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Advancements in dinitrogen activation for
catalytic breakthroughs
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Yancun Qi, % Samuel A. Olusegun,i® Joseph A. Gauthier*® and
Meenesh R. Singh (2 *@

Activation and catalytic transformation of dinitrogen (N,) remains a grand challenge at the intersection
of global food security, sustainable energy, and chemical manufacturing. The remarkable strength of the
N=N bond poses formidable thermodynamic and kinetic barriers, driving reliance on the century-old
Haber—Bosch process-an energy-intensive route that consumes substantial fossil fuels. Recent advances
underscore a growing shift toward alternative strategies, including biological and enzymatic pathways inspired
by nitrogenase, homogeneous catalysis through transition-metal complexes, plasma-assisted reactions
leveraging high-energy species, and diverse electrochemical or thermo-electrochemical methods integrating
renewable power. Key breakthroughs in catalyst design, from metal nitrides and single-atom catalysts to
next-generation perovskite oxides, highlight the importance of targeted bond weakening, electron back-
donation, and multi-electron/proton transfer steps. Concurrently, mechanistic insights gleaned from in situ
spectroscopy, density functional theory, and machine learning-guided screening are refining our
understanding of molecular orbital interactions and reaction intermediates. Looking ahead, the N, activation
field seeks to unite high efficiency with lower energy footprints by tailoring catalysts for mild conditions,
exploring hydrogen sources beyond conventional H,, and adopting process intensification strategies to curb
carbon emissions. By bridging fundamental discoveries with scalable engineering, future research should aim
to deliver cost-effective, low-carbon nitrogen fixation, reshaping the global nitrogen economy and paving the
way toward sustainable ammonia production and novel nitrogen-based chemicals.

Dinitrogen (N,) activation is at the heart of a sustainable future, influencing global agriculture, energy, and industrial chemistry. The current state-of-the-art, dominated by

the Haber-Bosch process, is energy-intensive and heavily reliant on fossil fuels, contributing to high carbon emissions. The imperative to transition toward low-carbon,

energy-efficient nitrogen fixation technologies has sparked interest in alternative pathways, including biological, electrochemical, plasma-assisted, and thermochemical

approaches. These emerging methods promise greener nitrogen fixation by leveraging advances in catalysis, mechanistic understanding, and computational modeling.
Recent breakthroughs in catalyst design—such as single-atom catalysts, transition-metal nitrides, and perovskite oxides—have enabled new strategies for breaking the
strong N=N bond under mild conditions. Additionally, i situ spectroscopy, density functional theory (DFT), and machine learning are refining our understanding of
catalytic pathways, helping to optimize activity and selectivity. Exploring alternative hydrogen sources, integrating renewable energy, and designing multi-functional
catalytic systems will be crucial for next-generation nitrogen activation. This review aligns with global efforts to decarbonize chemical manufacturing and reduce

dependence on fossil fuels. By bridging molecular-level insights with scalable engineering solutions, advancements in N, activation can pave the way for low-energy
ammonia synthesis and novel nitrogen-based chemicals, reshaping the global nitrogen economy.

1. Introduction

by its exceptional stability due to the strength of the triple bond
between nitrogen atoms (~9.79eV). This strong bond presents

Nitrogen, which constitutes most of the Earth’s atmosphere,
predominantly exists as dinitrogen (N,), a molecule characterized
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significant challenges for nitrogen activation, converting N, into
reactive or biologically valuable forms such as ammonia (NH;)."
The inert nature of N, arises from both thermodynamic and
kinetic factors. Thermodynamically, the formation of nitrogen-
containing compounds, such as nitrogen oxides, is challenging
due to their positive standard free energies of formation, mak-
ing them less stable than N, itself. Kinetically, N, activation is

EES Catal, 2025, 3, 883-920 | 883


https://orcid.org/0000-0002-3700-8650
https://orcid.org/0000-0002-3638-8866
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ey00033e&domain=pdf&date_stamp=2025-05-09
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00033e
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY003005

Open Access Article. Published on 24 2025. Downloaded on 22.12.25 14:37:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

sluggish in reactions with most reagents, necessitating high
energy input or catalytic intervention. A prominent example is
the industrial synthesis of NH; from N, and H,, which requires a
highly reactive catalyst and elevated temperatures to overcome
these barriers. Addressing the challenge of N, activation is crucial
for advancing sustainable agriculture, as NH; and NO;  are
cornerstones of fertilizers, and their production is currently reliant
on energy-intensive processes like the Haber-Bosch method. This
review highlights the importance of N, activation, explores the
challenges involved, and discusses emerging methods to facilitate
its chemical transformation.

1.1. Need for N, activation (i.e., to form NH; and nitrogen
oxyanions)

Nitrogen activation is essential for converting atmospheric N, into
biologically accessible forms such as nitrogen oxyanions (e.g,
nitrates (NO; ")) and NH;. This process is critical for several reasons,
as outlined below, along with some historical significance:

1.1.1. Fertilizer production. Ammonia and nitrates pro-
duced through nitrogen activation are critical components of
fertilizers. Given that these forms of nitrogen are rare in nature
compared to N,, nitrogen activation plays a crucial role in
supporting global food production. The vast majority of ammo-
nia and nitrates are currently produced via the Haber-Bosch
process, which consumes about 2% of the world’s annual
energy,” and follows the overall reaction in eqn (1). The process
requires an aggressive catalyst, high pressure, and high tem-
peratures to achieve the desired NH; synthesis yield. These
extreme conditions, particularly the requirement of operation
at elevated pressure, increases capital costs, prompting the
search for more effective approaches.

The standard free energy formation of ammonia is —16.48 k]
mol ', and thus, the equilibrium constant of the reaction.

1

Na(g) + %Hz(g) < NH;(g) (1)

at 25 °C is given by

AG™
K =¢ RT =7.7%x 10%

This equilibrium constant suggests a favorable synthesis for
NH; at room temperature if equilibrium were achievable at
reasonable timescales. However, the extremely stable N-N bond
leads to essentially zero forward rate of reaction in an uncata-
lyzed process at standard conditions despite the favorable
equilibrium constant.?

1.1.2. Biological nutrient availability. Nitrogen is a vital
nutrient for plant and animal growth and a key amino acid
component. Since most plants and animals cannot utilize atmo-
spheric nitrogen directly, nitrogen activation converts nitrogen
into forms like nitrates and ammonia, making it biologically
available for plants and animals to assimilate. Nitrogen is often
a limiting nutrient in many ecosystems, meaning that its
availability can affect the overall productivity of the ecosystem.
Nitrogen activation helps maintain the balance of nutrients in
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ecosystems, influencing the health and diversity of plant and
animal life.

1.1.3. Role in the nitrogen cycle. Nitrogen activation is a
key step in the nitrogen cycle, a complex series of processes that
involve the transformation of nitrogen through various
chemical and biological reactions. Nitrogen activation helps
replenish the pool of available nitrogen for living organisms.

1.1.4. Munitions (WWI and development of Haber process).
The connection between munitions from World War I and the
development of the Haber process is historically significant.*
During World War I, there was a heightened demand for muni-
tions, including explosives like nitroglycerin. At that time, Ger-
many faced a shortage of nitrates, a key ingredient. This scarcity
prompted German chemists, particularly Fritz Haber and Carl
Bosch, to develop a process for synthesizing ammonia, a crucial
precursor to nitrates. The Haber process was developed around
1909 and later modified by Bosch (Haber-Bosch process) in 1913.
Eqn (1) shows the overall reaction for Haber-Bosch process. BASF
acquired the invention, and in 1913, Carl Bosch scaled up produc-
tion to establish the now widely recognized Haber-Bosch process.
The process operates at temperatures ranging from 400 to 450
degrees Celsius and 150 to 250 bar pressures, utilizing a multi-
promoted fused iron catalyst." This breakthrough addressed the
shortage of nitrates for explosives during the war and had pro-
found implications for agriculture and the human population that
the planet can support. Before industrial production of NH; by the
Haber-Bosch process, natural fertilizers came as caliche from
Chile and guano from Peru.!

1.1.5. Chincha Islands war. Guano, an agriculturally potent
fertilizer abundant in nitrogen and phosphorus, commanded
immense interest during the 19™ century for its significant benefits
in farming. The Chincha Islands emerged as a pivotal hub for
guano, drawing the attention of nations vying for dominance in the
lucrative guano trade. Also known as the Guano War, the Chincha
Islands War occurred from 1864 to 1866 and involved a conflict
between Spain and a South American alliance consisting of Peru,
Chile, Ecuador, and Bolivia. The primary cause of the war was the
control and exploitation of valuable guano deposits found on the
Chincha Islands off the coast of Peru.

1.1.6. Saltpeter war. In South America, the Atacama Desert
boasts substantial saltpeter (i.e., potassium nitrate) reserves,
and was the subject of a dispute between Bolivia, Chile, and
Peru from 1879 to 1884. Recognized as the War of the Pacific,
this conflict stands as a momentous chapter in South American
history, its origins intricately linked to the strategic and eco-
nomic significance of saltpeter.

While the well-established and productive Haber-Bosch
process is not expected to be replaced in the immediate future,
the reliance on d-block metals as catalysts for the N, reduction
reaction (N,RR) in both industry and nature has prompted the
exploration of alternative strategies involving transition metals
since the mid-1960s.? The critical role of ammonia in sustain-
ing human life and societal progress has driven the quest to
discover the requirements for efficient N=N splitting under
mild conditions with minimal energy input. Beyond the con-
ventional use of NHj, it has recently garnered attention as a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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promising green fuel for fuel cells, elevating academic and
industrial interest in achieving its fully sustainable production.

1.2. Challenges inhibiting N, activation

Despite the clear need for fixed nitrogen as a source of fertilizer
and myriad nitrogen-containing chemical products, large-scale
nitrogen activation remains a challenge that requires substantial
fossil-derived energy and capital costs. Although the Haber
process, given by eqn (1), is exergonic at ambient conditions,®
state-of-the-art facilities require operation at extreme tempera-
tures and pressure to achieve high production rates. At the heart
of this challenge is the N=N triple bond, among the most stable
bonds in nature, with a dissociation energy of nearly 10 eV.” The
high stability of the bond in N, can be understood by its orbital
arrangement, illustrated below in Fig. 1. Each atom has five
valence electrons in the 2s-2p orbitals. When these orbitals
combine, they form eight molecular orbitals: four bonding (two
o and two ) and four antibonding (two o* and two ©*), as shown
in Fig. 1.

The N, molecule has a total bond order of three, with
electrons shared in both ¢ and m orbitals, a characteristic
unique to N among diatomic elements. In addition to its high
bond dissociation energy, N, has over a 10 eV gap between the
highest occupied molecular orbital and the lowest unoccupied
molecular orbital under standard conditions.® The triple bond
encompasses one sigma (c) bond and two pi (r) bonds, with the
sigma bond formed by a head-on overlap of atomic orbitals and
the pi bonds resulting from lateral overlap.

Molecular N,

View Article Online

Review

In N,, the molecular orbitals include the highest occupied
molecular orbital (HOMO), housing electrons in the sigma
bond (o), and the lowest unoccupied molecular orbital (LUMO),
involving the m* antibonding orbitals. The activation of N,
involves overcoming the high bond dissociation energy asso-
ciated with the triple bond - a challenging process usually
addressed industrially with the assistance of transition metals
acting as catalysts. Initiating the nitrogen reduction reaction
(NRR) is thermodynamically challenging due to several factors
like dominant side reaction (HER), the large HOMO-LUMO gap
that inhibits e~ transfer,® the high enthalpy change needed for
proton transfer,” and the significant energy requirement to
break the N=N triple bond.">"! Transition metals, commonly
used as catalysts, play a critical role in facilitating the activation
of N,. The metal catalyst provides a site for interaction with the
electrons of the N, molecule, and the metal’s d orbitals interact
specifically with the n* antibonding orbitals. Through back
donation, electrons from the metal catalyst are donated into the
antibonding orbitals of N,, thereby weakening the triple bond
by reducing the electron density between the nitrogen atoms.

This interaction leads to the redistribution of electron
density within the N, molecule, making the triple bond more
susceptible to cleavage. During the activation process, inter-
mediate species are formed, representing transitional stages in
breaking the N, bond. These intermediates contribute to the
eventual formation of nitrogen-containing compounds, show-
casing the catalytic role of transition metals in driving the
activation process. Understanding the principles of molecular

Fig. 1 Molecular orbital diagram for the N, molecule.

© 2025 The Author(s). Published by the Royal Society of Chemistry

EES Catal., 2025, 3,883-920 | 885


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00033e

Open Access Article. Published on 24 2025. Downloaded on 22.12.25 14:37:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

orbital theory and the role of transition metal catalysts is
pivotal for unraveling the complex activation of N,. Such
insights are not only fundamental to the understanding of
chemical processes but also have practical applications. In this
review, we discuss the aspects of the N, activation mechanism
and the different methods of N, activation.

2. Methods for N, activation

Although molecular N, is abundant in nature, making up nearly
80% of the atmosphere, fixed nitrogen is far less common due
to the N, molecule’s very high stability. Naturally occurring fixed
nitrogen is typically the result of complex biological pathways or
high-energy plasma (i.e., lightning strikes). Anthropogenic nitro-
gen activation was a topic of intense scientific interest in the late
19" century due to its importance in food production, chemical
synthesis pathways to critical commodity chemicals, and rela-
tive rarity in nature. Over the past century, numerous strategies
have been developed for efficient artificial nitrogen activation,
varying widely in energy efficiency and output. In Fig. 2, we
illustrate one efficiency metric comparing anthropogenic and
biogenic nitrogen activation methods by plotting energy con-
sumption as a function of the production rate. While the Haber-
Bosch reaction is energy-intensive, the optimal heat recovery
systems allow the overall energy consumption to be <20 GJ per
ton NH;. The other methods are currently more energy-intensive
and have lower production rates. Table 1 shows the optimal and
reported energy requirements of different ammonia production
technologies.

In the following sections, we categorize the anthropogenic
and biogenic strategies for nitrogen activation and provide
mechanistic details, challenges, and potential for improvement.

2.1. Thermochemical N, activation

Thermochemical processes were among the first anthropogenic
sources of fixed nitrogen. Today, thermochemical processes,
primarily the Haber-Bosch process, account for the vast
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Fig. 2 lllustration of energy consumption vs. production rate for several

methods of nitrogen activation.}27
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Table 1 Optimal and reported energy requirements for different ammo-
nia production technologies?

Energy requirement
(GJ per tnm.)

Reported Potential

Brown ammonia

Steam methane reforming (SMR) 26 26
Naptha 35 —
Heavy fuel oil 38 —
Coal 42 —
Blue ammonia

SMR with CCS (carbon capture and storage) 33 27
Coal with CCS (carbon capture and storage) 57 —
eSMR — 26
Green ammonia

Low temperature electrolysis 33 31
High-temperature electrolysis — 26
Others

Benchmark electrolysis-based Haber-Bosch process 33 26
Non-thermal plasma technology 155 60-70
Electrochemical and photochemical synthesis 135 27-29
Electrochemical synthesis 135 27-29
Photochemical synthesis — 2004

Electro-thermochemical looping 64 55
Homogeneous catalysis 900 159

“ About 199 GJ per tyy, is required as direct solar energy.

majority of fixed anthropogenic nitrogen at a rate of over 200
million tons of ammonia per year.'® Most of this ammonia is
converted into fertilizer and is necessary for sustaining our
population, nearing 8 billion people. As such, the discovery of
the Haber process has been hailed as the most important
innovation of the 20™ century.'” In this section, we begin by
discussing the background and history leading to the creation
of the Haber process because understanding the context
behind its development facilitates understanding the chal-
lenges we face as we search for a more sustainable alternative.
We then discuss the mechanism underlying the Haber process
and end with a future outlook for thermochemical processes.
2.1.1. Background and history. Before the development of
technologies for producing and transporting natural gas, light
hydrocarbons for fuel and lighting were produced on a more local
level from coal.'® The resulting gas, referred to as coal gas,
manufactured gas, or town gas, had (among others) ammonia
as an important by-product. By the late 19™ century, the ammo-
nia by-product was a critical component of the fertilizer and
chemical process industry in the United States and Europe."
Recognizing the need for improved anthropogenic fixed nitrogen
sources, European chemists sought new chemical pathways.
Among thermochemical processes, the first successful industria-
lized process to fix dinitrogen was the Frank-Caro process,
developed in 1895, which activates N, in the presence of calcium
carbide at high temperatures.”® The overall process is given by

eqn (2).

CaC, + N, —» CaCN, + C (2)

The process was operated at an extremely high temperature,
around 1000 °C, achieved using electrical resistive heating. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tremendous quantities of electricity required to maintain this
high temperature limited its operation geographically to areas
such as Norway, where dedicated hydroelectric power plants
were constructed to supply the needed electricity.*" Although
highly energy inefficient, the Frank-Caro process was exception-
ally important as a proof-of-concept: it demonstrated that
anthropogenic dinitrogen activation via thermo-chemistry was
possible on industrial scales. Interest in a more energy-efficient
process grew, and in 1901, Le Chatelier discovered what would
be later known as the Haber process,”” in which gaseous
nitrogen and hydrogen react to form ammonia at high tempera-
ture and pressure over an iron catalyst. Le Chatelier abandoned
the research after an explosion in the high-pressure reactor
nearly killed an assistant. The process was rediscovered
by Haber in 1905."° After lab-scale production was demon-
strated with an osmium catalyst in Haber’s laboratory, BASF
purchased rights to the process, with scale-up of the process
assigned to Carl Bosch. Owing to its scarcity and tendency
to deactivate over time, Alwin Mittasch was tasked with
finding a cheaper alternative to the osmium catalyst. After
thousands of attempts, Mittasch discovered the promoted iron
catalyst that is still used in some ammonia production facilities
today.”?

2.1.2. Mechanism. The overall chemistry of the Haber-
Bosch process is given by eqn (1), with an overall reaction enthalpy
of —91.8 k] mol ™" at standard conditions.® Despite being exergo-
nic, the process must operate at high temperatures due to the high
activation barrier to activate the stable N=N bond.>* At high
temperatures, the reaction Gibbs free energy can shift from
negative (spontaneous) to positive (non-spontaneous), even though
the reaction enthalpy remains exothermic. This occurs because the
negative reaction entropy contributes more significantly to the
Gibbs free energy at elevated temperatures. High pressure is then
required to favor the forward reaction by countering the entropy-
related effects and ensuring a reasonable reaction rate. Fig. 3(a)
shows the thermodynamic equilibrium between N,/H, and NH;
for the Haber-Bosch process. In this manner, the Haber-Bosch
equilibrium refers to the chemical equilibrium established in the
synthesis of NH; from N, and H, gases shown in eqn (1). This
reaction is exothermic (AH < 0). It involves a reduction in entropy
due to the decrease in gas molecules. As a result, the equilibrium is
favored by low temperatures and high pressures, according to Le
Chatelier’s principle. Industrial processes use moderately high
temperatures (400-500 °C) to maintain a practical reaction rate,
as lower temperatures significantly slow the kinetics. High pres-
sures (150-300 atm) are applied to push the equilibrium towards
NH; production. Catalysts, such as iron-based compounds, are
utilized to overcome kinetic barriers and enhance the reaction rate
under these conditions. The catalytic process and its mechanism
are illustrated in Fig. 3(b).

The mechanism of the Haber process on Fe catalysts was
largely unraveled by Gerhard Ertl in a series of papers that
leveraged low energy electron diffraction (LEED) to estimate
sticking coefficients for various intermediate steps along the
process,>> 2 partly leading to his receipt of the Nobel Prize in
2007. The mechanism with individual reaction steps is given

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Thermodynamic equilibrium between N,/H, and NHs (Haber—
Bosch equilibrium); (b) animated illustration of the Haber—Bosch process,
which occurs over a promoted iron catalyst at high temperature and
pressure.

below in eqn (3)-(10). The rate-determining step is associated
with the activation of bound dinitrogen, i.e., eqn (4).

Ny +* = *N, ®3)

*N, +* - 2*N 4)

Hy +* — *H, (5)

*H, +* - 2*H (6)
*N+*H - *NH + * 7
*NH + *H — *NH, + * (8)
*NH, + *H — *NH; + * ©)

*NH; — NH;(g)

Later investigations into the Haber process by Nerskov and
Chorkendorff demonstrated that activity likely is dominated by
step sites®® instead of the hypothesized terrace sites.>® Further
analysis of the role of the alkali cation promoter has, in time,
revealed that the transition state of N, activation is stabilized
through a dipole-field effect, and the promoter simultaneously
reduces the effect of oxygen poisoning and modulates the bind-
ing energies of intermediates further down the pathway.>**'~**

Dinitrogen can undergo direct reactions with certain metal-
lic elements. For example, the reaction of dinitrogen with
lithium yields lithium nitride (Li;N) which proceeds slowly at
room temperature but rapidly at 250 °C.? Similarly, dinitrogen
reacts with alkaline earth metals to form nitrides like Mg;N,,
which occurs rapidly at temperatures above 500 °C. At even

EES Catal., 2025, 3,883-920 | 887
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higher temperatures, dinitrogen reacts with elements such as
boron, aluminum, silicon, and various transition metals. Dini-
trogen is generally inert around 25 °C, it exhibits direct reactiv-
ity with several elements at elevated temperatures.>

Nitrogen forms a wide range of nitrides categorized as ionic,
covalent, or interstitial. Elements like lithium, alkaline earth
metals, zinc, and cadmium from nitrides containing the N;-ion
yield ammonia upon hydrolysis:

LisN + 3H,0 — 3Li" + 30H + NH; (11)

Ca;N, + 6H,0 — 3Ca®" + 60H™ + 2NH; (12)

Nitrogen compounds with elements from groups III, IV, and
V are typically covalently bonded nitrides, including BN, SizNy,,
and P;N;.

When nitrogen reacts with finely divided transition metals,
it produces interstitial nitrides like W,N, TiN, and Mo,N. These
nitrides feature nitrogen atoms within the metallic lattice,
sharing similarities with interstitial carbides in hardness, high
melting points, electrical conductivity, non-ideal stoichiometry,
and chemical inertness.

2.1.3. Future outlook for thermochemical nitrogen activa-
tion. The Haber-Bosch process has undergone more than a
century of optimization. Today it is far more efficient than the
initial industrial process implemented by Bosch, which utilized
an osmium catalyst and is approaching thermodynamic limits
of energy efficiency.

2.1.3.1. Improvement in thermocatalysts. The industrial Haber—-
Bosch process poses significant challenges, i.e., high pressures and
temperatures. A corresponding equation of thermocatalytic N,
activation suggests that reducing the reaction temperature would
be beneficial. If the reaction is conducted at a comparatively low
temperature, the rate of reaction of N, activation reduces signifi-
cantly. Therefore, extensive efforts have been made to facilitate this

View Article Online
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reaction in moderate conditions while maintaining the reaction
rate.

Compared to industrial processes, milder conditions can be
used to interchange nitrogen atoms between nitrogen mole-
cules and lattice nitrogen. This exchange facilitates the splitting
of nitrogen bonds. Additional strategies are needed to reduce
the reaction barrier and further enhance the performance of
thermocatalytic N, activation in ambient conditions. While Ru-
based materials have an advantage over Fe-based materials due
to less NH; poisoning, ruthenium catalysts are susceptible to
hydrogen poisoning because of the strong binding of hydrogen
atoms. Hosono and co-workers®* proposed a mechanism of
NH; production using ruthenium supported on the C12A7:e™
substrate, which allows for reversible release and storage of
hydrogen atoms, thereby preventing hydrogen poisoning. Metal
hydrides, such as TiH,, LiH, BaH,, and CaH,, have also been
crucial in low-temperature thermocatalytic nitrogen activation
processes. These hydrides create energy-favored pathways for
thermocatalytic NH; production in milder environments.
Despite the progress made, some thermocatalytic processes
still rely on high pressure, which poses a disadvantage due to
the need for a source of H, gas and N,.>>” Table 2 consists of a
few thermocatalysts, which showed great performances for N,
activation under mild conditions. In addition, the effect of spin
promotion on producing NHj; is studied, and the probable
structure of active sites with various promoters is determined.
Furthermore, two factors that influence catalytic activity were
observed. Firstly, an electrostatic relation occurs between the
N-N dissociation transition state and the adsorbed promoter.
Additionally, it reported a novel promoter effect in magnetic
catalysts, significantly reducing activation energy.’® These find-
ings open opportunities for discovering new types of thermo-
catalysts for NH; synthesis.

High activity and long-term stability can be achieved by
surface modification or alloying. This can potentially reduce

Table 2 Thermocatalysts showed great performances for N, activation under mild conditions

Catalyst Temperature Remark Ref.

Ba-Co/C 320-440 °C The NH; concentration rises almost three times. 39

Ru-loaded C12A7:e™ 360-400 °C The electrode C12A7:e” is a stable and effective electron donor, acting as a reversible 34
hydrogen-storage material to improve catalytic activity in NH; synthesis.

Ru/Ca,N:e™ 300-340 °C Showed superior catalytic functioning for low-temperature NH; synthesis compared 40
to heterogeneous catalysts.

Ru/BaO-CaH, 200-350 °C NH; synthesis at low temperatures with minimal activation energy (41 kJ mol ). 41

BaH,-Co/CNTs 250-350 °C Exceptional catalytic activity at low temperatures, ~20 and 2.5 times greater than the 37
substantially active Cs-Ru/MgO catalyst.

Cr-LiH, Mn-LiH, 150-300 °C The collaboration between transition metals and LiH establishes an energy-efficient 42

Fe-LiH and Co-LiH route for NH; synthesis at moderate conditions.

Ni/LaN 350 °C LaN catalyst with Ni loading demonstrates activity surpassing traditional Ni- and 43
Co-based catalysts, equivalent to Ru-based catalysts.

CeN, LaN, and YN, 150-400 °C Rare earth metal nitrides assist effectively as supports or catalysts in NH; synthesis, 44
with nitrogen-vacancy generation significantly influencing catalytic performance.

Ru/Ca(NH,), 250-350 °C The excellent catalytic performance is credited to the development of a dense array of 35
flat-shaped ruthenium nanoparticles and the electron-promoting influence of
Ca(NH,),.

Ru/Ce,Zr,_,O, 390 °C Enhanced electronic metal-support interactions increased NH; synthesis catalytic 45
activity and reduced the apparent reaction activation energy.

Ru/C in Cs 250-400 °C Dosing pure metallic Cs in situ proves significantly more effective for NH; synthesis 46

888 | EES Catal, 2025, 3, 883-920

than conventionally synthesized Ru catalysts, which are promoted ex situ with Cs.
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the susceptibility to hydrogen poisoning by altering the electro-
nic and geometric properties of the Ru surface, thus enhancing
both catalytic activity and resistance to poisoning. Alternatively,
the surface can modify hydrogen adsorption properties, mak-
ing it less prone to poisoning. For example, combining Ru with
oxide supports like Al,O; or TiO, can improve stability. These
modifications can help reduce the adsorption of hydrogen
molecules on Ru while maintaining high catalytic activity for
NH; synthesis. Electrostatically polar MgO(111) to replace
nonpolar MgO as the support can significantly alleviate the
hydrogen poisoning and facilitate an unprecedented ammonia
production rate by its high intrinsic proton capture ability.*”
Similarly, other refractory metals, or oxide supports, can be
explored as future work.

2.1.3.2. More sustainable sources of hydrogen. Today, ammo-
nia producers exhibit greater operational expertise in hydrogen
production than all other segments of the hydrogen-producing
industry combined.*® This knowledge is crucial for their suc-
cess in competitive markets, as it can determine profitability.
NH; producers are now seeking a new type of hydrogen, one
that is decarbonized, sustainable, and renewable. While there
will be numerous significant markets for renewable hydrogen in
the future, the immediate focus lies on renewable fertilizers,
which present a practical and substantial market opportunity
that far outweighs existing markets in scale. The production of
green hydrogen through low-temperature water electrolysis pow-
ered by renewable energy is a critical step toward rapidly redu-
cing carbon emissions in the industrial sector, particularly in
ammonia synthesis via the Haber-Bosch process. Several chal-
lenges currently hinder green hydrogen production’s economic
viability, including high costs, scalability, energy efficiency, etc.
Despite these obstacles, this technology is expected to decarbo-
nize chemical transformation processes.

To further enhance its potential, researchers are exploring
direct seawater electrolysis, which utilizes abundant seawater
resources and eliminates the need for high-purity water, addres-
sing one of the key limitations of conventional electrolysis meth-
ods. The world’s oceans hold an almost limitless supply of
seawater, whereas freshwater is becoming an increasingly scarce
resource. Direct seawater electrolysis is an emerging technology for
converting and storing electricity into hydrogen in this global
context. It proves most valuable in areas with abundant renewable
electricity, limited freshwater access, and ample seawater
resources. It is also advantageous for offshore hydrogen and
mobile maritime-based applications, such as powering unmanned
underwater vehicles for offshore maintenance.*>* There are few
environmental and economic incentives to invest in research and
development for current direct seawater electrolysis technology.
The costs associated with commercial water electrolysis are signifi-
cantly higher compared to seawater reverse osmosis (SWRO). The
operating and capital costs of SWRO are trivial, resulting in a
minimal enhancement in the levelized cost of hydrogen (less than
$%$0.1 per kg of H,) and CO, releases (less than 0.1%) in a seawater
reverse osmosis-proton exchange membrane coupled process.*’
Promising catalysts have been identified for anodes and cathodes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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whereas novel separators and advanced membrane concepts are
crucial for enhancing the solidity of direct seawater electrolyzer
devices.”

The steam-methane reforming (SMR) process is another
significant process for producing hydrogen. The production
of significant chemicals like NH; and hydrogen contributes
significantly to CO, emissions due to reliance on hydrocarbon
combustion for heating during synthesis. SMR is responsible for
approximately 50% of the global hydrogen supply and is one of
the most significant endothermic processes. The production of
hydrogen alone is estimated to contribute 3% of the emissions of
C0,.>* The Chorkendorff and Mortensen®” research group pre-
sented a highly efficient reformer driven by electricity, utilizing
direct resistive (ohmic) heating. This scalable technology is
suitable for industrial conditions and capacities. The direct
interaction between the electric heat source and the catalyst
allows precise reaction control and eliminates thermal con-
straints. This innovative approach removes the need for a fired
section, significantly reducing reactor volume, waste-heat
streams, and CO, emissions. This breakthrough technology gives
existing industrial reformers a competitive edge by enabling the
production of environment friendly hydrogen to synthesize cru-
cial chemicals like NH;. Electrifying SMR opens up new possibi-
lities for reactor design, scalability, and implementation.>

Despite the limitations of SMR in terms of economics and
the environment, no existing renewable power sources, includ-
ing electrolysis-based hydrogen, can rival the large-scale H,
production achieved by SMR. Another option for H, production
is the pyrolysis of CH,, which does not generate CO, (ie.,
CH,(g) — C(s) + 2H,(g) AH® = 74 kJ mol ").>* Although this
method produces only half the amount of H,/mole of CH,
associated with SMR, it requires significantly less energy con-
tribution and produces solid carbon instead of CO,. This solid
carbon can be safely deposited indefinitely and even utilized in
various applications such as electrodes or additives in materials
like asphalt, concrete, and rubber. Furthermore, straight CH,
pyrolysis can be carried out in a comparatively simple and
potentially cost-effective commercial process, requiring only a
single reaction step. Most downstream processes can tolerate
small amounts of unconverted CH,, making it suitable for
applications like NH; production or use in fuel cells. On the
other hand, carbon oxides produced by the SMR process can be
detrimental to catalysts and must be eliminated.’® The McFar-
land research group™ has developed a catalytic molten metal
method for direct methane conversion into hydrogen and
carbon separation. The insoluble carbon of this system rises
to the surface for easy removal. The optimal alloy composition,
73% Bi and 27% Ni, enables pure H, production without
emitting CO, or by-products. In addition, Palmer et al.>* and
Kang et al’® synthesized molten Bi-Cu alloy and molten
MnCl,-KCl catalyst, respectively, for CH, pyrolysis to produce
CO,-free H,.

2.2. Biological and enzymatic N, activation

Biological N, activation is a crucial natural phenomenon,
possibly second to photosynthesis. The vitality of many natural

EES Catal., 2025, 3, 883-920 | 889
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Nitrogen-fixing
microorganisms

Bacteria Cyanobacteria Archaea
Rhizobium
Azobacter
Frankia
Azospirllum
Mycobacterium
Bacillus

Nostac Methanococcales
Anabaena Methanobacteriales
Tolypothrix Methanomicrobiales

Anabanopsis

Fig. 4 Classification of nitrogen-fixing microorganism.>®

ecological systems relies significantly on the biological conver- with prokaryotic organisms, not independently. Organisms that
sion of atmospheric N, into forms that plants and microbes can rely on atmospheric N, as their primary nitrogen source crucial
utilize for growth, all without modern fertilizers or animal waste. for growth are diazotrophs. The term “diazo” pertains to N,,
Various prokaryotic microbes, including bacteria, archaea, cyano- and “trophs” signifies nourishing, a terminology introduced by
bacteria, and actinomycete Frankia, orchestrate this conversion.”®  Burns and Hardy in 1975.%”

Fig. 4 shows the classification of nitrogen-fixing microorganisms. 2.2.1. Importance of biological nitrogen activation. The
The organisms involved in nitrogen activation can either function fundamental principle in agriculture and plant physiology
independently as free-living entities or form associations of varying  directs that plants need significant nitrogen levels for high
complexes with other plants, microbes, and animals. These asso- biomass yield or production. Nitrogen is a necessary element
ciations range from free connections, such as associative sym- for all living organisms, playing a crucial role in producing
bioses, to intricate symbiotic relationships (Fig. 5), where precise proteins, nucleic acids, and other vital biochemicals. In soil,
molecular transfer occurs between the host plant and the nitrogen often serves as the controlling nutrient for microbial
bacterium, accompanied by allocated physiological actions. growth and plants. Soil is the primary nitrogen source for the
The core of the system is the prokaryotic microorganism that growth of plants in nature, which comes from either atmo-
hosts the nitrogenase enzyme complex, which facilitates nitro- spheric deposition from rainfall or the biological nitrogen
gen activation by converting N, into NH;. Dinitrogen activation activation process.

is an exclusive capability of certain prokaryotes. Therefore, when The Haber-Bosch process contributes approximately 95
encountering claims about “nitrogen-fixing”’ plants, it’s crucial million metric tons per year to global nitrogen supplies, requir-
to recognize that they achieve this through their partnership ing substantial energy inputs, typically as natural gas (Fig. 5).

NON-SYMBIOTIC “OBLIGATE” SYMBIOSIS

GENETIC EXCHANGE IS
INVOLVED

TRULY FREE-LIVING
DIAZOTROPHS

NO MORPHOLOGICAL
INVOLVEMENT

Inlet-/Intra-

I
Legumes

y PhyliLeaf nodules

y Phyllosphere

Naturally Occurring

Diazotrophs : Leaf-surface microbes : : Klebsiella/Psychotria : : Legume root include Rhizobium :
Cyanobacterial & Bacterial | I | Roort nodules i |
N, Fixers “Synthetic” | Rhizosphere ! | Nostoc/Gunnera 0 Non-legumes angiosperms !
Diazotrophs e.g., genetically i Root-associated bacteria Lichens | LActinorhiza| nodules: Frankia "
modified E. coliandothers |,  — — = = T T T T T 7% L Cyanobacteria/fungi '
“Simple” $» Complex

Fig. 5 The exclusive mediation of biological nitrogen activation occurs through free-living diazotrophs prokaryotic and a diverse array of plant-microbe
connections with variable degrees of complexity.>®
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This quantity is overshadowed by the universal impact of fixed
nitrogen obtained within biological nitrogen activation. Pinpointing
precise assessments for biological N, activation proves challenging.>
Fowler et al.®® propose that approximately one-third of human-
caused nitrogen contribution into terrestrial ecosystems origi-
nates from biological nitrogen activation (58 million metric tons
=+ 50%), while the remaining two-thirds come through fertilizer
involvements (120 million metric tons + 10%). The difficulty in
obtaining accurate measurements is emphasized by the wide
range of values observed for biological N, activation. Symbiotic
N, activation constitutes the primary source of biological input,
but associative and nonsymbiotic N, activation also play a
notable role in crops like sugarcane and sorghum, particularly
in ecosystems where nitrogen is a growth-limiting factor. Rice
cultivation, characterized by submerged soils, obtains substan-
tial benefits from free-living cyanobacteria and diazotrophic
bacteria. These microorganisms thrive in favorable habitats
within flooded soils, such as modest oxygen concentrations
and root exudates.”>*

Biological N, activation offers a cost-effective substitution
for expensive nitrogen from NHj;-based fertilizers. Sustaining
high-profit agricultural practices in the USA and other regions
solely through animal manure and biological nitrogen activa-
tion poses significant challenges. The increasing global popu-
lation necessitates production systems that judiciously
incorporate both artificial and, wherever feasible, natural ferti-
lizers. Leguminous plants, alongside further nitrogen fixing
methods such as the Azolla-Anabaena interaction and poten-
tially naturally transformed vegetation (still in development),
will remain integral to ecological agricultural processes. N,-
fixing plants also significantly benefit the restoration of con-
cerned or depleted soils. These have multiple purposes, acting
as natural manures, outstanding cover crops, and fodder for
cattle. Utilizing nitrogen-fixing crops has the added perspective
to mitigate groundwater pollution with NO; ™ and minimize the
emission of N-based ‘‘greenhouse gases”. This multifaceted
approach underscores the importance of integrating various
strategies to ensure agricultural productivity and environmen-
tal sustainability.>~®"

2.2.2. The complexity of the nitrogenase enzyme: insights
into nitrogen activation. Biological nitrogen activation occurs
primarily among prokaryotic microbes, encompassing various
classes of soil bacteria, i.e., cyanobacteria (known as blue-green
algae), and a limited number of actinobacteria, particularly
Frankia. They demonstrate the capability to fix N, in various
processes, including as free-living forms independent of plants,
in loose associations known as associative symbioses (various
grass-bacteria groups) (Fig. 5), and within intricate symbiotic

Table 3 Nomenclature for nitrogenase enzyme complex

View Article Online
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connections with more plants, such as the root-nodule sym-
bioses which are Frankia and rhizobia.

All these microbes share a common trait—they generate the
complex enzyme known as nitrogenase, facilitating biological
nitrogen activation. The term “nitrogenase complex” is aptly
applied as it comprises two components of protein, consisting
of various subunits, respectively, and accommodates various
metallic clusters crucial for catalyzing the reaction of dinitro-
gen to NH;.°> Table 3 represents the nomenclature for nitro-
genase enzyme complexes. Fig. 6 illustrates the understanding
of the nitrogenase enzyme complex. Unique for its dual pro-
teins, nitrogenase complexes comprise the MoFe and protein
known as dinitrogenase and dinitrogenase reductase, respec-
tively. Susceptible to oxygen, it contains Fe and Mo, or V.
Activation requires Mg”>* and involves the conversion of ATP
to ADP. Inhibition by ADP occurs, yet it converts N, and various
molecules having triple bonds. Remarkably, it reduces protons
to dihydrogen even in the presence of dinitrogen.

The biological nitrogen activation reaction utilizing nitro-
genase is depicted in Fig. 6. For all e™ transfer from dinitrogen-
ase reductase into dinitrogenase, two MgATPs are necessary. The
written reaction demands 16 ATP molecules (112 kcal). An
estimated 20-30 MgATP may be required under usual operational
conditions, as the procedure is less effective than in optimal lab
conditions.”* Over several years, a consensus has gradually
emerged on the universal nitrogenase model.

In summary, the nitrogenase mechanism involves dinitro-
genase reductase (i.e., Fe-based protein) receiving e~ from a
donor with low-redox, binding two MgATP. It then transfers e
separately to dinitrogenase (i.e., MoFe-based protein). This
complex facilitates electron transfer and hydrolyzing of two

FeMo-Cofactor

Fe(Ox)
N, + 8H*
Fe(Red) 8e-
)
nMgATP ?
2NH; + H,
nMgADP + nPi

(n216)
Dinitrogenase
Reductase
(Iron Protein)

Nitrogenase overall reaction:

N, +8H" +8e” +16Mg-ATP —22 ,2NH, +16Mg-ADP+16Pi+H,

Fig. 6 The nitrogenase enzyme complex is composed of two protein
constituents, i.e., dinitrogenase reductase and dinitrogenase.>®63

Nomenclature Nitrogenase complexes
Nitrogenase The overall complex
Dinitrogenase The MoFe protein, which conventionally receives its name based on its substrate (in this case, dinitrogen),

plays a crucial role in nitrogen activation.

Dinitrogenase reductase The Fe protein (the consensus is that its role is to reduce dinitrogenase)
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MgATP to MgADP + Pi. After dissociation, the process repeats.
Once dinitrogenase accumulates adequate e, it combines Nj;
then, it is reduced into NH,". The dinitrogenase continues the
cycle by accepting extra e~ from dinitrogenase reductase.

In each nitrogen activation cycle, dinitrogenase reductase
and dinitrogenase combine, hydrolysis of MgATP occurs, and an e~
is shifted. The rate-limiting step is dissociating the MoFe protein-Fe
protein complex. Notably slow, the nitrogenase complex takes 1.25 s
to convert one enzyme molecule into two NH; molecules. To
accomplish this, the two proteins must undergo a process of
association and dissociation eight times to catalyze the reduction
of a single dinitrogen molecule.”® Due to its sluggish nature,
nitrogen-fixing bacteria must produce a substantial amount of the
protein. Nitrogenase can make up 10% cell’s proteins, with recorded
concentrations reaching ~40%.% In the overall reaction illustrated
in Fig. 6, it could be noted that for each 8e~ transmitted by the
nitrogenase complex, the 2e™ is utilized in H, production. Hydrogen
production is essential for nitrogen activation, with each molecule
of H, (requiring 4 MgATP) supporting the activation of one N,
molecule, which is then converted into 2NH; molecules (requiring
12 MgATP). Consequently, 25% of the MgATP energy is wasted in
the production of H,, whereas certain diazotrophs understand
hydrogenase, enabling oxidation of specific H, and producing a
reduced e carrier or MgATP. This regained energy can be har-
nessed during the nitrogen activation process, compensating for the
small amount of energy initially lost.

2.2.3. Unconventional nitrogenases. Before the 1980s,
scientists believed there was only one type of nitrogenase, and
molybdenum was crucial for nitrogen activation. In the early
1980s, Dr Paul Bishop and his team in North Carolina made a
groundbreaking discovery by isolating a second type of nitrogenase
(known as nitrogenase-2) from Azotobacter chroococcum.®® It was
generated exclusively with molybdenum-starved conditions.®® This
discovery revealed that Mo was not universally necessary for
nitrogen activation and possibly will be replaced by V. Similar to
nitrogenase-1, nitrogenase-2 is composed of two proteins — a VFe
protein and a Fe protein — and it generates H, while being sensitive
to O,. The VFe protein of nitrogenase-2 can bind nitrogen,
indicating that metals other than molybdenum can also play a
role in nitrogen binding for reduction. Furthermore, a third type of
nitrogenase, nitrogenase-3, was later discovered. Interestingly,
nitrogenase-3 does not appear to contain molybdenum or vana-
dium and is synthesized when both metals are deficient due to
starvation conditions.

All “nitrogenases” consist of a dinitrogenase and dinitro-
genase reductase component. Nitrogenases 2 and 3 generate
more gaseous hydrogen compared to nitrogenase 1. Instead of
converting acetylene to ethylene, they transform it into ethane.
In the 1990s, a new putative nitrogenase was reported in
Streptomyces thermoautotrophicus, a thermophilic and che-
moautotrophic actinomycete.”*® This unique nitrogenase,
not inhibited by CO like others, comprised of three proteins:
dinitrogenase, carbon monoxide dehydrogenase and, super-
oxide oxidoreductase, accountable for the N,-activation. The
enzyme-containing Mn served as a superoxide dismutase, sup-
plying e~ to the dinitrogenase. Remarkably, this nitrogenase,
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specified as a superoxide-dependent nitrogenase, not only resisted
0, poisoning but also required O, in its reaction mechanism.®”

In 2016, MacKellar and colleagues, in a collaborative effort
across seven laboratories globally, reported conclusive evidence
that S. thermoautotrophicus cannot fix nitrogen.®® Despite work-
ing with the original isolate and two extra strains, they couldn’t
validate the combination of "*N-labeled N, (*°N,) in cell con-
stituents. The authors suggested reclassifying species H1, UBT1,
and P1-2 as a non-diazotrophic, non-streptomycete, and facul-
tative chemolithoautotroph. Based on their findings, it was
strongly concluded that the presence of the previously suggested
oxygen-tolerant nitrogenase is highly improbable.®® With >99%
nucleotide identity to Hydrogenibacillus schegelii, a carbon-
monoxide oxidizing bacterium, the statement of nitrogen acti-
vation by S. thermoautotrophicus awaits further verification.

The discovery that N, can be fi