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revolutionizing sustainable energy
for a carbon-free future

Zihao Zhang,†ab Hangjian Zhang,†ab Hongyu Jiangab and Lu Li *ab

Ammonia (NH3) plays a pivotal role in the transition toward sustainable energy systems. With its high

hydrogen content, energy density, ease of storage and transport, and zero carbon emissions, ammonia

has emerged as a promising energy carrier. While the conventional Haber–Bosch process remains the

dominant method for NH3 synthesis, new technologies driven by renewable energy sources are

demonstrating greater efficiency and sustainability. Nonetheless, realizing the full potential of ammonia

as an energy vector requires overcoming significant technical, economic, and environmental challenges

across its lifecycle, including its production, storage, transportation, and application. This review provides

a comprehensive analysis of recent advances in green ammonia synthesis and its energy applications,

with particular emphasis on innovations in production technology, storage and transport solutions, and

their environmental impacts. By summarizing recent research developments, this review aims to

promote future advancements in ammonia technology and underscore its pivotal role in the global

energy transition.
1 Introduction

Ammonia, as a critical chemical feedstock, has had a profound
impact on human society. The development of ammonia
synthesis technology has signicantly inuenced global
economic and social progress, serving as a cornerstone for
modern agriculture. The invention of the Haber–Bosch process
in the early 20th century enabled the large-scale production of
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nitrogen fertilizers, drastically reducing agricultural depen-
dence on soil fertility and revolutionizing farming practices.1

However, with increasing global emphasis on environmental
protection and sustainability, the production and use of
ammonia face new challenges and opportunities.

Since its inception in the early 20th century, the Haber–
Bosch process has remained the dominant method for
ammonia production worldwide.2 Although highly efficient,
this process operates under extreme conditions of high
temperature and pressure, resulting in signicant energy
consumption and considerable carbon emissions.3 With the
escalating challenge of climate change, the search for low-
carbon and energy-efficient ammonia synthesis technologies
has become a priority. In recent years, researchers have focused
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on developing greener alternatives, such as electrocatalytic
synthesis, solar-driven synthesis, and biocatalysis.4 These
emerging technologies not only reduce carbon emissions from
ammonia production but also have the potential to lower costs
and improve overall economic efficiency. However, the
production, transportation, and use of ammonia may have
environmental impacts, including potential ammonia leaks and
disruption of ecosystems.5 Therefore, the challenge is to
advance ammonia technology while managing and minimizing
its environmental impacts. To address these challenges, scien-
tists need to conduct comprehensive life-cycle assessments of
ammonia and develop effective environmental management
strategies to ensure its sustainable use.6

Ammonia also holds great potential in the energy sector. It is
considered an efficient hydrogen-storage medium as its liquid
form is more efficient and safer to store and transport
compared to gaseous hydrogen. Moreover, ammonia's potential
as fuel has garnered widespread attention, with studies showing
that it can be used in fuel cells and low-carbon power genera-
tion, contributing to the reduction in greenhouse gas emis-
sions. Progress in this area will drive the hydrogen economy
forward and play a signicant role in the global energy
transition.

In summary, ammonia has broad application potential in
modern society, particularly in the energy sector. While tradi-
tional ammonia production methods present environmental
concerns, advances in green synthesis technologies, the use of
ammonia as a hydrogen carrier and fuel, and improvements in
related technologies offer promising solutions to these chal-
lenges. This review systematically examines recent research
advances in ammonia synthesis and utilization, with a focus on
the development of green ammonia synthesis technologies, its
applications in the energy sector, storage and transportation
technologies, and their environmental impacts (Fig. 1). By
summarizing and analyzing existing research, it aims to provide
a scientic basis for future developments in ammonia tech-
nology and highlights its potential role in the global energy
transition.
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2 Physicochemical properties of
ammonia
2.1 Basic properties of ammonia

Ammonia is a colorless gas with a strong, pungent odor,
composed of nitrogen and hydrogen. It serves as a precursor in
the synthesis of many important nitrogen compounds. The
molecular geometry of ammonia is trigonal pyramidal, with the
nitrogen atom at the center and three hydrogen atoms occu-
pying the vertices of the triangular base. Due to the lone pair of
electrons on the nitrogen atom, ammonia is highly polar, with
the nitrogen atom carrying a partial negative charge and each
hydrogen atom carrying a partial positive charge. Additionally,
nitrogen forms covalent bonds with each hydrogen atom,
sharing electrons to maintain the stability of the molecular
structure. Ammonia has a melting point of−77 °C and a boiling
point of −33.3 °C, which means it exists as a gas at room
temperature and pressure. Furthermore, ammonia is highly
soluble in water, forming ammonium hydroxide, which is
strongly alkaline and widely used in laboratory and industrial
applications. Ammonia contains a high hydrogen content of
17.6 wt%, making it a promising hydrogen-storage material.7

Compared to hydrogen gas, ammonia is easier and more
convenient to store and transport. Additionally, as a carbon-free
energy carrier, ammonia burns completely to produce nitrogen
and water, without emitting harmful gases, such as CO or CO2.8

2.2 Storage and transportation characteristics of ammonia

A key requirement for an efficient hydrogen-storage carrier is
ease of storage and transportation, which can facilitate its broad
application and deployment. Ammonia can be stored in either
liquid or gaseous form. Ammonia can be easily liqueed at
room temperature and 0.86 MPa pressure or at atmospheric
pressure and −33 °C. Its volumetric energy density of 12.7 MJ
L−1 far exceeds that of liquid hydrogen (8.49 MJ L−1).9,10 Storing
ammonia in liquid form can not only conserve storage space but
also minimize leakage risks. Additionally, ammonia readily
dissolves in water, forming an aqueous solution with
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Fig. 1 Pathways for ammonia production and utilization in the energy sector.
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a solubility of approximately 35 wt%, which means it can be
stably stored in cylinders. Storing ammonia as a solid meets
commercial transport conditions and safety standards. Gaseous
ammonia is typically stored under low temperature and high
pressure in compressed gas cylinders or gas-storage tanks.
However, during gaseous storage, it is crucial to tightly regulate
the pressure and temperature of the containers to ensure safety
and stability.

An efficient transport method is essential for reducing costs,
improving transport efficiency, and ensuring safety. Since
ammonia is gaseous under standard conditions, it requires
liquefaction or high-pressure technology to convert it into
liquid or compressed gas for transportation. Liquid ammonia is
usually transported using high-pressure containers or special-
ized storage tanks, while gaseous ammonia can be delivered
through compressed gas cylinders or pipelines. Transporting
liquid ammonia tends to be more costly but reduces losses and
risks during transport, whereas gaseous ammonia is more
suitable for short-distance transport, with lower costs but
requiring more frequent loading and unloading. The challenges
of transporting ammonia involve considerations of the tech-
nology, economics, convenience, and practicality. In practice,
various factors must be weighed to choose the most suitable
transport method, optimizing efficiency, lowering costs, and
ensuring safety. Future research should explore new technolo-
gies to drive continuous development and innovation in
ammonia transport.
2.3 Safety and environmental impact of ammonia

Ammonia is toxic and can irritate or corrode skin and mucous
membranes. Exposure to ammonia vapor at concentrations of
1700 ppm can cause lung damage or respiratory failure, while
concentrations of 5000 ppm can be fatal. As a result, the use of
ammonia is regulated by safety standards. Additionally, due to
33336 | J. Mater. Chem. A, 2024, 12, 33334–33361
its pungent odor, ammonia leaks can be detected at concen-
trations as low as 17 ppm.11 Ammonia leaks or emissions during
production and transport can lead to severe environmental
contamination. Once released, ammonia can react with organic
compounds in water, forming amine compounds that can cause
eutrophication, damage ecosystems, and harm aquatic organ-
isms and plants. To manage ammonia's safety risks effectively,
strict safety measures must be implemented, including
comprehensive operating procedures, necessary personal
protective equipment (such as respirators and protective
clothing), leak monitoring systems, and emergency response
plans to minimize accident risks and damage.
3 Methods of ammonia production
3.1 Traditional ammonia synthesis methods (Haber–Bosch
process)

In the early 20th century, Fritz Haber and Carl Bosch developed
the Haber–Bosch process, widely regarded as one of the greatest
technological inventions in human history.12 To date, this
process is responsible for producing more than 90% of the
world's ammonia. This technology has signicantly boosted
agricultural production, enabling humanity to produce ample
food despite limited land resources. Since its invention, global
food production has increased by 7.8 times, while the world
population has grown by 4.2 times. The reaction process is as
follows:

N2 + 3H2 / 2NH3, DH298K = −92 kJ mol−1

The nitrogen in syngas is primarily derived from air, while
the hydrogen is supplied by fossil fuels, such as coal, oil, and
natural gas.13 Steammethane reforming (SMR) is the most cost-
effective industrial method for providing hydrogen for
This journal is © The Royal Society of Chemistry 2024
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ammonia synthesis.14,15 Over the past century, catalytic
ammonia synthesis has seen tremendous advancements. The
production capacity of single ammonia units has increased
from 5 tons per day to 2200 tons per day. Energy consumption
has dropped from 78 GJ to 27.2 GJ, approaching the theoretical
minimum of 20.1 GJ.16 However, the Haber–Bosch process
operates under harsh conditions, typically requiring high
temperatures (400–500 °C) and high pressures (10–30 MPa),
making it suitable only for large-scale production. Ammonia
synthesis is an energy-intensive process, consuming approxi-
mately 1.8% of global energy annually and producing 500
million tons of carbon emissions.12 This massive energy
consumption and CO2 emissions exacerbate global warming,
posing severe environmental challenges that conict with the
goals of sustainable development. Therefore, exploring clean
energy technologies is crucial for reducing the environmental
impact of ammonia synthesis and advancing carbon neutrality
and peak carbon strategies.

To enhance energy efficiency and economic viability, it is
essential to develop novel ammonia synthesis catalysts that
operate under milder conditions. In addition, to eliminate
carbon emissions, hydrogen derived from renewable energy
sources, such as water electrolysis, should be used as a feed-
stock. To minimize energy costs, the development of highly
active and stable catalysts that function at low temperatures and
pressures, along with efficient ammonia separation methods, is
necessary. In this section, we focus on the latest advancements
and challenges in ammonia-synthesis catalysts and discuss
alternative methods to the Haber–Bosch process, including
chemical looping, electrocatalysis, photocatalysis, and plasma
catalysis.
3.2 Renewable-energy-driven ammonia-synthesis
technologies

3.2.1 Thermal ammonia-synthesis catalysis. It is well
known that the adsorption and activation of nitrogen (N2)
molecules at active sites are critical initial steps in ammonia
synthesis. A nitrogen molecule consists of two linearly bonded
nitrogen atoms, each with a pair of electrons in the 2s orbital
with opposite spins, and three lone electron pairs in the 2p
Fig. 2 (a) Schematics of N atomic orbitals and N2 molecular orbitals. (b

This journal is © The Royal Society of Chemistry 2024
orbitals with the same spin (Fig. 2). Upon orbital hybridization,
bonding (s and p) and antibonding (s* and p*) orbitals are
formed. The electrons in the p and 2s orbitals generate a highly
stable triple bond (N^N). As a result, the inert nature of
nitrogenmakes its reduction under mild conditions particularly
challenging. The main difficulties include:

(1) The N2 molecule has a very high bond dissociation energy
of 941 kJ mol−1, requiring signicant energy to break the N^N
triple bond. Thus, the dissociation of N2 is oen regarded as the
rate-determining step in ammonia synthesis; (2) N2 has
a negative electron affinity (−1.9 eV) and a high ionization
energy (15.85 eV), resulting in low reactivity; (3) from a kinetic
perspective, the large energy gap (∼10.82 eV) between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) further impedes electron
transfer;18,19 (4) the rst hydrogenation step of the N2 molecule
is an endothermic reaction (DH = 37.6 kJ mol−1), making the
protonation process thermodynamically unfavorable.

Previous studies have shown that transition metals (TMs)
can activate N2 by forming N–metal bonds.20,21 Here, the vacant
d-orbitals of TM atoms accept the lone pair of electrons fromN2,
while the delocalized electrons of the TM are simultaneously
transferred to the N2 antibonding (p*) orbitals through a back-
donation mechanism, thereby weakening the N^N triple
bond.22 However, the linear scaling relationship in ammonia
synthesis makes it difficult to enhance both the N2 activation
and ammonia-production rates simultaneously. As a result,
catalyst design requires a trade-off approach, where the optimal
ammonia-synthesis catalyst must have a nitrogen adsorption
strength that is neither too strong nor too weak. Fig. 3a and
b illustrate the impact of the linear scaling relationship on
catalytic ammonia synthesis over transition metal surfaces.17

The ammonia-synthesis activity of transition metals follows
a typical “volcano plot” pattern, as shown in Fig. 3c. Iron (Fe)
and ruthenium (Ru) are located near the peak of this curve,
exhibiting a balanced nitrogen binding strength and high
catalytic activity for ammonia synthesis. Studies suggest that
combining metals from both sides of the volcano plot may
optimize nitrogen binding. For instance, Co–Mo catalysts have
achieved ammonia synthesis activity comparable to Ru-based
) Simplified schematic of N2 bonding to TMs.

J. Mater. Chem. A, 2024, 12, 33334–33361 | 33337
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Fig. 3 (a) Potential energy diagram for a simplified ammonia synthesis reaction. (b) Ammonia synthesis rate as a function of nitrogen adsorption
energy and the N2 dissociation barrier with energetics for stepped transition metal sites (c) calculated rate as a function of a single descriptor of
EN.17 Copyright 2015, reproduced with permission from Elsevier.
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catalysts. The success of this catalyst design strategy demon-
strates that rational catalyst design can break the linear scaling
relationship in ammonia synthesis. Breaking this relationship
is key to improving the reaction kinetics and achieving low-
energy operating conditions.1,23

Consequently, many researchers have focused on breaking
the linear scaling relationship in ammonia synthesis. Chen
et al. introduced a dual-active-center system by incorporating
LiH as a secondary component into a supported transition
metal catalyst (TM-LiH), which demonstrated signicantly
enhanced ammonia synthesis performance under mild condi-
tions.24 Here, N2 molecules dissociate on the transition metal
surface to form TM–N. The nitrogen atom then migrates to LiH,
forming Li–N–H species, which subsequently undergoes step-
wise hydrogenation to produce NH3, eventually desorbing from
the catalyst surface (Fig. 4a). The construction of dual-active
centers allows for the activation of N2 and H2, as well as the
adsorption of intermediate species, to occur at different active
sites, thereby overcoming the limitation between the reaction
barriers and adsorption energies. Hosono et al. developed
a “dual-active-site” catalyst by loading nickel nanoparticles onto
lanthanum nitride (LaN) crystals, achieving stable and efficient
ammonia synthesis.25 In this system, H2 and N2 are activated at
spatially separated sites: H2 by the nickel metal supported on
LaN and N2 by the Mars–van Krevelen mechanism, where
nitrogen vacancies on LaN bind and activate N2 (Fig. 4b). By
using distinct sites for activating the reactants and leveraging
the synergistic effects, this new catalyst exhibited activity
surpassing that of traditional cobalt- and nickel-based catalysts,
and comparable to ruthenium-based systems. Subsequent
studies synthesized several new materials, such as Co/SrNH,29

La3AlN,30 and Co/CeN,31 which all demonstrated excellent
ammonia synthesis performance.

Zhang et al. explored an alternative to the widely accepted
strong–weak nitrogen adsorption pair in ammonia synthesis.
They discovered that the bifunctional nanocatalyst TiO2−xHy/Fe
exhibited higher activity than Fe alone, despite TiO2−xHy having
stronger nitrogen adsorption (−1.95 eV vs. −1.59 eV).26 This
revealed a new strong–strong nitrogen adsorption pair. N2 and
H2 dissociate on Fe, while the unique OV–H structure of
33338 | J. Mater. Chem. A, 2024, 12, 33334–33361
TiO2−xHy facilitates hydrogen spillover at OV sites, promoting
easier hydrogenation reactions at these active centers (Fig. 4c).
This study simultaneously reduced the reaction barriers for N2

dissociation and nitrogen hydrogenation using bifunctional
active sites. Gao et al. designed lithium-intercalated MoO2−x

nanosheets with Mo and Fe dual-active sites. Mo(III) primarily
activates N2, while Fe facilitates H2 activation and NHx forma-
tion, leading to efficient and stable ammonia synthesis.32 The
insertion of Li+ and the balanced electron ow shis the d-band
center of MoO2−x downward, signicantly lowering the EN and
promoting the conversion of NHx intermediates at lower
temperatures, thus enhancing ammonia synthesis.

Another approach to enhancing ammonia synthesis catalysts
involves introducing electronic or structural promoters, which
increase the electron-donating capacity of transition metals,
thereby facilitating N2 dissociation and enabling ammonia
synthesis under mild conditions.33–35 Inorganic electrides,
which possess cavities lled with abundant electrons, are
materials characterized by a low work function and high elec-
tron density.36 Hosono reported a series of inorganic electrides,
such as C12A7:e−,27 Ca2N:e

−,37 Y5Si3,38 and LaRuSi,39 which,
when used as supports for transition metal catalysts, could
donate more electrons to Ru, thereby accelerating the ammonia
synthesis reaction. C12A7:e− is considered the rst stable
electride compound at room temperature, with excellent
conductivity, abundant charge carriers, and a low work function
(2.4 eV), as shown in Fig. 4d. On Ru/C12A7:e− catalysts, the
dissociative adsorption rate of N2 was signicantly enhanced,
with the activation energy for this step dropping from
104 kJ mol−1 to below 29 kJ mol−1. The rate-determining step of
the reaction shied from N2 dissociation to NHx formation. As
research into these materials progresses, the theoretical basis
for their catalytic activity in ammonia synthesis is being further
rened and validated.

Recent studies have proposed a spin-mediated mechanism
for promoting ammonia synthesis by introducing heterometal
atoms at the catalyst's active sites, which can activate tradi-
tionally inert magnetic materials, such as cobalt (Co), for
ammonia synthesis. Ib Chorkendorff, Jens K. Nørskov, and
others combined DFT calculations with experiments to verify
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic of the mechanism of LiH as a dual-active center.24 Copyright 2017. Reproduced with permission from Springer Nature. (b)
Schematic of the formation of nitrogen vacancies (VN) and the related electron-transfer pathways.25 Copyright 2020. Reproduced with
permission from Springer Nature. (c) Schematic of N2 and H2 activation on Fe and transfer to TiO2−xHy for NH3 generation over the TiO2−xHy/Fe
catalyst.26 Copyright 2020, reproduced with permission from American Chemical Society. (d) Possible pathway for the ammonia synthesis
reaction over Ru/C12A7:e−.27 Copyright 2012, reproduced with permission from Springer Nature. (e) Spin density difference at the adsorption site
of N* and N–N transition state on La-promoted Co.28 Reproduced with permission from AAAS.
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the spin-mediated promotion mechanism in the La/Co system,
as illustrated in Fig. 4e. By studying Co single crystals and Co
nanoparticles under ambient pressure, they identied the
active site for ammonia synthesis as the B5 site on Co adsorbed
with La. Under the conditions of 350 °C and 1 bar, the La/Co
system demonstrated higher catalytic activity than other
model catalysts tested under the same conditions.28 It is
important to note that Co is typically quite inert toward N2

dissociation, even with alkali metal promotion, showing only
marginal ammonia synthesis activity. Given the signicant role
of electrostatic effects in explaining the promotion by Cs and K,
the research team suggested that this effect could also account
for the extraordinary promotion of Co by Li, Ba, Ca, and La.
However, the additional promotion of Co by Li, Ba, Ca, and La
was found to be related to Co's spin polarization. These
unconventional promoters reduce the spin polarization of
neighboring Co atoms, thereby facilitating N2 dissociation. This
additional promotion effect is proportional to the reduction in
the spin magnetic moments of Co atoms induced by the
magnetic cocatalysts. Thanks to this anomalous spin-
This journal is © The Royal Society of Chemistry 2024
promotion effect, these promoters can minimize the spin
moments of metal atoms, thereby lowering the transition state
energy barrier for N2 dissociation, ultimately enhancing cata-
lytic efficiency.40 Additionally, Wang et al. used DFT calculations
to reveal the impact of ferromagnetic-to-paramagnetic phase
transitions on the catalytic performance of ferromagnetic
metals. They proposed a strategy to drive cobalt and nickel
toward the Sabatier peak for ammonia synthesis through this
phase transition, offering valuable insights for designing high-
performance catalysts in the future.41

3.2.2 Chemical looping ammonia synthesis (CLAS).
Chemical looping ammonia synthesis (CLAS) can break the
linear scaling relationship by decomposing the ammonia
synthesis reaction into several sub-reactions.42 Thus, N2 disso-
ciation and the desorption of nitrogen-containing intermedi-
ates can occur at different reaction sites. By using redox
catalysts to mediate ammonia synthesis in a stepwise reaction,
CLAS avoids the competitive adsorption of N2 and H2 on metal
catalysts, as well as the conict between the kinetics and ther-
modynamics in the Haber–Bosch process.42,43
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33339
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The CLAS process involves ammonia synthesis reactions
taking place in two interconnected reactors: an ammoniation
reactor and a nitridation reactor. In the ammoniation reactor,
nitrogen-containing intermediates donate their lattice N atoms
to H2 or H2O, producing NH3 through hydrogenation or
hydrolysis. In the nitridation reactor, the de-nitrogenated
intermediates are regenerated by reaction with nitrogen gas.
Common CLAS processes can be represented by four schemes,
as shown in Fig. 5, and can be divided into two categories:
ammonia synthesis using H2O as the hydrogen source (H2O-
CLAS) and ammonia synthesis using H2 (H2-CLAS).44 The
latter, depending on the type of nitrogen carrier, can be further
divided into alkali metal hydride/alkaline earth metal hydride-
mediated AH-CLAS and metal nitride-mediated MN-CLAS.

In the H2O-CLAS process, transition metals act as electron
donors for N2 activation, and since water is used as the
hydrogen source, no additional large-scale hydrogen-
production steps are needed, thereby reducing the depen-
dence on fossil fuels. However, the main drawbacks of this
process are the high reduction temperature of metal oxides
(around 1000 °C) and the need for additional reducing agents.
In recent research by Abanades et al., experiments were con-
ducted to screen potential metal nitrides for use in the solar
thermochemical H2O-CLAS process. The catalytic process
owchart is shown in Fig. 6a, and the results indicated that FeN,
CrN, BN, and Si3N4 exhibited low NH3 yield at 1000 °C, while
AlN, Li3N, Ca3N2, Mg3N2, TiN, and ZrN demonstrated
temperature-dependent reactivity.45

Metal nitrides were among the rst redox catalysts used in
H2-CLAS. MN-CL is very similar to H2O-CL, as it also uses metals
as electron donors for N2 activation. In MN-CL, the metals are
nitrided in a nitrogen stream and then reduced to their metallic
state by hydrogen, producing ammonia. This process occurs
Fig. 5 Schematic of the typical chemical looping ammonia synthesis
processes. (a) Two-step H2O-CLAS process mediated by McNd/MaOb

redox pairs; (b) three-step H2O-CLAS process mediated by M/McNd/
MaOb redox pairs; (c) H2-CLAS process mediated by MaNb/MaNg redox
pairs; (d) H2-CLAS process mediated by metal hydride (M–H)/metal
nitride-hydride (M–N–H) redox pairs.

33340 | J. Mater. Chem. A, 2024, 12, 33334–33361
under relatively mild conditions (1 bar, <800 °C), and the
reaction system and operation are relatively simple, without
requiring sacricial reducing agents.48 However, the ammonia-
production rate is low, limiting its industrial applicability.
Typically, single metal nitrides are oen too stable to be
reduced by hydrogen under mild conditions to produce
ammonia, or the reduced samples exhibit slow ammonia-
production rates. Therefore, composite materials combining
two or more metals with ideal catalytic properties have been
widely studied. Hargreaves et al. prepared alkali metal or tran-
sition metal ion-doped Mn3N2 (A–Mn–N, A = Fe, Co, K, Li) and
investigated the effect of the chemical composition on the
reactivity of the lattice nitrogen. The results showed that the
mobility of lattice nitrogen was improved across all the A–Mn–N
systems studied.49 However, only Li–Mn–N exhibited high
reactivity, as its hydrogenation step proceeded signicantly
faster. To further elucidate the effect of lithium doping on the
H2-CLAS reaction, they combined N2/H2 isotope exchange
reactions with DFT theoretical calculations. The results indi-
cated that lithium doping reduced the nitrogen vacancy
formation energy and increased the proportion of the q-
Mn6N5+x phase, thereby enhancing the lattice nitrogen
reactivity.50

Metal nitride composites with specic crystal structures and
xed compositions are oen used in various redox cycling
reactions due to their excellent structure, reversible redox
properties, and the synergy between different cations.51 Binary
metal composites (Fig. 6b), such as Mn–Fe-based nitrides,52,53

Li–Sn alloy,54 anti-perovskite nitrides,46 and Co–Mo–N
systems,55 have been applied in H2-CLAS reactions. Goto et al.
conducted a series of studies on anti-perovskite nitrides
(Co3ZnN, Ni3ZnN, Co3InN, and Ni3InN) in H2-CLAS reactions.
The Ni-nitrides exhibited excellent performance, and the
intermediates Ni3ZnNx and Ni3InNy were detected during the
reaction.46 From a thermodynamic perspective, the smaller the
energy gap between the nitridation and denitrication steps,
the more favorable the H2-CLAS process, as shown in Fig. 6c.42

Alkali metal/alkaline earth metal hydrides can also serve as
nitrogen carriers in CLAS. The typical AH-CL process consists of
two steps: (1) N2 is reduced by AH to form metal imide (ANH);
(2) ANH is hydrogenated to produce ammonia and regenerate
AH. AH-CL synthesizes ammonia using H2 and N2 as feedstocks,
with the hydride ions in metal hydrides serving as hydrogen
donors and electron donors with a high N2-reduction activity,
allowing nitrogenation to occur at relatively low tempera-
tures.47,56 Gao et al. proposed a low-temperature chemical
looping ammonia synthesis technology using alkali (earth)
metal imide compounds as nitrogen carriers. In this process,
the hydrides of alkali (earth) metals rst “x” nitrogen to form
the corresponding imide compounds, and then the atmosphere
is switched to hydrogen to hydrogenate the imide compounds,
releasing ammonia. The process owchart is shown in Fig. 6d,
in which it can be seen that the Li–N–H and Ba–N–H systems
exhibited moderate thermodynamics for nitrogenation and
hydrogenation. With the assistance of transition metal cata-
lysts, ammonia synthesis could be achieved at ambient pressure
and 100 °C.47 At 250 °C, the ammonia-production rate of this
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Reaction process of solar-driven chemical looping.45 Copyright 2024, reproduced with permission from Elsevier. (b) AxByNz complex
nitride redox catalysts for H2-CLAS.46 Copyright 2021, reproduced with permission from Elsevier. (c) NH3 production rate of the Pd-modified LiH/
Li2NH pair in the H2-CLAS process.42 Copyright 2024, reproduced with permission from Elsevier. (d) Reaction process of AH-CLAS, A = Ba, Li.47

Copyright 2018, reproduced with permission from Springer Nature.
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process was about an order of magnitude higher than that of the
highly active Cs–Ru/MgO catalytic process. AH-CL exhibited
faster reaction kinetics and a higher NH3 yield due to the good
synergy between alkali/alkaline earth metal hydrides and tran-
sition metal nitrides.

However, the chemical and thermal stability of the reactants
were poor. CLAS is a rapidly developing research eld with
promising prospects and applications. To achieve carbon peak
and carbon neutrality goals, CLAS should advance toward
lowering the reaction temperatures, improving the reaction
kinetics, and utilizing renewable energy sources.

3.2.3 Plasma ammonia synthesis. Plasma-assisted
ammonia synthesis technology has garnered signicant atten-
tion for its ability to efficiently synthesize ammonia under mild
conditions. This technology uses high-energy electric elds to
induce vibrational excitation and the ionization of gas mole-
cules, thereby promoting molecular reactions.59 This tech-
nology operates under lower temperature and pressure
conditions and is suitable for small-scale and distributed
ammonia synthesis systems. Moreover, while plasma tech-
nology typically relies on electrical energy, the plasma ammonia
synthesis process is compatible with intermittent renewable
energy sources (such as solar and wind), offering potential
applications in energy diversication and sustainable
development.

The concept of plasma was rst introduced by physicist
William Crookes in the 1860s.60 Plasma, the fourth state of
matter, is composed of electrons, various ions, molecules, and
their free radicals and excited states. The introduction of
plasma can promote the activation of N2 molecules, with
plasma-induced vibrational excitation signicantly lowering the
This journal is © The Royal Society of Chemistry 2024
dissociation barrier of N2 molecules, as shown in Fig. 7a.57

Mehta et al. developed a microkinetic model based on density
functional theory to account for this effect, and parameterized
the model using the vibrational excitation of N2 observed in
dielectric barrier discharge plasma. Fig. 7b shows a plasma
volcano plot, revealing that the introduction of plasma shis
the volcano peak to the right, toward metals with weaker
nitrogen binding energy, predicting Co and Ni to be near the
volcano peak.57 The rate enhancement occurs only when N2

dissociation is rate-limiting, as metals with weaker nitrogen
binding energies have lower hydrogenation barriers, resulting
in a greater rate enhancement. The ammonia-synthesis rates
observed in dielectric barrier discharge plasma reactors align
with the predicted enhancements in optimal metal catalysts,
providing guidance for designing plasma catalysts. Engelmann
et al. studied how plasma-generated free radicals and vibra-
tionally excited N2 interact with catalysts and affect the NH3

turnover frequency (TOF).58 In the presence of free radicals in
the plasma phase, the process follows a surface-enhanced
plasma-driven synthesis, meaning free radicals are the
primary source of N and H. Under these conditions, it was
found that free radical adsorption reactions largely eliminate
the dependence on the catalyst binding energy, as shown in
Fig. 7c. Additionally, the Eley–Rideal reaction signicantly
reduces reliance on the catalyst binding energy. In this way,
reactions involving plasma-generated free radicals contrast with
the volcano behavior under thermal conditions or plasma
conditions involving only vibrational excitation. In summary,
the proportion of N, H, and NHx radicals depends on the
specic energy input (SEI). In turn, the density of these plasma-
generated radicals seems to determine whether the Langmuir–
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33341

https://doi.org/10.1039/d4ta07339h


Fig. 7 (a) Reaction coordinate diagram comparing the activation energies for N2 dissociation starting from the ground (blue) or second
vibrationally excited states.57 Copyright 2018, reproduced with permission from Springer Nature. (b) Comparison of N2 vibrational-distribution-
weighted (plasma-on) and thermal (plasma-off) ammonia-synthesis rates.57 Copyright 2018, reproduced with permission from Springer Nature.
(c) Proposed model for elucidating the trends and concepts of catalytic reactions under the presence of free radicals.58 Copyright 2021,
reproduced with permission from American Chemical Society.
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Hinshelwood mechanism, Eley–Rideal reaction, or plasma-
phase reactions dominate.61

The interaction mechanism between plasma and catalysts is
highly complex. The plasma environment contains various
species, including electrons, positive and negative ions,
photons, free radicals, and neutral atoms and molecules in
their ground or vibrationally excited states. These species can
interact with catalysts in several ways: (1) altering the plasma
characteristics, (2) initiating new reaction pathways through
radical reactions in the plasma environment, and (3) through
the surface reactions of plasma active species on the catalyst
surface. Exploring the interactions between catalysts and
plasma requires multidisciplinary approaches, and most
information is currently obtained through macroscopic
performance tests of plasma reactors. The effects of different
catalysts on N2 and H2 plasma ammonia synthesis are shown in
Table 1.

The rst mechanism, altering plasma characteristics, may
affect the discharge conditions within the plasma reactor when
dielectric material llers are used. For example, the enhance-
ment of the electric eld may lower the plasma initiation
voltage, and the increased electric eld can raise the electron
temperature, leading to stronger electron impact reactions in
the system, thereby inuencing plasma chemistry. High
33342 | J. Mater. Chem. A, 2024, 12, 33334–33361
dielectric constant materials have been shown to signicantly
enhance catalytic activity in plasma ammonia synthesis in
existing studies.64,77,78 Akay et al. used high-dielectric-constant
barium titanate spheres as llers to investigate the effect of
the dielectric constant on plasma reactions. They found that
materials with high dielectric constants could promote the
plasma electric-eld strength, generating more active species,
facilitating reactions, and reducing the energy consumption of
dielectric barrier discharge (DBD) ammonia synthesis from
nitrogen and hydrogen at low temperature and atmospheric
pressure. They termed these high dielectric constant spheres
“Plasma Catalysis Promoters” (PCPs).63

Navascués et al. used a ferroelectric material, namely pellets
of lead zirconate titanate (PZT), as llers to enhance the plasma
discharge intensity. Ferroelectric packed-bed reactors, using
high-dielectric-constant PZT materials, exhibited a high plasma
current.79 Additionally, the ller materials promoted the
formation of microdischarges, and the discharges could even
shi entirely from the gas phase to the catalyst surface. Shah
et al. used zeolite 5A in DBD plasma ammonia synthesis, where
the presence of zeolites promoted the formation of micro-
discharges, altering the reactor's voltage–current characteris-
tics, thereby improving the catalytic performance. The
disturbance of the electronic properties on the zeolite surface by
This journal is © The Royal Society of Chemistry 2024
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Table 1 Effect of plasma combined with different catalysts for the synthesis of ammonia from N2 and H2

Discharge type Catalyst
NH3-production rate
(mmol g−1 h−1)

Energy yield
(gNH3

kW−1 h−1)
Energy cost
(MJ mol−1) Ref.

Haber–Bosch — — 0.49 62
DBD Ni/SiO2–BaTiO2 502 0.57 81 63
DBD PZT — 0.45 68 64
DBD Au-wool 73 — — 65
RF Ga — 0.22 278.18 66
RF Ga–In — 0.31 196 67
DBD RuMg/g-Al2O3 565 25.5 — 68
DBD CoNi–Al2O3 1500 — 73.73 69
DBD MgO — 0.94 — 70
DBD Ru–carbon — 0.66 — 71
DBD Ni–Al2O3 471 0.29 437.14 72
DBD Zeolite 5A 930 15.5 3.99 73
DBD ZIF-8, ZIF-67 2530 — — 74
DBD Ni–Mg/SBA-15 — 1.05 — 75
DBD Ni-MCM-41 3959 1.2 40.8 76
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atmospheric plasma enhanced the reactive states on the
surface, promoting nitrogen dissociation and subsequent
ammonia formation.73

The second mechanism involves utilizing plasma radicals in
reactions. Surface reactions can strongly affect the main reac-
tion pathways, inuencing the product distribution.83 When
surface reactions tend to generate products rather than
recombination reactions, the reaction yield is signicantly
enhanced, which is unachievable in thermal catalysis. It is also
worth noting that radicals and ions in the plasma may react
with other surface species, formed through the dissociative
adsorption of non-activated molecules. Rouwenhorst et al. dis-
cussed plasma-enhanced catalysis for ammonia synthesis at
temperatures between 473–603 K, based on kinetic data. They
compared the activation energies of thermal catalysis and
plasma-enhanced catalysis. In both processes, the inuence of
promoters and supports on the activity was similar, as shown in
Fig. 8a, indicating that the catalyst's ability to dissociate N2

remained crucial, even under plasma conditions.80 Engelmann
et al. developed a microkinetic model for plasma-catalyzed
ammonia synthesis, including plasma-generated N atoms,
NHx radicals, and vibrationally excited N2.58 Based on various
model DFT calculations and experimental data, it was
concluded that N2 dissociation was no longer the rate-
determining step in ammonia synthesis, with surface hydro-
genation becoming the rate-determining step in plasma-driven
ammonia synthesis. Shah et al. combined theoretical calcula-
tions and experiments, suggesting that the hydrogenation step
mainly follows the Langmuir–Hinshelwood mechanism on Fe
catalysts, while the contribution from the Eley–Rideal (E–R)
mechanism may increase with higher plasma power and pres-
sure.66 Hong et al. also studied plasma-catalyzed ammonia
synthesis under different plasma states. They concluded that
mechanistically, these pathways are determined by the large
number of hydrogen atoms adsorbed on the surface, and
proposed that the E–R reaction is essential in plasma catalysis.60

Wu et al. proposed and developed a plasma-driven, two-step
chemical looping ammonia synthesis process mediated by
This journal is © The Royal Society of Chemistry 2024
alkali metal hydrides, such as sodium hydride (NaH), as shown
in Fig. 8b. NaH cannot x nitrogen under thermal chemical
conditions, but the introduction of plasma facilitates nitrogen
xation by NaH, producing nitrogen-containing products such
as NaNH2. Based on power and temperature measurements, the
authors speculated that H2 primarily originates from the redox
reactions between N2 and H−.81 Based on experimental data
analysis, two possible reaction pathways for NaNH2 formation
were proposed. One pathway involves redox reactions between
the active N2 or N species generated by plasma and NaH,
forming N–H bonds and H2. Another pathway might involve
NaH decomposition under plasma conditions, generating
unsaturated NaH1−x and H2, followed by gas-phase reactions
between H2 and N2 to form NH3, which then reacts with NaH to
produce NaNH2. In summary, the fractions of N, H, and NHx

radicals depend on the specic energy input (SEI). In turn, the
density of these plasma-generated radicals appears to deter-
mine whether the Langmuir–Hinshelwood mechanism, Eley–
Rideal reaction, or even plasma-phase reactions dominate.

A third mechanism involves the surface reactions of plasma-
activated species. The prerequisite for effective interaction
between plasma and catalyst is that the plasma-activated
species reach the catalyst surface before recombining or
decaying into ground-state molecules. The diffusion distance
before recombination into neutral molecules or decay to the
ground state is limited, so the interaction between plasma and
the catalyst surface only occurs when the distance between
them is smaller than the maximum travel distance of the
plasma-activated species. When the catalyst is a porous mate-
rial, plasma can be generated inside large pores, provided that
the pore size is greater than the Debye length.84 Theoretical
simulations have concluded that plasma can be generated
inside pores larger than 10 mm. Thus, only plasma-activated
species with sufficiently long lifetimes can penetrate the
pores, while most other species will recombine or decay to their
ground states before reaching the active catalyst surface within
the pores. As a result, in most cases, the contribution from the
external surface area may dominate. Wang et al. proposed
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33343
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Fig. 8 (a) Reaction mechanisms of plasma-enhanced catalytic ammonia synthesis.80 Copyright 2019, reproduced with permission from
American Chemical Society. (b) Conceptual cycle for plasma-driven chemical looping ammonia synthesis (PCLAS) mediated by the intercon-
version of NaH and NaNH2.81 Copyright 2023, reproduced with permission from Wiley-VCH. (c) Schematic of the proposed mechanism for the
plasma-assisted surface reaction and the “shielding protection” effect of mesoporous MCM-41.74 Copyright 2022, reproduced with permission
from American Chemical Society. (d) Setup to measure the species densities at the outlet of the packed bed from reactions between Ar/N2

plasma-derived species and unreacted H2.82 Copyright 2023, reproduced with permission from American Chemical Society.
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a “shielding protection” catalyst design strategy based on the
interaction between plasma and customized mesoporous cata-
lysts, aiming to limit plasma-induced ammonia decomposition
during the synthesis of ammonia in dielectric barrier discharge
(DBD) reactors. The designed catalyst achieved an NH3

synthesis rate of 5% at 60 kJ L−1 under plasma conditions, the
best result among plasma-assisted NH3 synthesis systems to
date. As shown in Fig. 8c, the NH3-concentration gradient on
the mesoporous framework drives the formed NH3 to diffuse
into the mesopores, thereby limiting the plasma-induced
reversible reaction (NH3 decomposition) caused by non-
discharge plasma in the mesopores, i.e., providing “shielding
protection,” shiing the reaction equilibrium toward higher
NH3 production.76 Bayer et al. quantitatively linked the
consumption of plasma-derived species [N, H, and N2(V)] to NH3

formation by measuring their densities, and monitored the
consumption of plasma-derived species at different residence
times. This allowed them to elucidate the species, pathways,
and the timescales involved in plasma-catalyzed NH3 formation
on transitionmetals. The consumption of N coincided with NH3

formation on the same timescale, further conrming that N-
related reactions contributed to NH3 formation.82

Future research directions include further optimizing the
plasma reaction conditions to improve the ammonia-synthesis
efficiency and yield. Additionally, more effective catalysts and
reactor designs need to be explored to reduce energy
consumption and minimize byproduct formation. A deeper
understanding of the role of plasma in ammonia synthesis,
33344 | J. Mater. Chem. A, 2024, 12, 33334–33361
through continuous exploration at both the experimental and
theoretical levels, would also contribute to the broader appli-
cation and further development of this technology in industrial
settings.

3.2.4 Photocatalytic ammonia synthesis. Photocatalytic
ammonia synthesis (PAS) is a process that utilizes solar energy
as the primary driving force to convert N2 into NH3 under
ambient temperature and pressure conditions. This innovative
catalytic method has the following key characteristics: (1)
environmental friendliness: PAS uses renewable light sources,
such as sunlight, to drive the reaction, signicantly reducing
the reliance on fossil fuels compared to the traditional Haber–
Bosch process and decreasing greenhouse gas emissions; (2)
low energy consumption: the energy required for photocatalytic
processes is typically lower than that of the traditional high-
temperature, high-pressure ammonia synthesis, making PAS
a potentially more energy-efficient approach. This is crucial for
mitigating the energy crisis and achieving carbon neutrality; (3)
mild reaction conditions: PAS typically operates under ambient
temperature and pressure, reducing operational complexity,
equipment costs, and enhancing process safety. In 1977,
Schrauzer and Guth rst discovered that TiO2-based photo-
catalysts could perform ammonia synthesis under UV light,
thus pioneering the eld of photocatalytic ammonia
synthesis.87 The photocatalyst absorbs sunlight, inducing
photoexcitation to generate electrons and holes. The electrons
in the conduction band migrate to the catalyst's active sites,
where they activate N2. The holes le in the valence band
This journal is © The Royal Society of Chemistry 2024
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oxidize H2O to O2, releasing the protons required for ammonia
synthesis. The activated N2 reacts with the protons to form NH3,
as illustrated in Fig. 9a.85 Unlike the dissociative mechanism in
the Haber–Bosch process, which requires high temperature to
break the N^N triple bond, PAS operates under mild condi-
tions through a stepwise proton-coupled electron transfer
(PCET) mechanism that gradually hydrogenates N2, as shown in
Fig. 9b.86 Based on the hydrogenation sequence, there are two
possible pathways: the distal pathway and the alternating
pathway. In the distal pathway, the N atom furthest from the
photocatalyst is hydrogenated rst to form NH3, followed by the
hydrogenation of the second N atom to form another NH3

molecule. In the alternating pathway, the two N atoms are
hydrogenated alternately, releasing two NH3 molecules
sequentially.

Various photocatalysts for ammonia synthesis have been
developed, including metal oxides, metal suldes, graphitic
carbon nitride (g-C3N4), layered double hydroxides (LDHs), and
organic frameworks (metal–organic frameworks (MOFs) and
covalent organic frameworks (COFs)). An ideal photocatalyst
should exhibit strong visible-light absorption, a high carrier-
separation efficiency, robust stability, large surface area, and
tunable structure. Designing well-constructed active sites with
a strong electron-donating capability and controlling the photo-
induced electron-transfer process are key to achieving efficient
photocatalytic N2 activation. TiO2 is an excellent photocatalyst
for ammonia synthesis. Zhang et al. constructed continuously
tunable oxygen vacancies on TiO2, achieving a high ammonia
yield of 324.86 mmol h−1 g−1 at 340 °C, which was 3.85 times
that of the pristine TiO2. The improved catalytic efficiency was
attributed to the presence of oxygen vacancies in the photo-
catalyst, which enhanced nitrogen adsorption and activation, as
well as the charge-separation efficiency.92 Fu et al. achieved the
surface metallization of TiO2 semiconductor materials through
surface F−-ion doping. The strong electronic repulsion between
F− and adjacent Ti3+ resulted in F–TiO2−x having a lower work
function and better electron-donating ability. By introducing Ru
metal nanoclusters as active sites on the surface, the efficient
activation of nitrogen molecules was achieved due to ohmic
contact at the metal–semiconductor interface, which facilitated
the transfer of photogenerated electrons from the catalyst to the
Fig. 9 (a) Schematic of the photocatalytic ammonia-synthesis reaction.85

Chemistry. (b) Schematic of the reaction mechanism of the ammonia-sy
the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024
Ru active sites, as shown in Fig. 10a. Furthermore, the metal-
lized surface and abundant bulk Ti3+ could effectively absorb
photons in the infrared spectrum, enabling the material to
exhibit excellent photocatalytic ammonia-synthesis activity
across the visible and near-infrared regions (400–1550 nm).88

Liu et al. designed a B-doped TiO2 photocatalyst with strong
visible-light absorption and low reaction barriers. On the one
hand, they demonstrated that B doping could reduce the band
gap, thereby enhancing the light absorption and providing
more excited electrons for PAS, while on the other hand, the
dual active sites of Ti and B could synergistically promote the
activation and reduction of N2, as illustrated in Fig. 10b. G-
C3N4, with good chemical stability under visible light, ease of
preparation from simple raw materials, and environmental
friendliness, has garnered widespread attention in the eld of
photocatalysis.89 Li et al. doped Pt into Fe nanoclusters on
various semiconductor surfaces, achieving a promising method
for photocatalytic N2 xation to NH3 under ambient conditions.
The photocatalytic activity is highly sensitive to the electron
density of the metal active sites and the surface band bending of
the semiconductor. Studies have shown that adding small
amounts of Pt2+ dopants can signicantly alter the magnetic
and electronic properties of Fe active sites, causing upward
band bending on the semiconductor surface, which facilitates
the transfer of photoelectrons from the semiconductor to
adsorbed N2. Therefore, the Mott–Schottky photocatalyst
modied with FePt nanoclusters could enhance the electron-
donating capability, providing an achievable pathway for effi-
cient photocatalytic N2 activation.93

The morphology of photocatalysts, including large surface
areas, easily designed electron-transfer pathways, and exposed
active sites, can inuence the mass transfer, carrier transport,
and reaction barriers in photocatalytic ammonia synthesis
(PAS). Nanowires, with their high aspect ratios, nanoscale
thickness and width, and microscale length, facilitate axial
carrier transport, suppressing carrier recombination. Addi-
tionally, their large surface areas expose more active sites. Li
and colleagues deposited Ru nanoclusters on the surface of n-
type GaN nanowire arrays and found that the synthesized
composite material exhibited signicant photocatalytic activity
for ammonia synthesis under UV irradiation at room
Copyright 2017, reproduced with permission from the Royal Society of
nthesis reaction.86 Copyright 2023, reproduced with permission from

J. Mater. Chem. A, 2024, 12, 33334–33361 | 33345
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Fig. 10 (a) Schematic of the proposed mechanism for fluorine-induced surface metallization.88 Copyright 2021, reproduced with permission
from Wiley-VCH. (b) Simplified schematic of N2 bonding to dual active sites of Ti and B.89 Copyright 2023, reproduced with permission from
Wiley-VCH. (c) Schematic of the photocatalytic ammonia-synthesis process on VO-BiOBr nanosheets and BiOBr nanoplates.90 Copyright 2018,
reproduced with permission from American Chemical Society. (d) Schematic of the photocatalytic ammonia-synthesis process on LiH.91

Copyright 2024, reproduced with permission from Springer Nature.
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temperature. Because the work function of the n-type doped
GaN is lower than that of Ru metal, electrons ow from the
semiconductor into Ru, enhancing the electron-donating
capability of Ru active sites and promoting the Ru-mediated
cleavage of N^N bonds, enabling low-temperature ammonia
synthesis.94

Vacancies, a defect structure le when periodically arranged
atoms or molecules are removed from the crystal, can signi-
cantly impact the performance of PAS. Constructing vacancies
is a simple, efficient, and practical method to adjust the surface
microenvironment, electronic structure, and chemical proper-
ties of photocatalysts. Vacancies can form defect energy levels,
extending light absorption into the visible spectrum, capturing
electrons, and facilitating carrier separation. Additionally, they
can generate electron-rich or electron-decient centers that
serve as active sites for N2 adsorption and activation. Xue et al.
introduced oxygen vacancies (OV) into BiOBr nanosheets by
adding the polymer surfactant polyvinylpyrrolidone (PVP)
(Fig. 10c). During the nucleation process, the added PVP binds
to uncoordinated Bi atoms, reducing the surface energy and
forming abundant OV. Aer the introduction of OV, the sample
exhibited a redshi to 440–470 nm, showing enhanced
absorption in the visible-light range, which benets PAS appli-
cations.90 Zhao et al. reported a Ru-loaded defective pyrochlore
K2Ta2O6−x photocatalyst with signicant visible-light absorp-
tion and an extremely low work function (similar to that of
metallic magnesium). This photocatalyst could effectively drive
the photocatalytic synthesis of ammonia from N2 and H2 under
pressures as low as 0.2 atm. The photocatalytic rate was 2.8
times higher than that of the previously reported best
33346 | J. Mater. Chem. A, 2024, 12, 33334–33361
photocatalysts, and the photothermal rate at 425 K was similar
to that of Ru-loaded black TiO2 at 633 K. Due to the higher
photoinduced charge-separation efficiency and the higher
conduction-band position, the reaction activity of the pyro-
chlore structure was 3.7 times that of the perovskite structure
with the same chemical composition. The Schottky barrier at
the K2Ta2O6−x/Ru interface and spontaneous electron transfer
further improved the photoinduced charge separation and
accumulated energetic electrons to facilitate N2 activation.91

Guan et al. found that LiH, as an inorganic wide-bandgap
semiconductor, undergoes dehydrogenation and a color
change under UV irradiation. Unlike conventional oxide or
nitride semiconductors, LiH loses electrons from hydride ions
(H−) to form H2 aer carrier separation, creating hydrogen
vacancies. The photogenerated electrons can form electron-rich
structures at surface hydrogen vacancies, aiding nitrogen
reduction and activation. Negative hydrogen also participates in
N–H bond formation in this process. Under N2–H2 co-feeding
conditions, the team achieved photocatalytic ammonia
synthesis using LiH under mild conditions (Fig. 10d).95

In most experimental studies on photocatalytic ammonia
synthesis, the rate and yield of ammonia production remained
low, indicating a signicant gap from the demands of industrial
application. Future research should focus on developing new
catalysts, especially those with a higher light-absorption effi-
ciency, longer photogenerated carrier lifetimes, and better
reaction selectivity. In addition, synthesizing catalysts with
multifunctional composite structures is another important
direction. In summary, while photocatalytic ammonia synthesis
is an emerging green technology with many advantages, it still
This journal is © The Royal Society of Chemistry 2024
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faces challenges, such as insufficient activity, poor stability, and
low efficiency. Future research should focus on addressing
these issues to promote the practical application and
commercialization of this technology.

3.2.5 Electrochemical ammonia synthesis. Electrochemical
ammonia synthesis is an emerging and promising green tech-
nology.96 In an electrochemical cell, the reduction of nitrogen
(N2) to ammonia occurs on the electrode surface. In simple
terms, N2 molecules are adsorbed onto the electrode surface,
where they are reduced by electrons provided by an external
circuit, and protons are added to form ammonia. The electro-
chemical ammonia synthesis (ECAS) methods can be catego-
rized into ve types based on the type of charge carriers used in
the electrochemical cell, namely H-ECAS, N-ECAS, OH-ECAS, O-
ECAS, and Li-ECAS. The characteristics of the charge carriers
inuence the operating temperature, electrolyte type, and cor-
responding electrode reactions. Compared to the Haber–Bosch
process, the advantages of the electrocatalytic nitrogen-
reduction reaction (NRR) for ammonia synthesis are as
follows: (1) use of H2O instead of H2 as the hydrogen source,
which reduces fossil fuel consumption, and the raw materials
are non-toxic, harmless, and widely available;13 (2) electro-
catalytic NRR can break thermodynamic limitations by adjust-
ing the operating potential; (3) the reaction conditions are mild,
resulting in lower energy consumption and higher safety during
the process; (4) the use of electrical power allows for the selec-
tion of renewable green energy sources, such as solar, wind, and
geothermal energy; (5) the process is simple and exible,
requiring no expensive infrastructure, enabling ammonia
synthesis facilities to be built in remote areas for on-demand
and precise ammonia production, with signicantly greater
exibility and tunability than the Haber–Bosch process.97

The main challenge for electrochemical ammonia synthesis
is the low activity and selectivity of the currently available N2-
reduction electrocatalysts. In most electrochemical systems, the
hydrogen-evolution reaction predominates, with most electrons
and protons directed toward this reaction rather than the
reduction of N2 to ammonia, leading to a low faradaic efficiency.
Although a high faradaic efficiency can be achieved at very low
current densities, the ammonia-production rate remains low.
Increasing the current density typically leads to a decrease in
faradaic efficiency, as the electrocatalyst surface is primarily
involved in hydrogen evolution, leaving few active sites for N2

reduction.98 Singh et al. analyzed the electrochemical N2-
reduction process using a qualitative model and noted that the
ammonia-production rate is zero-order with respect to both the
electron and proton concentrations, while the hydrogen-
evolution rate is rst-order with respect to both.99 This
suggests that limiting the availability of protons or electrons at
the electrode surface could enhance the selectivity for
ammonia. Consequently, the authors proposed four strategies
to improve the selectivity of electrochemical ammonia
synthesis. A potential method to avoid the hydrogen-evolution
reaction is to decouple the reduction of N2 from the subse-
quent protonation to form ammonia. In this context, lithium is
the most widely studied medium, as metallic lithium reacts
with N2 at room temperature to form lithium nitride, which can
This journal is © The Royal Society of Chemistry 2024
further react with proton sources (such as water and ethanol) to
generate ammonia. Therefore, lithium could theoretically serve
as a medium for the electrochemical reduction of N2 to
ammonia. However, this process cannot be applied in aqueous
solutions, as the onset potential for hydrogen evolution is
signicantly more positive than that for the reduction of Li+ to
Li, and lithiummetal readily reacts with water to release H2 gas.
Thus, this reaction is typically conducted in non-protic solvents.
One of the earliest examples of lithium-mediated N2 reduction
was presented by Tsuneto et al., where ethanol was likely used
as the proton source, while water was deemed an unfavorable
proton source; and lithium played a crucial role in the N2-
reduction process.100 Kim et al. employed a Li+-conducting
glass-ceramic membrane (LISICON) to separate a chamber
containing a Ni cathode and organic electrolyte from a Pt/C
anode and aqueous electrolyte.101 Notably, no increase in the
water content of the organic electrolyte was observed during the
electrolysis, indicating that the LISICON membrane could
prevent the mixing of the two electrolytes while allowing the
transport of Li+. However, the polarization curve of the elec-
trochemical cell exhibited a linear behavior, necessitating
a voltage greater than 5 V to achieve a reasonable current
density, attributed to the low conductivity of the LISICON
membrane. In the study by Lazouski et al., as shown in Fig. 11b,
lithium bis(triuoromethanesulfonyl)imide was used as the
electrolyte for Li-NRR, achieving a stable ammonia-production
rate of 150 ± 20 mmol s−1 cm−2 and a nearly 100% faradaic
efficiency.102 A four-day continuous stability test was performed,
which demonstrated the high operational stability of the
system. The combination of a non-aqueous electrolyte system
signicantly enhanced the selectivity and electrochemical
stability, enabling the electrochemical cell to operate over
a wide range of potentials. Li et al. demonstrated a chain ether-
based electrolyte capable of achieving long-term continuous
ammonia synthesis, as illustrated in Fig. 11c.104 The authors
found that chain ether-based solvents possess non-
polymerizable properties and a high boiling point (162 °C),
and they could form a dense solid–electrolyte interface (SEI) on
the gas-diffusion electrode (GDE), facilitating ammonia release
in the gas phase and ensuring electrolyte stability. The authors
demonstrated that under 1 bar and room temperature condi-
tions, a 25 cm2 electrode could be operated continuously for
300 h in a ow electrolyzer, achieving a current ammonia effi-
ciency of 64% ± 1% and a gas-phase ammonia concentration of
approximately 98%, which was an unprecedented level. This
work highlights the critical role of solvents in long-term
continuous ammonia synthesis. Fu et al. conrmed the feasi-
bility of Ca-mediated N2 reduction for electrochemical
ammonia synthesis (Ca-NRR), as shown in Fig. 11d.105 The
authors found that by using Ca(BH4)2 as the electrolyte at room
temperature, metallic Ca could be electro-deposited onto the
GDE. The metallic Ca then reacted with N2, forming CaxNyHz

deposits on the electrode, which, when immersed in water,
released ammonia. The indirect faradaic efficiency of Ca(BH4)2
was 28% ± 3%. Since Ca(BH4)2 reacts with the proton shuttle
agent EtOH during Ca-NRR, making it incompatible with EtOH,
the authors synthesized another calcium salt, Ca[B(hp)4]2, by
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33347
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Fig. 11 (a) Schematic of the ammonia-synthesis process on BC3.103 Copyright 2018, reproduced with permission from Cell Press. (b) Method to
overcome the transport limitations in tetrahydrofuran using a stainless-steel cloth-based support for ammonia synthesis paired with hydrogen
oxidation.102 Copyright 2020, reproduced with permission from Springer Nature. (c) Schematic of long-term electrochemical ammonia
synthesis.104 Copyright 2024, reproduced with permission from Springer Nature. (d) Schematic of the Ca-NRR in a flow cell.105 Copyright 2024,
reproduced with permission from Springer Nature.
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reacting Ca(BH4)2 with hexauoroisopropanol. Ca[B(hp)4]2
was dissolved in THF as the electrolyte, with EtOH used as the
proton shuttle, successfully achieving continuous Ca-NRR
electrochemical ammonia synthesis in a ow cell. Under
ambient conditions, the ammonia faradaic efficiency was 40%
± 2%. Quantitative 15N2 isotope-labeling experiments and Ar
blank tests conrmed that the ammonia produced during the
Ca-NRR originated from N2 reduction. This work is expected to
inspire further exploration of other metals, such as Mg, Ba, Sr,
and Na, for mediating N2 reduction to ammonia. Such explo-
rations will expand the range of options for efficient, selective,
stable, economical, and scalable electrochemical fertilizer
synthesis technologies.

Advanced catalyst design strategies include introducing
vacancies, heteroatom doping, surface engineering, and alloy-
ing. These strategies can adjust the physical and chemical
properties of catalysts at the atomic level, enhancing the affinity
between nitrogen and adsorbed atoms while suppressing the
hydrogen-evolution reaction (HER).106,107 Heteroatom doping is
one of the most practical methods to enhance the efficiency of
NRR catalysts. Based on the type of heteroatoms, doping can be
classied into metal doping and non-metal doping. The intro-
duction of heteroatoms can effectively reduce the reaction
barriers for the NRR and increase the number of active sites.
Furthermore, many studies have shown that heteroatom doping
can create more vacancies and modulate the active charge
33348 | J. Mater. Chem. A, 2024, 12, 33334–33361
transfer, signicantly improving catalyst efficiency. Zheng et al.
used boron-doped graphene as an efficient non-metallic elec-
trocatalyst for N2 reduction. Boron doping in the graphene
framework caused a redistribution of its electron density, with
electron-decient boron sites enhancing the binding ability to
N2 molecules, as shown in Fig. 11a.103 Density functional theory
(DFT) calculations revealed the catalytic activity of various
boron-doped carbon structures, with the BC3 structure showing
the lowest energy barrier for the conversion of N2 to NH3. At
a doping level of 6.2%, boron-doped graphene achieved an NH3

production rate of 9.8 mg h−1 cm−2, with a maximum faradaic
efficiency of 10.8% at 0.5 V vs. SHE. This work demonstrated the
potential of the designed electrocatalysts for efficient N2

reduction.
4 Ammonia storage and
transportation technologies

As an important industrial chemical and potential energy
carrier, effective storage and transportation technologies for
ammonia are critical to its economic viability and environ-
mental impact. This section provides a detailed overview of
liquid and solid-state ammonia storage, the transportation
technologies, and the novel storage and transportation mate-
rials and methods, offering a comprehensive technical review.
This journal is © The Royal Society of Chemistry 2024
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4.1 Liquid-ammonia storage

Ammonia gas, with a relatively high density, is commonly
stored and transported in liquid form. Compared to gaseous
storage, liquid-ammonia storage has a higher volumetric
density and greater transportation efficiency, making it one of
the most commonly used methods for ammonia storage. Table
2 shows that ammonia's energy and power density are compa-
rable to other non-fossil fuels. However, its most appealing
advantage is its carbon-free nature.

Liquid ammonia must be cooled to below −33 °C to main-
tain its liquid state at room temperature.111 This process typi-
cally involves refrigeration systems, and the storage tanks
require good insulation to maintain a low-temperature envi-
ronment.112 Liquid storage signicantly increases the storage
density, thereby reducing space requirements. Liquid-
ammonia-storage equipment includes pressure vessels and
insulated tanks, typically made from high-strength steel or
stainless steel, with lining materials for corrosion protection.
For example, ammonia-storage tanks are coated internally with
uoride to enhance corrosion resistance. To prevent ammonia
vaporization, storage tanks are usually equipped with pressure-
regulation systems to maintain a constant internal pressure.
Liquid-ammonia storage involves high safety considerations.
Ammonia gas is toxic and irritating to humans, so storage
facilities must be equipped with efficient ventilation systems
and emergency response devices.113 Storage areas should be
located away from residential areas and undergo regular safety
inspections and maintenance to ensure equipment operates
properly.

4.1.1 Solid-state ammonia storage. To improve safety
during storage and transportation, solid-state forms of
ammonia storage have been developed.114 Solid-state ammonia
storage primarily involves the combination of ammonia with
solid materials, such as metal salts or porous materials like
polymer resins, silica gel, alumina, zeolites, carbon materials,
as well as highly tunable porous materials like metal–organic
frameworks (MOFs), covalent organic frameworks (COFs),
hydrogen-bonded organic frameworks (HOFs), and porous
organic polymers (POPs).115–120 Absorbing ammonia into solid
materials during transportation reduces the risks associated
with traditional ammonia storage and transport.

From an economic perspective, advancements in solid-state
storage technology have signicantly increased ammonia
storage density, reducing overall storage and transportation
Table 2 Power and energy densities of different hydrogen carriers in liq

Fuel
Boiling point
(°C)

Weight%
H2 (%)

Hydrogen −253 100
Methanol 64.7 12.5
Ethanol 78.4 13
Ammonia −33 17.6
Diesel — —
LPG (propane) −42 18
LNG (methane) −160 25

This journal is © The Royal Society of Chemistry 2024
costs. Convenience is another major advantage of solid-state
storage. Solid-state systems are usually simple to operate, and
compared to gas-storage systems, the ammonia loading and
unloading process is much safer. The stability of solid ammonia
materials offers greater advantages during transportation.
Solid-state storage effectively reduces ammonia volatilization
and loss, making it suitable for international trade and long-
distance transport. With further research, solid-state
ammonia storage will play an increasingly important role in
ammonia production and applications, driving the energy
transition and further sustainable development. Future chal-
lenges lie in developing more suitable solid-state storage
methods to adapt to a wider range of scenarios, with an aim to
improve the sustainability of the absorption and release
processes, maintain the stable cycling of solid materials, and
explore new materials with enhanced ammonia-storage
capacity.

4.1.2 Ammonia-transportation technologies. Ammonia-
transportation technologies are crucial in its synthesis and
utilization processes, and mainly involve gaseous and liquid
transportation methods. Gaseous ammonia is typically trans-
ported over short distances through high-pressure pipelines,
a relatively economical method but requiring high sealing and
pressure resistance of the equipment to ensure safety and
stability during transport. In contrast, liquid ammonia trans-
port is more common and suitable for long-distance transport,
typically using specialized liquid ammonia tankers and ships.
Liquid ammonia is stored under low temperature and high
pressure, effectively enhancing the transport efficiency and
energy density, which is a major advantage. Nowadays,
ammonia storage and transportation technologies have entered
a highly developed stage. Ammonia has mature trade and
transport infrastructure worldwide, along with highly developed
high-density-ammonia-handling ports. Currently, the U.S. has
over 10 000 ammonia-storage sites, connected by a pipeline
network spanning more than 3000 km, linking the Gulf of
Mexico to the Midwest. The Togliatti-Odessa pipeline, spanning
2471 km, is currently the world's longest ammonia pipeline.121

Economically, while liquid-ammonia-transportation costs are
relatively high, they are expected to decrease through large-scale
transport and the introduction of new technologies. As trans-
portation technology continues to advance, innovative trans-
port methods, such as the use of autonomous vehicles and
intelligent monitoring systems, will enable the real-time
uid form

Power density
(kW h kg−1)

Energy density
(kW h L−1) Ref.

33.3 2.54 8
5.6 4.67 8
7.6 6.30 8 and 108
5.2 4.32 8
12.4 9.3 109
14.8 8.3 110
12.5–14.0 5.6–6.3 110

J. Mater. Chem. A, 2024, 12, 33334–33361 | 33349
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monitoring of transport conditions, further improving
ammonia transport safety and efficiency. The use of new
materials is also continuously reducing the weight and cost of
transport equipment, making ammonia transportation
increasingly viable.

5 Applications of ammonia
5.1 Direct applications of ammonia as a fuel

Ammonia is not only an essential raw material in modern
industry, used in fuels, fertilizers, explosives, synthetic resins,
pharmaceuticals, and other agricultural and industrial prod-
ucts, but also “green ammonia,” synthesized without carbon
emissions, is widely studied as a clean energy source due to its
potential for hydrogen storage and combustion. In 2021, China
announced ambitious goals to peak carbon dioxide emissions
by 2030 and achieve carbon neutrality by 2060. Therefore,
research into the direct use of ammonia as a fuel represents
a signicant development direction to aid meeting these goals.

5.1.1 Basic principles of ammonia-combustion technology.
Hydrogen is the most abundant element in the universe, and
hydrogen energy, as a high-energy, clean fuel, produces only
water during combustion without generating other pollut-
ants.122 Thus, hydrogen energy, with its vast potential and
appeal, is regarded as a highly promising future energy source.
Gaseous H2 has a relatively high energy density (142 MJ kg−1),
while the volumetric energy content of liqueed hydrogen is 8.5
MJ L−1.123 Despite this, the widespread use of hydrogen energy
still faces many unresolved challenges, such as storage, trans-
portation, liquefaction, and safety concerns, including its
ammability and explosiveness.124

Tomeet the growing energy demands, it is imperative to nd
a “green energy” alternative to hydrogen. Ammonia, as
a carbon-free fuel, offers various advantages, such as mature
production technology, ease of storage and transportation, and
zero CO2 emissions during combustion, making it a strong
contender to replace fossil fuels.125 With an energy density of
approximately 22.5 MJ kg−1, ammonia compares well to fossil
fuels like coal (20 MJ kg−1), natural gas (55 MJ kg−1), liqueed
natural gas (54 MJ kg−1), hydrogen (142 MJ kg−1), ethanol (27
MJ kg−1), gasoline (44 MJ kg−1), and diesel (37 MJ kg−1), making
it highly suitable for direct use as a fuel.126

Since the 1950s, many fundamental studies have been con-
ducted to understand the combustion characteristics of
ammonia. However, ammonia is considered to have certain
limitations in its combustion properties due to its low ame
speed, high ignition energy, narrow ammability limits, and
low ame temperature. To address these issues, blended
combustion methods are commonly used in combustion
equipment.

For mixed fuels, the ignition delay time (IDT) is a key
parameter in combustion research. It describes the time taken
for a fuel–oxidizer mixture to reach a sustained combustion
state (ignition).127 This metric is crucial for understanding and
designing the combustion process, as it directly impacts the
combustion response time, efficiency, and product distribution.
It is inuenced by several variables, including the initial
33350 | J. Mater. Chem. A, 2024, 12, 33334–33361
temperature, pressure, fuel–oxidizer ratio, and specic compo-
nents in the gas mixture. By precisely controlling the ignition
delay time, the performance of combustion systems can be
signicantly improved while reducing harmful emissions. The
laminar burning velocity (LBV), also known as the laminar
ame speed, is another key parameter, like IDT, in the study of
fundamental gas-combustion principles. LBV measures the rate
at which the ame front propagates through a fuel–oxidizer
mixture under stable ow conditions. It is dened as the rate of
ame propagation along the mixture in the absence of turbu-
lence, measured in meters per second (m s−1). This parameter
reects the combustion efficiency of the fuel–oxidizer mixture
in a calm environment and is a critical indicator for assessing
combustion stability and the ame-propagation characteris-
tics.128 Measurements of the laminar ame-propagation rates
for ammonia mixtures began in the early 1950s, using Bunsen
amemethods in laboratory combustion devices.129 At the same
time, the ammability limits of mixed fuels are also critical
physical properties in the study of ammonia combustion. The
ammability limits refer to the concentration range within
which a combustible gas or vapor can sustain combustion when
mixed with air under specic conditions. As the initial
temperature increases, the combustion temperature of
ammonia decreases at the lower ammability limit (LFL) and
increases at the upper ammability limit (UFL). As the initial
pressure increases, the ame temperature decreases at the LFL
and increases at the UFL. In summary, ammonia's ammability
limits are inuenced by various factors, including the type of
diluent, ambient temperature, operating pressure, and
ammonia concentration. Understanding how these variables
affect the ammonia-combustion behavior is essential for
developing safety measures, predicting combustion bound-
aries, selecting appropriate re-suppression strategies, and
assessing potential risks associated with ammonia leakage.

Fundamental studies on ammonia-combustion science are
of great signicance, providing valuable data to support the
future development of ammonia as a clean energy source. With
further research into ammonia’ combustion characteristics, we
anticipate breakthroughs in enhancing energy efficiency,
reducing emissions, and advancing sustainable energy
solutions.

5.1.2 Ammonia-combustion mechanism and kinetics
research. As ammonia gains more attention as a potential
sustainable energy source and a fuel alternative in the trans-
portation sector, researchers have focused on the oxidation
reactions of ammonia under mid-to-low temperatures (800–
1600 K) and high pressures (over 2 MPa). These conditions
match the operating environments of modern combustion
devices, such as internal combustion engines. To develop
ammonia-based combustion technologies, it is essential to
understand the detailed chemical processes through combus-
tion phenomena. Therefore, research on the kinetics of
ammonia combustion is crucial.130 Ammonia not only acts as
a key intermediate in the devolatilization of solid fuels and the
conversion of cyanides at high temperatures, but it is also used
as a reducing agent in selective non-catalytic reduction (SNCR)
This journal is © The Royal Society of Chemistry 2024
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to reduce nitrogen oxide (NO) emissions, a process known as
thermal de-NOx.131

Over the past few decades, various chemical kinetic models
have been developed to simulate ammonia combustion under
different conditions. However, limited by the available experi-
mental data and specic application goals, none of the models
can comprehensively and accurately predict all relevant
scenarios. Lindstedt et al.,132 Miller et al.,133 and Bian et al.134

have established fundamental theoretical frameworks for
ammonia combustion and oxidation processes.

Miller et al. conducted an in-depth study on the chemical
kinetics of ammonia combustion, arriving at several key
conclusions essential for understanding the combustion char-
acteristics of ammonia as a fuel. Their theoretical model shows
good agreement with experimental observations in most cases,
particularly under lean combustion conditions (equivalence
ratio less than 1), but additional pyrolysis steps may be needed
under fuel-rich conditions (equivalence ratio greater than 1.3).
In the combustion of ammonia, nitric oxide (NO) formation
primarily occurs through the nitroxyl (HNO) intermediate. In
lean ames, NO is generated from the reactions between
ammonia (NH3) and oxygen atoms, or between nitrogen-
hydrogen intermediates (NH) and hydroxyl and oxygen mole-
cules. The conversion of NO to nitrogen (N2) mainly proceeds
through intermediates such as N2O. Under fuel-rich conditions,
ammonia and nitrogen-hydrogen intermediates rapidly convert
to nitrogen atoms, which then form high-temperature NO and
N2 via the extended Zeldovich mechanism. While the theoret-
ical model can effectively predict the ame structures, further
research is needed to improve the accuracy of NO and N2

predictions under fuel-rich conditions.133

Lindstedt et al. provided a detailed reaction mechanism that
could accurately predict ammonia's oxidation behavior under
various combustion conditions. Their study analyzed ammo-
nia's oxidation pathways in ames, including the formation and
consumption of key intermediates, like NH2, NH, and NO. Their
study particularly emphasized the relative importance of NO
formation pathways under different ame conditions and the
main routes for converting NO to N2. It was found that the
reaction between NH2 and O is the primary source of NO
formation, while NO reduction mainly occurs through its
reaction with NH2. This mechanism not only aids in optimizing
SNCR technologies to reduce NOx emissions but also serves as
a guideline for designing more efficient and environmentally
friendly combustion systems.132

Bian et al. developed a simplied kinetic mechanism using
minimal estimated rate constants. Their model could success-
fully predict the molar fractions of nitrates and nitrites in
experimental studies. In ammonia-doped ames, the produc-
tion of NO and N2O is primarily driven by the imino radical
(NH), with the conversion rate of NH2 to NH indirectly
controlling the remaining NO and N2O in the combustion
gases. The temperature dependence of this reaction helps
explain why ammonia is less effective at reducing NO at
temperatures above 1400 K.134

Junichiro Otomo and colleagues proposed an improved
model (UT-LCS model) that could accurately explain the
This journal is © The Royal Society of Chemistry 2024
reported values of laminar ame speeds and ignition delay
times over a wide range of equivalence ratios and pressures.
Additionally, this model was applied to demonstrate NH3/H2/air
combustion, successfully predicting the laminar ame speeds
of NH3/H2/air as a function of the equivalence ratio.135 This
model could satisfactorily explain both the ame speeds and
ignition delay times in ammonia combustion. The improve-
ments included considerations of the reactivities of NH2, HNO,
and N2H2, which play key roles in rening the ammonia-
oxidation mechanism. Moreover, the model successfully pre-
dicted the ame speeds in NH3/H2/air combustion, providing
strategies for more efficient ammonia combustion in the future.

In the traditional Zeldovich mechanism, NOx is primarily
formed through the oxidation of NH radicals. However, due to
the unique chemical properties of ammonia, the NOx-formation
process in ammonia combustion is more complex, involving
ammonia decomposition, oxidation, and reactions with other
intermediates. Under fuel-rich conditions, downstream NO
concentrations are signicantly reduced, and large amounts of
H2 are generated, which can thermally reduce NOx, creating
a low-NOx/NH3 emission window. In these reactions, a relatively
high concentration of NH2 is observed, playing a key role in NO
reduction.135 Under lean conditions, downstream NO concen-
trations are high. H2 is produced at the ame front but burns in
the post-ame zone. Researchers predict that the extended
Zeldovich mechanism could reduce NO emissions in fuel-rich
NH3/air ames.136 Additionally, researchers have proposed
various strategies, such as active fuel doping and pre-cracking,
to enhance the ammonia-combustion reactivity while reducing
pollutant emissions. However, the low-emission window for
ammonia combustion is very narrow, and enhancing strategies
on the fuel side can oen lead to trade-offs in pollutant emis-
sions. This makes the simultaneous regulation of the ammonia-
combustion activity and pollutant emissions a major challenge
in the eld of ammonia energy.

5.1.3 Ammonia fuel cells. Traditional energy technologies,
which primarily rely on the combustion of fossil fuels, are no
longer sufficient to meet the world's growing energy demands.
This situation has driven an urgent search for various sustain-
able energy alternatives. Renewable sources, such as solar and
wind energy, have been proposed and have shown the potential
to replace traditional energy sources. Faced with the dual
challenge of reducing greenhouse gas emissions and diversi-
fying energy supplies, fuel cell technology has attracted wide-
spread attention due to its clean, efficient electricity production,
and as it is suitable for both static and dynamic applications.
This is primarily due to its higher energy-conversion efficiency
and lower environmental pollution. The development of fuel
cell technology offers the possibility of creating novel thermo-
dynamic systems that could generate electricity electrochemi-
cally using externally supplied reactants. Fuel cells efficiently
convert the chemical energy of fuels and oxidants directly into
electrical energy without being limited by the Carnot cycle, with
efficiencies exceeding 90%.137 At the same time, fuel cells are
favored for their exceptional efficiency, smaller environmental
footprint, and advanced characteristics that allow the direct
conversion of fuel into electricity.
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33351
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Fuel cells are categorized as follows: Proton Exchange
Membrane Fuel Cells (PEMFCs), which include Direct Formic
Acid Fuel Cells (DFAFCs) and Direct Ethanol Fuel Cells (DEFCs);
Alkaline Fuel Cells (AFCs), which include Proton Ceramic Fuel
Cells (PCFCs) and Direct Borohydride Fuel Cells (DBFCs);
Phosphoric Acid Fuel Cells (PAFCs); Molten Carbonate Fuel
Cells (MCFCs); Solid Oxide Fuel Cells (SOFCs); and Direct
Methanol Fuel Cells (DMFCs).138 Among these, proton ceramic
fuel cells, solid oxide fuel cells, and alkaline fuel cells can be
used for power generation with ammonia as the feedstock.139

Given that direct ammonia fuel cell (DAFC) technology is still
immature, it will not be discussed in detail in this section.

In fuel cell systems, hydrogen is the most commonly used
fuel, though it has a low volumetric density of about 0.0813 g
L−1 (at 25 °C and 1 bar).140 Due to the high temperature and
pressure required for hydrogen storage and transportation,
several alternative approaches have been developed, such as
using carbon-based liquid-hydrogen carriers, like methanol,
which is applied through steam reforming in High-
Temperature Polymer Electrolyte Membrane Fuel Cells (HT-
PEMFCs).141 However, since carbon-based fuels produce carbon
dioxide during combustion, they are not highly attractive as fuel
cell feedstocks. Ammonia, as an alternative carbon-free fuel
source, has garnered widespread attention because it produces
no carbon dioxide emissions during use.125 Ammonia is rela-
tively safe to store, liquefying easily at ambient temperature and
around 10 atmospheres or at atmospheric pressure and −33 °C.
Compared to other fuels, ammonia is less ammable, and any
leakage can be easily detected by its distinctive odor, enhancing
its safety as a fuel.

Due to the unique operational mechanism of fuel cells,
nitrogen in the fuel stream merely serves as a diluent for
hydrogen, generating no pollutants nor causing signicant
performance degradation. This characteristic makes fuel cells
compatible with ammonia and allows them to be operated
safely and efficiently.141 In the anode of the fuel cell, ammonia
participates in a triphasic reaction, generating nitrogen, with
the nitrogen cycle supported by an additional loop. Nitrogen,
which is easily sourced from the air, plays a supporting role in
the chemical synthesis process, where the Haber–Bosch process
is commonly used for production. As energy is released,
nitrogen is ultimately discharged harmlessly into the atmo-
sphere, ensuring a zero-carbon emission system.142

Among the various types of fuel cells, Solid Oxide Fuel Cells
(SOFCs) are particularly well-suited to using ammonia as
a fuel.143 SOFCs offer various advantages, such as high effi-
ciency, fuel exibility, low emissions, high-temperature opera-
bility (stably functioning at temperatures above 1000 K), solid-
state structure, rapid startup, and load responsiveness,
making them a highly efficient and promising energy-
conversion technology.144

In an ammonia fuel cell system, ammonia is rst decom-
posed into nitrogen and hydrogen at the anode, catalyzed by the
electrocatalyst. The efficiency of this process depends on the
catalyst performance and typically occurs at elevated tempera-
tures. Fig. 12a and b provides detailed illustrations of typical
setups for direct ammonia fuel cells and ammonia electrolysis
33352 | J. Mater. Chem. A, 2024, 12, 33334–33361
cells.145 In theory, ammonia undergoes decomposition at 500–
1000 K, and SOFCs are oen applied in scenarios exceeding
1000 K.148 At high temperatures, the decomposition and power
generation processes can occur simultaneously. Therefore,
ammonia can be directly fed into SOFCs for energy conversion
without requiring pre-treatment.149 Ganley and colleagues re-
ported on the feasibility of SOFCs, as illustrated in Fig. 12c.146

Depending on the membrane type used in the cell, two different
types of SOFCs can be distinguished: (1) proton exchange
membranes (SOFC–H) or (2) anion exchange membranes
(SOFC–O). For direct ammonia SOFC–O (where “O” denotes
oxygen ions permeating through the membrane), oxygen is split
into O2−, which migrates to the anode and reacts with H2 to
form water. Conversely, for direct ammonia SOFC–H (where “H”

denotes hydrogen ions permeating through the membrane),
hydrogen produced at the anode is split into H+ and electrons,
which react with oxygen at the cathode to form water.147

The electrolyte in SOFCs is typically made of solid ceramics
composed of metal oxides, with YSZ (yttria-stabilized zirconia)
being a commonly used electrolyte.148 YSZ was rst applied in
ammonia fuel cells by Vayenas and Farr. Solid electrolytes offer
several advantages, such as eco-friendliness, ease of mainte-
nance, high conductivity, the ability to operate at high
temperatures, and low energy requirements, all of which help
enhance electrolysis efficiency and reduce costs.150 In 2006, G.
G. M. Fournier and colleagues conducted detailed experimental
studies on the characteristics of ammonia fuel cells to deter-
mine the optimal operating conditions and design parameters
for implementing direct ammonia fuel cells. They tested three
different electrode materials—silver, platinum, and nickel-
ceramic composites—and two types of solid electrolyte mate-
rials, namely CaSZ and YSZ. Their performance across the full
range of current densities was studied, demonstrating that
direct ammonia fuel cells produced higher power density
compared to hydrogen-driven fuel cells. The study revealed that
ammonia could achieve higher power densities than hydrogen,
with the difference being 11 mW cm−2 in favor of ammonia at
1073 K. This indicates that fuel cell systems supported by
ceramic-metal composite anodes are ideal for directly using
ammonia as fuel.151

At the anode of fuel cells, the use of highly selective catalysts
is critical to ensure that the ammonia-oxidation reaction
exclusively produces nitrogen, avoiding the generation of
nitrogen oxides. In recent years, anode materials for ammonia
fuel cells have been roughly categorized into two types: (1) noble
metal materials, such as platinum-based materials, and (2) non-
noble metal materials, such as nickel-based and iron-based
materials.152 More research has been focused on non-noble
metal materials due to their ability to avoid the high costs
associated with noble metals like platinum. Wojcik et al. sug-
gested that iron-based catalysts could directly decompose NH3

into N2 and H2, and if this reaction proceeds more rapidly than
the reaction forming NO, the selectivity for NO could be reduced
to zero.149 Masashi Kishimoto and colleagues conducted
experimental studies on the ammonia-decomposition rate on
conventional porous Ni-YSZ anodes in SOFCs. Their study
found that the decomposition rate depended not only on the
This journal is © The Royal Society of Chemistry 2024
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Fig. 12 (a) Schematic of a typical direct ammonia fuel cell, where water is produced as a byproduct. (b) Schematic of a typical ammonia
electrolysis cell for hydrogen generation.145 Copyright 2018, reproduced with permission from IPO Science. (c) Schematic of a direct ammonia
fuel cell using molten hydroxide as the electrolyte.146 Copyright 2007, reproduced with permission from Elsevier. (d) and (e) Schematic of an
ammonia-fed SOFC–O and ammonia-fed SOFC–H.147 Copyright 2013, reproduced with permission from the Royal Society of Chemistry.
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partial pressure of ammonia but also on the partial pressure of
hydrogen under typical SOFC operating conditions, with higher
hydrogen concentrations signicantly reducing the decompo-
sition rate.153Despite the good catalytic activity shown by nickel-
based catalysts, theymay face corrosion issues during long-term
operation, potentially reducing the overall efficiency of the fuel
cell. Catalyst activity, selectivity, stability, and cost are the main
factors limiting the commercial application of fuel cells. As
a result, researchers are exploring ways to optimize the struc-
ture of nickel-based catalysts through alloying or other surface-
sensitive synthesis methods to enhance their stability and
performance.
5.2 Ammonia cracking for hydrogen production

During the transition from fossil fuels to renewable energy,
hydrogen is considered an effective low-carbon alternative.
However, due to the chemical and physical properties of
hydrogen, the costs associated with its storage and trans-
portation are relatively high. As a result, researchers are
exploring other compounds to act as hydrogen carriers, with an
aim to improve the economic efficiency. Ammonia has emerged
as a strong contender in this eld due to its high energy density,
and ease of storage and transportation. Although large-scale
ammonia cracking technology is not yet fully developed, many
researchers are actively working on advancing this area.

At the active sites, the decomposition of ammonia begins
with a stepwise dehydrogenation process aer ammonia is
adsorbed onto the active sites. While nitrogen adsorption is
oen regarded as the rate-determining step in ammonia
synthesis, the rate-determining step for ammonia decomposi-
tion varies depending on the metal active site. For noble metals,
such as Ru and Rh, the dissociation of the nitrogen–hydrogen
bond (N–H bond) is the rate-determining step, whereas, for
This journal is © The Royal Society of Chemistry 2024
non-noble metals, like Fe, Co, and Ni, nitrogen desorption is the
rate-determining step.154 The catalyst plays a critical role in
ammonia decomposition for hydrogen production, as it can
signicantly increase the reaction rate, reduce the reaction
temperature and activation energy, and selectively promote
hydrogen production.155 Ganley and colleagues experimentally
investigated the catalytic activity order of 13 different metals
from the periodic table. The results showed the following
catalytic activity order: Ru > Ni > Rh > Co > Ir > Fe[ Pt > Cr > Pd
> Cu > Te, Se, Pb.156 In current research, the ammonia-
decomposition mechanism catalyzed by transition metal
active sites is consistently inuenced by the metal-nitrogen (M–

N) bond. On the one hand, a stronger M–N bond facilitates
dissociation of the N–H bond but hinders nitrogen desorption
and recombination, while on the other hand, a weaker M–N
bond promotes nitrogen desorption and recombination but
impedes N–H bond dissociation. An optimal metal–nitrogen
bond is needed, one that not only facilitates N–H bond disso-
ciation but also allows for the desorption of adsorbed nitrogen
atoms.157

Among various transition metal catalysts, ruthenium has
garnered signicant attention for its exceptional ammonia-
decomposition capabilities, making it a focal point in
ammonia-decomposition catalyst research. Given the high cost
of precious metals, current research is focused on developing
supported ruthenium nanoparticle catalysts to reduce ruthe-
nium usage while achieving higher catalytic efficiency. The
choice of support plays a crucial role in the design of supported
ruthenium catalysts. Generally, different supports can alter the
size, electronic structure, and crystalline form of ruthenium
nanoparticles, providing an effective means of enhancing the
activity of ruthenium-based catalysts.155 Extensive experimental
and theoretical computational results have shown that nitrogen
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33353
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dissociation and recombination are closely related to the unique
B5 site, a stepped arrangement of ve Ru atoms on the Ru (0001)
surface. The B5 site typically forms a single atomic step arrange-
ment on the Ru (0001) platform, consisting of three Ru atoms in
one layer and two atoms in the layer directly above.158 In 2004, Yin
et al. studied the catalytic ammonia decomposition of Ru nano-
particles supported on CNTs for hydrogen production. Their
results showed that due to the high graphitization of CNTs, which
are inherently semiconducting and conductive, electron transfer
from electron promoters to Ru was more effective on CNTs
compared to with MgO and AC, showing enhanced nitrogen
recombination and desorption.159 Although carbon supports help
improve Ru dispersion and provide good conductivity, they still
face various issues, such as high cost, decomposition, and reac-
tivity with ammonia.160 In recent decades, metal oxides have been
widely used as supports for ammonia-decomposition catalysts
due to their abundant surface oxygen vacancies, surface acidity,
and redox properties. Karim et al. rst demonstrated that the
number of Ru active sites (here, the B5 site) strongly depends on
the particle shape and increases with the particle size. Due to
polydispersity, the optimal particle size for hemispherical parti-
cles is 2–3 nm (as shown in Fig. 13a), which corresponds to the
maximum concentration of B5 sites. The results clearly showed
that ammonia decomposition on Ru was highly structure-
sensitive, with TOF values increasing by nearly two orders of
magnitude as the particle size increased from 0.8 nm to greater
than 7 nm.165 Despite extensive efforts to increase the number of
B5 sites in ruthenium-based ammonia-decomposition catalysts,
their high cost remains a signicant limitation.155 Additionally,
traditional ruthenium-based supported catalysts tend to suffer
Fig. 13 (a) Schematic of the B5 site on the Ru/Al2O3 catalyst.161 Copyrigh
(b) Hydrogen-transfer behavior in Ru/MgO(111).162 Copyright 2023, repro
of N–H cleavage between NH3 and Ru sites in Ru-13X zeolite.163 Copyrigh
(d) Schematic of a Co–Ni alloy decorated onMgO–CeO2–SrO.164 Copyrig

33354 | J. Mater. Chem. A, 2024, 12, 33334–33361
from hydrogen poisoning under mild reaction conditions.161

Therefore, the hydrogen-transfer ability at the support interface in
contact with the B5 sites is crucial. Hayashi et al. used the inor-
ganic electride C12A7:e− as a support, which signicantly
enhanced nitrogen recombination and desorption due to its high
electron-donating capability and resistance to hydrogen
poisoning. Moreover, the turnover frequency (TOF) of H2 forma-
tion on this catalyst was approximately four times higher than
that of K–Ru/AC. Among the essential properties of an ideal
support, the electron-donor capability is considered the most
critical.166,167 Fang H. et al. investigated the ammonia-
decomposition performance of Ru on various MgO crystal
planes. Their results clearly demonstrated the superior perfor-
mance of Ru/MgO(111) catalysts (as shown in Fig. 13b). Under
specied ammonia-ow rates, metal loadings, and temperatures,
the specic activity of Ru on different supports was compared.
The results indicated that supports with hydrogen-transfer capa-
bilities exhibited signicantly higher ammonia-decomposition
abilities compared to inert materials.162 Similar to CNTs,
zeolites are electron-rich materials. Kwan Chee Leung et al.
exchanged Ru with Na ions in 13X zeolite, resulting in a catalyst
that conned Ru within the 13X zeolite cavities. Compared to
most catalysts reported in the literature, this catalyst exhibited the
highest specic catalytic activity for NH3 decomposition,
exceeding 4000 h−1, with a lower activation barrier. Inside the
zeolite cavity (as shown in Fig. 13c), Ru formed a conned Lewis
acid–base pair with the oxygen atoms in the zeolite cavity, which
helped activate small molecules like ammonia, promoting N–H
bond dissociation. Additionally, the electron-rich zeolite facili-
tated electron transfer for nitrogen desorption.163
t 2009, reproduced with permission from American Chemical Society.
duced with permission from Springer Nature. (c) FLP-type mechanism
t 2023, reproduced with permission from American Chemical Society.
ht 2022, reproduced with permission from Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024
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Among the various transition metals, although ruthenium-
based catalysts exhibit the best performance for ammonia
decomposition, their high cost hinders their commercial
application and widespread adoption. Therefore, nding tran-
sition metals that can replace Ru as commercial catalysts is
a key focus of ammonia-decomposition research. Tabassum
et al. designed a Ru-free catalyst with a heterogeneous structure,
consisting of cobalt–nickel alloy nanoparticles dispersed on
a mixed oxide support of MgO–CeO2–SrO (as shown in Fig. 13d).
At 450 °C, the catalyst achieved ammonia conversion efficien-
cies of 97.7% and 87.5% at gas hourly space velocities (GHSV) of
6000 and 12 000 mL h−1 gcat

−1, respectively. At 500 °C, the
hydrogen-production rate was comparable to that of most re-
ported ruthenium-based catalysts.164

To achieve stronger SMSI (strong metal–support interac-
tion), various types of supports have been extensively developed
and studied. The results showed that highly basic, electron-
conductive supports can promote the performance of highly
efficient ruthenium- or nickel-based catalysts, as basicity is
critical for electron enrichment at active sites. Promoters are
usually added as electron donors to facilitate nitrogen desorp-
tion during NH3 decomposition. Catalyst preparation methods
could be expected to alter the physical and chemical properties
of the resulting catalysts, thereby affecting their catalytic
performance.160,168

In the future, the application of ammonia-decomposition
catalysts will not be limited to large-scale hydrogen produc-
tion; their use is expected to extend to other areas too, such as
automotive and marine power, remote area power supply, base
station power, backup power, and distributed power stations.169

These applications will contribute to the development of
a “hydrogen energy society” and play a vital role in ensuring
national energy security and achieving carbon neutrality.
Additionally, as scientic research progresses and technological
advancements continue, the performance of ammonia-
decomposition catalysts will be further improved, and costs
will be reduced, driving the rapid development of the hydrogen
energy industry. Moreover, research on ammonia-
decomposition catalysts will also promote technological
advancements in related elds, such as hydrogen-storage
materials, fuel cell technology, and chemical looping tech-
nology. The cross-fusion of these technologies will provide more
opportunities for the application of ammonia-decomposition
catalysts, further driving innovation and development in clean
energy technologies. It is thus envisioned that ammonia-
decomposition reactions will play a critical role in driving the
global energy transition and achieving sustainable development
goals.
6 Ammonia energy system
challenges
6.1 Technical limitations and risks

In the pursuit of sustainable energy solutions, ammonia has
garnered attention due to its unique chemical properties and
energy potential. As a clean, efficient energy carrier, ammonia's
This journal is © The Royal Society of Chemistry 2024
role in energy transition is increasingly being recognized.
However, the application of ammonia energy still faces various
challenges, ranging from production, storage, transportation,
to end-use, all of which pose technical, economic, and envi-
ronmental concerns.

Compared to traditional fuels, such as gasoline or diesel,
ammonia exhibits inferior ignition and combustion perfor-
mance. Ammonia requires specic temperature and pressure
conditions to ignite, and its slower combustion rate could lead
to reduced engine efficiency and power output.170 Moreover,
ammonia's safety issues cannot be overlooked. It is corrosive
and ammable under certain conditions, necessitating strict
safety measures during its production, storage, transportation,
and usage. Ammonia exists as a gas at atmospheric conditions
but is typically transported in liquid form due to its higher
density. Liquid ammonia can be transported through pipelines,
tankers, and ships, usually cooled to approximately −33 °C,
enabling transportation in non-pressurized containers.111 These
mild storage conditions are advantageous for both storage and
transportation, allowing ammonia to benet from the utiliza-
tion of the existing liquid-energy-transport infrastructure,
which is relatively well established.171 However, ammonia's
corrosiveness remains a critical concern. For non-metallic
materials, like rubber or plastic, liquid ammonia can cause
erosion, hence nitrile rubber is commonly used as a sealing
material. In the presence of carbon oxides, gaseous ammonia
poses severe corrosion risks, as only 5 ppmv of ammonia can
lead to the formation of ammonium carbonate, further leading
to hydrogen embrittlement at high pressures (15.0–20.0 MPa)
and elevated temperatures (above 770 K).139 Despite having
a higher autoignition temperature (923 K) compared to
hydrogen (793 K), methane (903 K), and propane (723 K),
making it relatively safer, ammonia's toxicity is a signicant
issue. Its vapor pressure at room temperature is relatively high,
making it about a thousand times more toxic than gasoline or
methanol.111 At ambient temperatures, liquid ammonia's
hazards are signicantly higher than other fuels, with an
immediately dangerous to life or health concentration (IDLH) of
approximately 300 ppm.172 Additionally, ammonia usage at high
temperatures can promote the formation of nitrogen oxides
(NOx), necessitating stringent control of the combustion
process tomitigate pollution. As ammonia is classied as a toxic
chemical, appropriate risk management measures are crucial to
minimize potential harm to humans and the environment,
which remain a major barrier to its widespread use.
6.2 Economic feasibility and sustainability assessment

As the global energy landscape shis toward low-carbon alter-
natives and with the increasing focus on greenhouse gas
reduction, ammonia, as a hydrogen carrier, has attracted
considerable attention. Its high energy density, ease of storage,
and potential for zero-carbon emissions make ammonia an
attractive alternative fuel.111 However, its economic feasibility is
crucial to its widespread adoption.

Currently, about 80% of ammonia production is used for
fertilizers, with 5% used for explosives and 15% for other
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33355
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chemicals.173 Ammonia-production costs remain relatively low,
particularly when coal is used as a feedstock in the Haber
process, with costs ranging from $147 to $432 per ton, trans-
lating to a gasoline equivalent of $0.96 to $2.83 per gallon.
Ammonia produced from natural gas or ocean thermal energy
conversion (OTEC) is more expensive than coal-based produc-
tion. Studies by Leighty and Holbrook evaluated the use of
secondary energy sources, such as wind power for ammonia
production, factoring in storage and transport costs. Their
analysis estimated that delivered ammonia fuel costs would
range between $450 to $650 per ton.174 Furthermore, ammonia's
transportation through pipelines is more efficient and cost-
effective than hydrogen, with respective efficiencies of 93.4%
for ammonia and 86.9% for hydrogen over a 1610 km distance.
The storage cost advantages of ammonia are notable, requiring
nearly ve times less energy than hydrogen for cryogenic
storage. When considering carbon-neutral pathways, ammonia
offers lower energy costs from production to storage compared
to hydrogen and methanol.171

Despite ammonia's lower ammability, its storage in liquid
form poses risks. When storage temperatures increase, liquid
ammonia vaporizes, raising pressure within the container and
potentially leading to explosions.175 While the complete
combustion of pure ammonia theoretically yields N2 and H2O,
this is nearly impossible to achieve in practice.176 As discussed
in the section on the ammonia-combustion kinetics, incom-
plete combustion tends to occur, producing signicant NOx

emissions, especially under lean-fuel and high-temperature
conditions.135 These emissions pose environmental hazards,
contributing to issues like acid rain, ozone depletion, photo-
chemical smog, and air pollution.170 Nonetheless, ammonia-
combustion-related pollution problems can be mitigated. Sun
et al.'s simulation study analyzed the effectiveness of selective
catalytic reduction (SCR) technology in controlling NOx and
ammonia emissions from dual-fuel engines. They found that
introducing additional air or oxygen into the SCR system could
signicantly reduce unreacted ammonia and NOx emissions.177

Similarly, Ziaur Rahman's research showed that pressurized
oxygen combustion (POC) could control NOx formation during
ammonia combustion. They reported that as the pressure was
increased from 1 atm to 15 atm, NO formation decreased from
43% to 76%, promoting the conversion of NO to N2 at higher
pressures.178 It is anticipated that pollution issues associated
with ammonia energy will be effectively resolved in the near
future.
7 Prospects and outlook
7.1 Role of ammonia in future energy systems

Ammonia (NH3), as an important chemical raw material, shows
immense potential in future energy systems. Traditionally,
ammonia is primarily used in the production of fertilizers and
chemicals. However, with the rapid development of the global
energy transition, ammonia can play a vital role in clean energy
systems. Ammonia has a high energy density, favorable storage
and transport characteristics, and its synthesis process can be
33356 | J. Mater. Chem. A, 2024, 12, 33334–33361
integrated with renewable energy technologies (such as wind
and solar) to achieve carbon neutrality goals.

First, ammonia is an excellent hydrogen carrier, and
hydrogen energy is considered a crucial component of future
clean energy systems. However, the storage and transportation
costs of hydrogen gas at ambient temperature and pressure are
prohibitively high. Ammonia has a high hydrogen density, is
easily liqueed, and possesses good stability, making it an
effective carrier for hydrogen. Hydrogen can be released
through ammonia decomposition, providing clean fuel and
creating new pathways for the global transport and large-scale
application of hydrogen energy. Moreover, ammonia itself is
a carbon-free fuel that does not produce carbon dioxide during
combustion. This positions ammonia as a promising alterna-
tive fuel in elds such as shipping and power plants, helping to
reduce greenhouse gas emissions. Ammonia fuel cells and
ammonia-combustion technologies are rapidly advancing,
providing technical support for the direct use of ammonia in
energy systems. The existing infrastructure for ammonia is also
relatively mature, especially in the fertilizer industry, where
a well-established global ammonia-storage and -transport
network provides a solid foundation for its application in future
energy systems.

Traditional ammonia-production methods (like the Haber–
Bosch process) rely on fossil fuels, resulting in high carbon
emissions. In the future, using renewable energy-driven elec-
trolysis to produce hydrogen, combined with nitrogen to
synthesize ammonia, will enable the production of “green
ammonia” and help achieve carbon neutrality goals. The
production of green ammonia will not only help reduce the
global carbon footprint but also allows for the effective storage
and dispatch of renewable energy through using ammonia as an
energy carrier. Future energy systems need to balance energy
security, cleanliness, and economic feasibility. The multi-
functionality of ammonia will enable it to play a signicant role
in peak shaving for the power grid, fuel substitution, and long-
distance transportation, making it a key element in the future
clean energy matrix. With advancements in catalytic tech-
nology, the efficiency of ammonia synthesis and utilization will
further improve, making its role in the global energy transition
increasingly signicant.
7.2 Future research directions and development trends

Future research directions for ammonia will mainly focus on
the following areas:

(1) Green synthesis technologies: ammonia synthesis typi-
cally relies on the high-temperature and high-pressure Haber–
Bosch process, which is energy-intensive and results in signi-
cant carbon emissions. Future research will focus on exploring
various green synthesis technologies to achieve sustainability
and environmental friendliness in ammonia production.
However, the scalability of current green ammonia synthesis
technologies involves many factors, such as the reaction effi-
ciency, energy consumption, equipment costs, and compati-
bility with existing industrial systems. Thermal catalytic
ammonia synthesis, suited for large-scale production, should
This journal is © The Royal Society of Chemistry 2024
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integrate pressure and heat-recovery technologies to improve
the overall energy efficiency and reduce carbon emissions.
Plasma-catalyzed ammonia synthesis could be advantageous in
distributed production systems, especially in locations with low
energy costs, such as areas near renewable energy-generation
sites. Although electrocatalytic and photocatalytic ammonia
synthesis currently have low efficiencies, their exible nature
makes them suitable for integration with other low-carbon
power-driven technologies to enhance production stability
and applicability, especially in remote areas or regions with
unstable energy supplies. The integrated application of these
green synthesis technologies can reduce carbon emissions from
ammonia production while improving its economic viability
and environmental friendliness.

(2) Ammonia fuel cell technology: ammonia fuel cells, as an
emerging technology, can generate electricity efficiently while
reducing environmental pollution. Future research will focus
on improving the energy-conversion efficiency, extending the
lifespan, and reducing the costs of ammonia fuel cells. Addi-
tionally, more efficient catalysts need to be developed to
promote the decomposition reaction of ammonia and enhance
the overall performance of ammonia fuel cells.

(3) Ammonia cracking for hydrogen-production technology:
innovations in ammonia-decomposition technology are one of
the key challenges in promoting ammonia's role as a hydrogen
carrier in energy systems. Although traditional high-
temperature decomposition methods are effective, their high
energy consumption limits the feasibility of their large-scale
applications. To address this issue, research is shiing toward
developing efficient catalysts that can operate at lower temper-
atures, which will not only reduce the reaction energy
consumption but also increase the hydrogen-production rate.
At the same time, the durability and poison resistance of the
catalysts are also critical and need further optimization to
ensure efficient performance during long-term operation. By
improving the catalytic materials and optimizing the reaction
conditions, future ammonia-decomposition technologies could
be expected to achieve more cost-effective hydrogen production.

(4) Optimization of ammonia-storage and -transportation
technologies: ammonia has certain advantages in storage and
transportation compared to hydrogen, but there is still a need
for further improvements in safety and costs in the future.
Designing safer ammonia-storage materials and containers,
and developing new ammonia-storage materials or coatings to
enhance the safety and economy of storage systems, especially
for long-distance transportation, is essential. Establishing an
international energy-transport network based on ammonia will
ensure that ammonia can ow efficiently as an energy carrier
across different regions and countries in the future.

(5) Environmental impact assessment and management:
although ammonia use has many potential advantages, it may
also pose environmental risks during its production and use,
such as ammonia leakage and its impact on ecosystems. Future
research should focus on assessing the environmental impacts
of ammonia throughout its entire life cycle and developing
corresponding management strategies to mitigate any potential
negative effects.
This journal is © The Royal Society of Chemistry 2024
7.3 Interdisciplinary collaboration and future development
strategies

The synthesis and utilization of ammonia is a complex system
that involves multiple elds, including chemical engineering,
materials science, environmental science, and energy tech-
nology. To promote advancements in ammonia technology and
realize its potential in future energy systems, interdisciplinary
collaboration and innovative strategies are necessary. The
optimization and application of ammonia technology depend
not only on breakthroughs in a single discipline but also on
close collaboration among chemistry, engineering, materials,
and environmental sciences. Future research needs to contin-
uously drive technological innovations, including developing
novel catalysts, optimizing reaction conditions, and exploring
new green synthesis methods. Innovation is not limited to
technology itself but also includes research methodologies and
engineering practices. For instance, incorporating articial
intelligence and data analysis techniques can optimize catalyst
design and reaction processes, enhancing production efficiency
and economic viability. Also, the development of ammonia
technology is not just a national or regional issue but a global
challenge. International cooperation can facilitate technolog-
ical exchange and resource sharing, driving technological
advancement and widespread application on a global scale.
Through international collaboration, the promotion and
application of technologies can be accelerated, enabling
a collective response to global energy and environmental
challenges.
8 Conclusions

The synthesis and utilization of ammonia occupy an important
position in current and future energy systems, encompassing
various aspects, such as green synthesis technologies, applica-
tions, transportation, hydrogen storage, environmental
impacts, and carbon reduction potential. Research on green
ammonia synthesis technologies is progressing rapidly,
including electrocatalytic synthesis, solar-driven synthesis,
plasma catalysis, and biocatalytic synthesis. These technologies
can signicantly reduce carbon emissions in ammonia
production, promoting environmentally friendly development.
The application of ammonia in the energy sector is also
expanding, as its role as a hydrogen carrier and low-carbon fuel
has been validated in hydrogen fuel cells and combustion
power generation. Although liquid-ammonia storage and
transportation have relative advantages, safety and cost issues
still need to be addressed. As an effective storage medium for
hydrogen, ammonia cracking technology supports the devel-
opment of the hydrogen economy. Regarding environmental
impacts, while green technologies reduce the carbon footprint,
a comprehensive assessment of ammonia's production and use
effects is still necessary, along with the development of effective
management strategies to minimize any negative impacts. In
the future, further developments of ammonia will need to rely
on interdisciplinary collaboration and innovation. Combined
with catalyst optimization, advancements in storage
J. Mater. Chem. A, 2024, 12, 33334–33361 | 33357
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technology, and policy support, ammonia is expected to play
a greater role in the global energy transition and further
sustainable development.
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