S., and Eric M. Gaigneaux. "Recent Advances in Heterogeneous Catalysis for
Ammonia Synthesis." Chem. Cat. Chem. 12, no. 23 (2020): 5838-57.

8.  Catlow, C. Richard A. "Concluding Remarks: Reaction Mechanisms in Catalysis: Perspectives and
Prospects." Faraday Discussions 229 (2021): 502-13.

9.  Zeinalipour-Yazdi, C. D,, . S. ]. Hargreaves, and C. R. A. Catlow. "Nitrogen Activation in a Mars-Van
Krevelen Mechanism for Ammonia Synthesis on Co3mo3n." The Journal of Physical Chemistry C 119
(2015): 28368-76.

10. Jacobsen, C.]. H., M. Brorson, T. Sehested, H. Teunissen, and E. Turnqvist. "Process for the Preparation of
Ammonia and Ammonia Synthesis Catalyst." US 6,235,676 (1999).

11. Kojima, R, and K.-I. Aika. "Cobalt Molybdenum Bimetallic Nitride Catalysts for Ammonia Synthesis: Part
1. Preparation and Characterization." Appl. Catal. A: Gen. 215 (2001): 149-60.

12.  Jacobsen, C.J. H. "Novel Class of Ammonia Synthesis Catalysts." Chem. Commun. (2000): 1057-58.

13. Zeinalipour-Yazdi, C. D., J. S. J. Hargreaves, and C. R. A. Catlow. "Low-T Mechanism of Ammonia
Synthesis on Co3mo3n." J. Phys. Chem. C 122 (2018): 6078-82.

14. Zeinalipour-Yazdi, C. D., and C. R. A. Catlow. "A Computational Study of the Heterogeneous Synthesis of
Hydrazine on Co3mo3n." Catalysis Letter 147 (2017): 1820-26.

15. Zeinalipour-Yazdi, C. D. "A Comparison of the Mechanisms and Activation Barriers for Ammonia
Synthesis on Metal Nitrides (Ta3n5, Mn6n5, Fe3mo3n, Co3mo3n)." Crystals 14, no. 5 (2024): 392.

16. Zeinalipour-Yazdi, C. D., J. S.]J. Hargreaves, and C. R. A. Catlow. "Dft-D3 Study of Molecular N2 and H2
Activation on Co3mo3n Surfaces.” The Journal of Physical Chemistry C 120 (2016): 21390-98.

17.  Gudmundsson, Matthias, Viktor Ellingsson, Egill Sktlason, and Younes Abghoui. "Optimizing Nitrogen
Reduction Reaction on Nitrides: A Computational Study on Crystallographic Orientation." Topics in
Catalysis 65 (2021): 1-10.

18. Sobhi, Samia Al, Ihfaf AlShibane, C. Richard A. Catlow, Angela Daisley, Justin S. J. Hargreaves, Andrew
L. Hector, Michael D. Higham, and Constantinos D. Zeinalipour-Yazdi. "A Comparison of the Reactivity
of the Lattice Nitrogen in Tungsten Substituted Co3mo3n and Ni2mo3n." Chem Sus Chem 16 (2023).

19. Daisley, A., L. Costley-Wood, and J.S.J. () Hargreaves, 64(17), pp. 1021-1029. (). "The Role of Composition
and Phase Upon the Lattice Nitrogen Reactivity of Ternary Molybdenum Nitrides." Topics in Catalysis 64,
no. 17 (2021): 1021-29.


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

28

20. Higham, Michael, Constantinos D. Zeinalipour-Yazdji, Justin S. J. Hargreaves, and C. Richard A. Catlow.
"Mechanism of Ammonia Synthesis on Fe3mo3n." Faraday Discussions (2023).

21. Daisley, A, M. Higham, C. R. A. Catlow, and J. S. J. Hargreaves. "Experimental and Theoretical
Investigations on the Anti-Perovskite Nitrides Co3cun, Ni3cun and Co3mon for Ammonia Synthesis."
Faraday Discussions 243 (2023).

22.  Zeinalipour-Yazdi, C. D. "Mechanisms of Ammonia and Hydrazine Synthesis over Mn3n2-(100) Surfaces."
Phys. Chem. Chem. Phys. 21 (2019): 19365-77.

23. Zeinalipour-Yazdi, C. D., Justin S. ]. Hargreaves, Said Laassiri, and C. Richard A. Catlow. "A Comparative
Analysis of the Mechanisms of Ammonia Synthesis on Various Catalysts Using Dft." Royal Society Open
Science 8 (2021): 210952.

24. Zeinalipour-Yazdi, C. D, J. S.]. Hargreaves, S Laissiri, and C. R. A. Catlow. "Dft-D3 Study of Molecular N2
and H2 Activation on Ta3n5 (100), (010) and (001) Surfaces." Phys. Chem. Chem. Phys. 19 (2017): 11968-74.

25. Zeinalipour-Yazdi, C.D., J.S.]. Hargreaves, S Laassiri, and C. R. A. Catlow. "The Integration of Experiment
and Computational Modelling in Heterogeneously Catalysed Ammonia Synthesis over Metal Nitrides."
Phys. Chem. Chem. Phys. 20: 21803-08.

26. Daisley, A, and ].S.J. Hargreaves. "Nitrides, Hydrides and Carbides as Alternative Heterogeneous
Catalysts for Ammonia Synthesis: A Brief Overview: Recent Approaches to Nitrogen Activation." Johnson
Matthey Technology Review 66, no. 3 (2022): 326-30.

27. Laassiri, S., C. D. Zeinalipour-Yazdi, C.R.A. Catlow, and ].S.]. Hargreaves. "The Potential of Manganese
Nitride Based Materials as Nitrogen Transfer Reagents for Nitrogen Chemical Looping." Appl. Catal. B 223
(2018): 60-66.

28. Daisley, A, and J].SJ. Hargreaves. "Metal Nitrides, the Mars-Van Krevelen Mechanism and
Heterogeneously Catalysed Ammonia Synthesis." Catalysis Today 423 (2023): 113874.

29. Liu, Huimin, Li Wei, Fei Liu, Zengxia Pei, Jeffrey Shi, Zhou-jun Wang, Dehua He, and Yuan Chen.
"Homogeneous, Heterogeneous, and Biological Catalysts for Electrochemical N2 Reduction toward Nh3
under Ambient Conditions." ACS Catalysis 9, no. 6 (2019): 5245-67.

30. Zhang, Khe, Ang Cao, Lau Halkier Wandall, Jerome Vernieres, Jacob Kibsgaard, Jens K. Norskov, and Ib
Chorkendorff. "Spin-Mediated Promotion of Co Catalysts for Ammonia Synthesis." Science 383, no. 6689
(2024): 1357-63.

31. Qian, Shuairen, Tianying Dai, Kai Feng, Zhengwen Li, Xiaohang Sun, Yuxin Chen, Kaiqi Nie, Binhang Yan,
and Yi Cheng. "Design Principle of Molybdenum-Based Metal Nitrides for Lattice Nitrogen-Mediated
Ammonia Production." JACS Au 4, no. 5 (2024): 1975-85.

32. Hanifpour, F., C. P. Canales, E. G. Fridriksson, A. Sveinbjornsson, T. K. Tryggvason, J. Yang, A. L. Garden,
and E. Skulason. "Operando Quantification of Ammonia Produced from Computationally-Derived
Transition Metal Nitride Electro-Catalysts." Journal of Catalysis 413 (2022): 956-67.

33. Abghouij, Y., A. L. Garden, J. G. Howalt, T. Vegge, and E. Skulason. "Electroreduction of N2 to Ammonia
at Ambient Conditions on Mononitrides of Zr, Nb, Cr, and V: A Dft Guide for Experiments." ACS Catalysis
6, no. 2 (2016): 635-46.

34. Lu, Yangfan, Tian-Nan Ye, Jiang Li, Zichuang Li, Haotian Guan, Masato Sasase, Yasuhiro Niwa, Hitoshi
Abe, Qian Li, Fushen Pan, Masaaki Kitano, and Hideo Hosono. "Approach to Chemically Durable Nickel
and Cobalt Lanthanum-Nitride-Based Catalysts for Ammonia Synthesis." Angewandte Chemie
International Edition 61, no. 47 (2022): €202211759.

35.  Shan, Nannan, Chaoran Huang, Robert T. Lee, Narges Manavi, Lianbin Xu, Viktor Chikan, Peter Heinz
Pfromm, and Bin Liu. "Manipulating the Geometric and Electronic Structures of Manganese Nitrides for
Ammonia Synthesis." Chem. Cat. Chem. 12, no. 8 (2020): 2233-44.

36. Drazevi¢, E., and E. Skualason. "Are There Any Overlooked Catalysts for Electrochemical Nh3 Synthesis—
New Insights from Analysis of Thermochemical Data." iScience 23 (2020): 101803.

37. Tayyebi, Ebrahim, Younes Abghoui, and Egill Skulason. "Elucidating the Mechanism of Electrochemical
N2 Reduction at the Ru(0001) Electrode." ACS Catalysis 9 (2019): 11137-45.

38. Hoskuldsson, A.B., Y. Abghoui, A.B. Gunnarsdéttir, and E. Skalason. "Computational Screening of Rutile
Oxides for Electrochemical Ammonia Formation." ACS Sustainable Chemistry & Engineering 5 (2017):
10327.

39. Igbal, A., E. Skulason, and Y. Abghoui. "Electrochemical Nitrogen Reduction to Ammonia at Ambient
Condition on the (111) Facets of Transition Metal Carbonitrides." Chem. Phys. Chem. 25 (2024): e202300991.

40. Almeida, Caio, and Lucia Mascaro. "Enhancing Electrochemical N2 Reduction at Mild Conditions with
Fexoy Co-Deposited on Amorphous Mos2." Electrochimica Acta 476 (2023): 143680.

41. Huimin, Liu, Li Wei, Fei Liu, Zengxia Pei, Jeffrey Shi, Zhou-jun Wang, Dehua He, and Yuan Chen.
"Homogeneous, Heterogeneous, and Biological Catalysts for Electrochemical N 2 Reduction toward Nh3
under Ambient Conditions." ACS Catalysis 9 (2019): 5245-67.


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

29

42.  Song, Pengfei, Hao Wang, Li Kang, Baocheng Ran, Honghong Song, and Rongmin Wang. "Electrochemical
Nitrogen Reduction to Ammonia at Ambient Conditions on Nitrogen and Phosphorus Co-Doped Porous
Carbon." Chemical Communications 55, no. 5 (2019): 687-90.

43.  Chen, Xinrui, Yitian Guo, Xinchuan Du, Yushuang Zeng, Junwei Chu, Chuanhui Gong, Jianwen Huang,
Cong Fan, Xianfu Wang, and Jie Xiong. "Atomic Structure Modification for Electrochemical Nitrogen
Reduction to Ammonia." Advanced Energy Materials 10, no. 3 (2020).

44. Andersen, Suzanne Z., Viktor Colié, Sungeun Yang, Jay A. Schwalbe, Adam C. Nielander, Joshua M.
McEnaney, Kasper Enemark-Rasmussen, Jon G. Baker, Aayush R. Singh, Brian A. Rohr, Michael J. Statt,
Sarah J. Blair, Stefano Mezzavilla, Jakob Kibsgaard, Peter C. K. Vesborg, Matteo Cargnello, Stacey F. Bent,
Thomas F. Jaramillo, Ifan E. L. Stephens, Jens K. Negrskov, and Ib Chorkendorff. "A Rigorous
Electrochemical Ammonia Synthesis Protocol with Quantitative Isotope Measurements.” Nature 570, no.
7762 (2019): 504-08.

45. Liu, Dong, Mingpeng Chen, Xinyu Du, Haoqiang Ai, Kin Ho Lo, Shuangpeng Wang, Shi Chen, Guichuan
Xing, Xuesen Wang, and Hui Pan. "Development of Electrocatalysts for Efficient Nitrogen Reduction
Reaction under Ambient Condition." Advanced Functional Materials 31, no. 11 (2021).

46. Li, Chien-I., Hiroki Matsuo, and Junichiro Otomo. "Effective Electrode Design and the Reaction Mechanism
for Electrochemical Promotion of Ammonia Synthesis Using Fe-Based Electrode Catalysts." Sustainable
Energy & Fuels 5, no. 1 (2021): 188-89.

47.  Chen, Xingxing, Yi-Tao Liu, Chunlan Ma, Jianyong Yu, and Bin Ding. "Self-Organized Growth of Flower-
Like Sns 2 and Forest-Like Zns Nanoarrays on Nickel Foam for Synergistic Superiority in Electrochemical
Ammonia Synthesis." Journal of Materials Chemistry A 7, no. 39 (2019): 22235-41.

48. Cui, Xiaoyang, Cheng Tang, and Qiang Zhang. "A Review of Electrocatalytic Reduction of Dinitrogen to
Ammonia under Ambient Conditions." Advanced Energy Materials 8, no. 22 (2018).

49. Ellingsson, V., A. Igbal, E. Skulason, and Younes Abghoui. "Nitrogen Reduction Reaction to Ammonia on
Transition Metal Carbide Catalysts." Chem. Sus. Chem. 16 (2023): €202300947.

50. Abghoui, Y., A.Igbal, and E. Skulason. "The Role of Overlayered Nitrideelectro-Materials for N2 Reduction
to Ammonia." Frontiers in Catalysis 2 (2023): 1096824.

51. Gao, Wenbo, Yawei Wang, Qianru Wang, Zhaolong Sun, Jianping Guo, and Ping Chen. "Revisiting Group
4-7 Transition Metals for Heterogeneous Ammonia Synthesis." EES. Catal. 2 (2024): 780-88.

52. Igbal, A, E Skulason, and Y Abghoui. "Are (100) Facets of Transition Metal Carbonitrides Suitable as
Electrocatalysts for Nitrogen Reduction to Ammonia at Ambient Conditions?" International journal of
hydrogen energy 64: 744-53.

53. Abghoui, Younes, Sigtryggur Bjarki Sigtryggsson, and Egill Skulason. "Biomimetic Nitrogen Fixation
Catalyzed by Transition Metal Sulfide Surfaces in an Electrolytic Cell." Chem. Sus. Chem. 12, no. 18 (2019):
4265-73.

54. Kitano, M., ]J. Kujirai, K. Ogasawara, S. Matsuishi, T. Tada, H. Abe, Y. Niwa, and H. Hosono. "Low-
Temperature Synthesis of Perovskite Oxynitride-Hydrides as Ammonia Synthesis Catalysts." Journal of
the American Chemical Society 141, no. 51 (2019): 20344-53.

55.  Roy, Pintu Kumar, and Sushant Kumar. "Dual Active Sites for Ammonia Synthesis at Ambient Pressure.”
Journal of Environmental Chemical Engineering 11, no. 1 (2023).

56. Araia, Alazar, Yuxin Wang, Brandon Robinson, Changle Jiang, Siobhan Brown, Christina Wildfire,
Dushyant Shekhawat, and Jianli Hu. "Microwave-Assisted Ammonia Synthesis over Cs-Ru/Ceo2 Catalyst
at Ambient Pressure: Effects of Metal Loading and Support Particle Size." Catalysis Communications 170
(2022): 106491.

57. Goto, Y., A. Daisley, and ].S.]. Hargreaves. "Towards Anti-Perovskite Nitrides as Potential Nitrogen Storage
Materials for Chemical Looping Ammonia Production: Reduction of Cosznn, Nizznn, Coszinn, Nizinn under
Hydrogen." Catalysis Today 364 (2021): 196-201.

58. Chen, Xinrui, Yitian Guo, Xinchuan Du, Yushuang Zeng, Junwei Chu, Chuanhui Gong, Jianwen Huang,
Cong Fan, Xianfu Wang, and 10 (3) Jie Xiong. . Advanced Energy Materials 2020. "Atomic Structure
Modification for Electrochemical Nitrogen Reduction to Ammonia." Advanced Energy Materials 10, no. 3
(2020).

59. Morlanés, Natalia, Walid Almaksoud, Rohit K. Rai, Samy Ould-Chikh, Mohammed M. Ali, Balamurugan
Vidjayacoumar, Bedour E. Al-Sabban, Khalid Albahily, and Jean-Marie Basset. "Development of Catalysts
for Ammonia Synthesis Based on Metal Phthalocyanine Materials." Catalysis Science & Technology 10, no.
3 (2020): 844-52.

60. Kitano, Masaaki, Jun Kujirai, Kiya Ogasawara, Satoru Matsuishi, Tomofumi Tada, Hitoshi Abe, Yasuhiro
Niwa, and Hideo Hosono. "Low-Temperature Synthesis of Perovskite Oxynitride-Hydrides as Ammonia
Synthesis Catalysts." Journal of the American Chemical Society 141, no. 51 (2019).

61. Han, Qing, Haimiao Jiao, Lungiao Xiong, and Junwang Tang. "Progress and Challenges in Photocatalytic
Ammonia Synthesis." Mater. Adv. 2 (2021): 564-81.


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

30

62. Chen, Xinrui, Yitian Guo, Du Xinchuan, Yushuang Zeng, Junwei Chu, Chuanhui Gong, Jianwen Huang,
Cong Fan, Xianfu Wang, and Jie Xiong. "Atomic Structure Modification for Electrochemical Nitrogen
Reduction to Ammonia." Advanced Energy Materials (2019): 1903172.

63. Liu, Huimin, Li Wei, Fei Liu, Zengxia Pei, Jeffrey Shi, Zhou-jun Wang, Dehua He, and Yuan Chen.
"Homogeneous, Heterogeneous, and Biological Catalysts for Electrochemical N2 Reduction toward Nh3
under Ambient Conditions." ACS Catalysis 9 (2019): 5245-67.

64. Abghoui, Younes, Anna L. Garden, Jakob G. Howalt, Tejs Vegge, and Egill Skulason. "Electroreduction of
N2 to Ammonia at Ambient Conditions on Mononitrides of Zr, Nb, Cr, and V: A Dft Guide for
Experiments." ACS Catalysis 6, no. 2 (2016): 635-46.

65. Zeinalipour-Yazdi, C. D. "Mechanistic Aspects of Ammonia Synthesis on Ta3n5 Surfaces in the Presence of
Intrinsic Nitrogen Vacancies." Phys. Chem. Chem. Phys. 23 (2021): 6959-63.

66. Liu, Jin-Cheng, Xue-Lu Ma, Yong Li, Yang-Gang Wang, Hai Xiao, and Jun Li. "Heterogeneous Fe3 Single-
Cluster Catalyst for Ammonia Synthesis Via an Associative Mechanism." Nature Communications 9 (2018):
1610.

67. Gutsev, Gennady L., Katharine M. Tibbetts, Lavrenty G. Gutsev, Sergey M. Aldoshin, and Bala R.
Ramachandran. "The Journal of Physical Chemistry A " Nitrogen Reduction to Ammonia on a Fel6
Nanocluster: A Computational Study of Catalysis. 127, no. 43 (2023): 9052-68.

68. Wang, Xiuyun, Lingling Li, Zhongpu Fang, Yongfan Zhang, Jun Ni, Bingyu Lin, Lirong Zheng, Chak-tong
Au, and Lilong Jiang. "Atomically Dispersed Ru Catalyst for Low-Temperature Nitrogen Activation to
Ammonia Via an Associative Mechanism." ACS Catalysis 10, no. 16 (2020): 9504-14.

69. Kamiguchi, Satoshi, Kiyotaka Asakura, Tamaki Shibayama, Tomoko Yokaichiya, Tatsushi Ikeda, Akira
Nakayama, Ken-ichi Shimizu, and Zhaomin Hou. "Catalytic Ammonia Synthesis on Hy-Zeolite-Supported
Angstrom-Size Molybdenum Cluster." Chemical Science 15, no. 8 (2024): 2914-22.

70. Cao, Yu, Ekaterina Toshcheva, Walid Almaksoud, Rafia Ahmad, Tatsuya Tsumori, Rohit Rai, Ya Tang,
Luigi Cavallo, Hiroshi Kageyama, Yoji Kobayashi, and 16 (22) https://doi.org/10.1002/cssc.202300234)
Ammonia Synthesis via an Associative Mechanism on Alkaline Earth Metal Sites of Ca 3 CrN 3 H.
ChemSusChem 2023. "Ammonia Synthesis Via an Associative Mechanism on Alkaline Earth Metal Sites of
Ca 3 Crn 3" Chem. Sus. Chem. 16, no. 22 (2023): €202300234.

71.  Zhou, Yanliang, Qianjin Sai, Zhenni Tan, Congying Wang, Xiuyun Wang, Bingyu Lin, Jun Nj, Jianxin Lin,
and Lilong Jiang. "Highly Efficient Subnanometer Ru-Based Catalyst for Ammonia Synthesis Via an
Associative Mechanism." Chinese Journal of Chemical Engineering 43 (2022): 177-84.

72.  Peng, Xuanbei, Han-Xuan Liu, Yangyu Zhang, Zheng-Qing Huang, Linlin Yang, Yafei Jiang, Xiuyun Wang,
Lirong Zheng, Chunran Chang, Chak-tong Au, Lilong Jiang, and Jun Li. "Highly Efficient Ammonia
Synthesis at Low Temperature over a Ru-Co Catalyst with Dual Atomically Dispersed Active Centers."
Chemical Science 12 (2021): 7125-37.

73. Fang, Zhongpu, Qi Wang, Yanli Li, Yi Li, Shuping Huang, Wei Lin, Wenkai Chen, and Yongfan Zhang.
"Theoretical Insights into the Thermal Reduction of N2 to Nh3 over a Single Metal Atom Incorporated
Nitrogen-Doped Graphene." The Journal of Chemical Physics 154, no. 5 (2021): 054703.

74. Laassiri, S., C. D. Zeinalipour-Yazdi, N. Bion, R. C. A. Catlow, and ].S.J. Hargreaves. "Combination of
Theoretical and in-Situ Experimental Investigations of the Role of Lithium Dopant in Manganese Nitride:
A Two-Stage Reagent for Ammonia Synthesis." Faraday Discussions 229 (2021): 281-96.

75. F.Hanifpour, C.P.Canales, E.G.Fridriksson, A.Sveinbjornsson, T.K.Tryggvason, J. Yang, C.Arthur,
S.Jonsdottir, A.L.Garden, S.Olafsson, K.Ledsson, L.Arnadéttir, E.Lewin, Y.Abghoui, A.S.Ingason,
F.Magnus, H.D.Flosadottir, and E. Skalason. "Operando Quantification of Ammonia Produced from
Computationally-Derived Transition Metal Nitride Electro-Catalysts." Journal of Catalysis 413 (2022): 956-
67.

76. Aslan, M. Y., J. Hargreaves, and D. Uner. "The Effect of H2:N2 Ratio on the Nh3 Synthesis Rate and on
Process Economics over the Co3mo3n Catalyst." Faraday Discussions 229 (2021): 475-88.

77. Daisley, A., ].S.J. Hargreaves, R. Hermann, Y. Poya, and Y. Wang. "A Comparison of the Activities of
Various Supported Catalysts for Ammonia Synthesis." Catalysis Today 357 (2020): 534-40.

78. Laassiri, S., C. D. Zeinalipour-Yazdi, C. R. A. Catlow, and J. S. J. Hargreaves. "The Potential of Manganese
Nitride Based Materials as Nitrogen Transfer Reagents for Nitrogen Chemical Looping." Applied Catalysis
B: Environmental 223 (2017): 60-66.

79. Laassiri, S., C.D. Zeinalipour-Yazdi, C.R.A. Catlow, and ].5.J. Hargreaves. "Nitrogen Transfer Properties in
Tantalum Nitride Based Materials." Catalysis Today 286 (2016): 147-54.

80. Qian, Shuairen, Kai Feng, Zhengwen Li, Yuxin Chen, Xiaohang Sun, Yujie Wang, Binhang Yan, and Yi
Cheng. "Insight into the Dynamic Evolution of Co3mo3n Bimetallic Nitride Surface During Ammonia
Synthesis." ACS Catalysis 13, no. 21 (2023): 13931-40.

81. Brown, Siobhan, Changle Jiang, Qiang Wang, Ashley Caiola, and Jianli Hu. "Evidence of Ammonia
Synthesis by Bulk Diffusion in Cobalt Molybdenum Particles in a Clas Process." Catalysis Communications
167 (2022): 106438.


https://doi.org/10.20944/preprints202408.0774.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 August 2024 d0i:10.20944/preprints202408.0774.v1

31

82. Wang, Yuxin, Christina Wildfire, Tuhin S. Khan, Dushyant Shekhawat, Jianli Hu, Pedram Tavadze,
Rosalynn Quifiones-Fernandez, and Sara Moreno. "Effects of Support and Promoter on Ru Catalyst
Activity in Microwave-Assisted Ammonia Synthesis." Chemical Engineering Journal 425 (2021): 130546.

83. Wang, Qianru, Jaysree Pan, Jianping Guo, Heine Anton Hansen, Hua Xie, Ling Jiang, Lei Hua, Haiyang Li,
Yeqin Guan, Peikun Wang, Wenbo Gao, Lin Liu, Hujun Cao, Zhitao Xiong, Tejs Vegge, and Ping Chen.
"Ternary Ruthenium Complex Hydrides for Ammonia Synthesis Via the Associative Mechanism." Nature
Catalysis 4 (2021): 959-67.

84. Maksoud, Walid Al, Rohit K. Rai, Natalia Morlanés, Moussab Harb, Rafia Ahmad, Samy Ould-Chikh,
Dalaver Anjum, Mohamed N. Hedhili, Bedour E. Al-Sabban, Khalid Albahily, Luigi Cavallo, and Jean-
Marie Basset. "Active and Stable Fe-Based Catalyst, Mechanism, and Key Role of Alkali Promoters in
Ammonia Synthesis." Journal of Catalysis 394 (2021): 353-65.

85. Wang, Xiuyun, Xuanbei Peng, Wei Chen, Guangyong Liu, Anmin Zheng, Lirong Zheng, Jun Ni, Chak-tong
Au, and Lilong Jiang. "Insight into Dynamic and Steady-State Active Sites for Nitrogen Activation to
Ammonia by Cobalt-Based Catalyst." Nature Communications 11, no. 1 (2020): 653.

86. Sfeir, Amanda, Camila Teles, Carmen Ciotonea, G N Manjunatha Reddy, Maya Marinova, Jérémy
Dhainaut, Axel Lofberg, Jean-Philippe Dacquin, Sebastien Royer, and Said Laassiri. "Enhancing Ammonia
Catalytic Production over Spatially Confined Cobalt Molybdenum Nitride Nanoparticles in Sba-15."
Applied Catalysis B: Environmental 325 (2022): 122319.

87. Sfeir, A, CA Teles, M Marinova, H Vezin, JP Dacquin, A Lofberg, S Laassiri, and Sebastien Royer.
"Switching on/Off Molybdenum Nitride Catalytic Activity in Ammonia Synthesis through Modulating
Metal-Support Interaction.” Faraday Discussions 243 (2023): 126-47.

88. Tsuji, Yuki, Kiya Ogasawara, Masaki Kitano, Kazuhisa Kishida, Hitoshi Abe, Yasuhiro Niwa, Toshiharu
Yokoyama, Michikazu Hara, and Hideo Hosono. "Control of Nitrogen Activation Ability by Co-Mo
Bimetallic Nanoparticle Catalysts Prepared Via Sodium Naphthalenide-Reduction." Journal of Catalysis
364 (2018): 31-39.

89. Al Sobhi, S, I. Alshibane, C. R. A. Catlow, A. Daisley, J. S.J. Hargreaves, A. L. Hector, M. D. Higham, and
C. D. Zeinalipour-Yazdi. "A Comparison of the Reactivity of the Lattice Nitrogen in Tungsten Substituted
Co3mo3n and Ni2mo3n." Chem. Sus. Chem. 16, no. 22 (2023): €202300945.

90. Araia, Alazar, Yuxin Wang, Changle Jiang, Siobhan Brown, Ashley Caiola, Brandon Robinson, Wenyuan
Li, and Jianli Hu. "Insight into Enhanced Microwave Heating for Ammonia Synthesis: Effects of Cnt on the
Cs-Ru/Ceo2 Catalyst." ACS Applied Materials & Interfaces 15, no. 20 (2023): 24296-305.

91. Zhou, Yanliang, Cong-Qiao Xu, Zhenni Tan, Hongfang Cai, Xiuyun Wang, Jialiang Li, Lirong Zheng, Chak-
tong Au, Jun Li, and Lilong Jiang. "Integrating Dissociative and Associative Routes for Efficient Ammonia
Synthesis over a Ticn-Promoted Ru-Based Catalyst." ACS Catalysis 12, no. 4 (2022): 2651-60.

92. Fuller, Jon, Alessandro Fortunelli, III William A. Goddard, and Qi An. "Discovery of Dramatically
Improved Ammonia Synthesis Catalysts through Hierarchical High-Throughput Catalyst Screening of the
Fe(211) Surface." Chemistry of Materials 32, no. 23 (2020): 9914-24.

93. Inoue, Yasunori, Masaaki Kitano, Mai Tokunari, Teppei Taniguchi, Kayato Ooya, Hitoshi Abe, Yasuhiro
Niwa, Masato Sasase, Michikazu Hara, and Hideo Hosono. "Direct Activation of Cobalt Catalyst by
12cao-7al203 Electride for Ammonia Synthesis." ACS Catalysis 9, no. 3 (2019): 1670-79.

94. Singh, Swati, Abdul Khayum Mohammed, Ali Abdulkareem, Al Hammadi, Dinesh Shetty, and Kyriaki
Polychronopoulou. "Hypes and Hopes on the Materials Development Strategies to Produce Ammonia at
Mild Conditions." International journal of hydrogen energy 48, no. 89 (2023): 34700-39.

95. Hosono, Hideo. "Spiers Memorial Lecture: Catalytic Activation of Molecular Nitrogen for Green Ammonia
Synthesis: Introduction and Current Status.” Faraday Discussions 243 (2023): 9-26.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202408.0774.v1

	1. Introduction
	2. Results and Discussion
	2.1. Transition Metal Nitrides as Catalysts for Ammonia Synthesis
	2.2. Electrochemical Ammonia Synthesis
	2.3. Additional Studies Performing Mechanistic Studies of Ammonia Synthesis
	2.4. Photocatalytic and Plasma Assisted Methods for Ammonia Synthesis
	2.5. Single-Atom and Cluster Catalysts for Ammonia Synthesis
	2.6. In Situ and Operando Methods for Ammonia Synthesis
	2.7. Improving Process Conditions of Ammonia Synthesis
	2.8. Enhancing Ammonia Synthesis Catalyst Activity

	3. Conclusions
	References

